regulating IFN-y production in CD4* T cells: in the absence of
polarizing signals, Ezh2 suppresses spontaneous generation of
IFN-y-producing cells via inhibition of Eomes expression. The
findings presented herein provide a dramatic example of the
importance of Ezh2 in establishing and maintaining phenotypic
identity and indicate that without the ability to actively suppress
alternative fates via chromatin modifications, dysregulated
immune responses ensue.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6 mice were from CLEA Co. Mice with loxp sites (fl) flanking the SET
domain of Ezh2 (Ezh2SETVSET-%) were generated as described (Hirabayashi
et al, 2009) and backcrossed with C57BL/6 mice for ten generations.
Eomes®ent-VExont-fl yine were kindly provided by S. Reiner (Columbia Univer-
sity) (Intlekofer et al., 2008). Eomes™©M-W&xent-fl mice and Thx21~/~ mice
(Szabo et al., 2002) were crossed with Ezh2SETVSE™! mice in our laboratory
and bred with mice expressing transgenes for Cre recombinase. CD4-Cre
mice were purchased from Taconic and OX40-Cre mice were kindly provided
by N. Killeen (UCSF) (Klinger et al., 2009). For antigen-specific activation of
CD4* T cells, mice expressing the OTII-TCRuB specific for residues 323-339
of the ovalbumin protein were used. All wild-type control mice used were
sex-matched littermates. Controls were either Ezh2SET-SET-1 Gre_negative
or Ezh2*Y"! Cre-positive with similar experimental results obtained irespec-
tive of Cre transgene expression. All mice were maintained under specific-
pathogen-free conditions and animal care was conducted in accordance
with the guidelines of Chiba University.

CD4* T Cell Cultures

Naive (CD44"°CD62LM) CD4* T cell purification from spleens of mice and cul-
ture conditions for Th cell differentiation are described in the Supplernental
Experimental Procedures.

Immunofluorescent Staining for Flow-Cytometric Analysis

The antibodies used for detection of surface molecules and intracellular
staining are listed in the Supplemental Experimental Procedures. Flow cytom-
etry data was acquired on a FACSCalibur or FACSCanto flow cytometer and
results analyzed with FlowJo software (Tree Star).

Enzyme-Linked Immunosorbent Assay

A standard sandwich ELISA protocol was used to measure the concentrations
of cytokines in cell-free culture supernatants and BAL fluid samples. Antibody
pairs are listed in the Supplemental Experimental Procedures.

Knockdown Analysis

For knockdown of Gata3, the Mouse T cell Nucleofector Kit (Amaxa) was used
according to the manufacturer’s protocol. Th2 cells were transfected with 675
pmole of control random siRNA (AM4635) or siRNA for Gata3 (s66482) from
Applied Biosystems and cultured for 24 hr before analysis.

Quantitative Reverse Transcription-Polymerase Chain Reaction
RT-PCR was performed by standard protocols. A detailed description is
included in the Supplemental Experimental Procedures. Probes and primers
are listed in Table $3.

Microarray Data Collection and Analysis

Total cellular RNA was extracted with TRIzol reagent (Invitrogen). RNA was
labeled with a 3’ IVT Express kit (Affymetrix) and hybridized to GeneChip
Mouse Genome 430 2.0 arrays (Affymetrix) according to the manufacturer’s
protocols. Expression values were determined with GeneChip Operating
Software (GCOS) software (Affymetrix).

Chromatin Immunoprecipitation
ChIP assays were performed as described in the Supplemental Experimental

Procedures. Polyclonal anti-Ezh2 (pAB-039-50, Diagenode), anti-H3K27me3
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(07-446, Millipore), anti-H3K9-Ac (06-599, Millipore), anti-H3K27ac (ab4729,
Abcam), anti-p300 (N-15 sc-548, Santa Cruz), and anti-CBP (ab2832, Abcam)
were used for immunoprecipitation. Probes and primers are listed in Table $3.
Enrichment was calculated with the following formula: (specific antibody
ChIP — control Ig ChIP)/input DNA. The highest enrichment for each antibody
was set to 10 with all other positions calculated as a function of this value.

ChiP-Sequence

Data acquisition for ChiP-sequence was performed as described previously
(Kanai et al., 2011). Read sequences were aligned to the mm9 mouse refer-
ence genome (University of California, Santa Cruz [UCSC], July 2007). Enrich-
ment values were calculated for intervals from —5 kb to +3 kb relative to the
transcriptional start site of each gene. A detailed description of the analysis
protocol is included in the Supplemental Experimental Procedures.

Mouse Model of Allergic Asthma

Th2 cell polarized Ezh2 WT or OX40-Cre-induced Ezh2*SF7/ASET OT.|| CD4*
cells (2 x 10% were intravenously transferred to syngeneic C57BL/6 mice.
These mice were then challenged 1 and 3 days later with aerosolized OVA
(10 mg/mi) for 30 min. BAL was performed either 12 hr (for ELISA) or 48 hr
(for analysis of airway inflammatory cells) after the last allergen challenge.
mRNA and histological analysis was performed 48 hr after the last allergen
challenge. A detailed description is included in the Supplemental Experimental
Procedures.

Statistical Analysis

Unless otherwise indicated, p values were calculated with Student’s t tests
or ANOVA with Bonferroni’s post-tests when multiple comparisons were
performed.

ACCESSION NUMBERS

ChiP-seq and microarray data are available in the Gene Expression Omnibus
(GEO) database (hitp://www.ncbi.nim.nih.gov/gds) under the accession
numbers GSE51079 and GSE50729, respectively.

SUPPLEMENTAL INFORMATION

Supplemental information includes Supplemental Experimental Procedures,
seven figures, and three tables and can be found with this article online at
http://dx.dot.org/10.1016/.immuni.2013.09.012.
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[nvariant natural killer T (iNKT) cells orchestrate tissue inflammation via regulating various cytokine produc-
tions. However the role of iNKT cells has not been determined in myocardial ischemia/reperfusion (I/R} inju-
ry. The purpose of this study was to examine whether the activation of iNKT cells by at-galactosylceramide
(~GC), which specifically activates iNKT cells, could affect myocardial I/R injury. I/R or sham operation
was performed in male C57BL/6] mice. I/R mice received the injection of either aGC (I/R + aGC, n = 48)
or vehicle (I/R + vehicle, n = 49) 30 min before reperfusion. After 24 h, infarct size/area at risk was smaller
in I/R + «GC than in I/R + vehicle (37.8 £ 2.7% vs. 47.1 & 2.5%, P < 0.05), with no significant changes in
area at risk. The numbers of infiltrating myeloperoxidase- and CD3-positive cells were lower in I/R + aGC.
Apoptosis evaluated by TUNEL staining and caspase-3 protein was also attenuated in I/R + aGC. Myocardial
gene expression of tumor necrosis factor-o and interfeukin (IL)-1 in I/R 4+ aGC was lower to 46% and 80%
of that in I/R + vehicle, respectively, whereas IL-10, IL-4, and interferon (IFN)-y were higher in I/R + aGC
than I/R + vehicle by 2.0, 4.1, and 9.6 folds, respectively. The administration of anti-IL-10 receptor antibody
into I/R + «GC abolished the protective effects of ®GC on I/R injury (infarct size/area at risk: 53.1 & 5.2% vs.
374 + 3.5%, P < 0.05). In contrast, anti-IL-4 and anti-IFN-y antibodies did not exert such effects. In conclu-
sion, activated iNKT cells by aGC play a protective role against myocardial I/R injury through the enhanced
expression of IL-10. Therapies designed to activate iNKT cells might be beneficial to protect the heart from
I/R injury.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

additional cell death and attenuates the beneficial effects of reperfu-
sion itself, called myocardial ischemia/reperfusion (I/R) injury [2].

Early and successful myocardial reperfusion is the most effective
strategy to reduce infarct size and preserve cardiac function after
acute myocardial infarction (MI) [1]. Reperfusion after ischemia can
salvage the ischemic myocardium, however, simultaneously it causes

Abbreviations: AAR, area at risk; «GC, c-galactosylceramide; IFN-y, interferon-y; IL, in-
terleukin; iNKT, invariant natural killer T; I/R, ischemia/reperfusion; IS, infarct size; LV, left
ventricle; MI, myocardial infarction; MNCs, mononuclear cells; MPO, myeloperoxidase;
NK, natural killer; gRT-PCR, quantitative reverse transcriptase-polymerase chain reaction;
TCR, T cell receptor; Ty1, T-helper type 1; Tu2, T-helper type 2; TGF-{3, transforming growth
factor-[3; TNF-o, tumor necrosis factor-o; TTC, 2,3,5-triphenyltetrazolium chloride.

* Corresponding author at: Department of Cardiovascular Medicine, Hokkaido University
Graduate School of Medicine, Kita-15, Nishi-7, Kita-ku, Sapporo 060-8638, Japan. Tel.: + 81
11 706 6973; fax: +81 11 706 7874.

E-mail address: tuckahoe@med.hokudai.acjp (S. Kinugawa).

0022-2828/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.yjmcc.2013.06.004

Inflammation has been shown to play a critical role in the pathophys-
iology of myocardial I/R injury [3], and various immune cells, such as
neutrophils, T lymphocytes, monocytes/macrophages, and mast cells,
are involved in myocardial I/R injury [4-7]. Recent study by Yang et
al. demonstrated that CD4™ T lymphocytes played an important role
in the development of I/R injury and interferon (IFN)-y was involved
in their action by using Rag1 knockout mice lacking mature lympho-
cytes [5].

Invariant natural killer T (iNKT or type 1 NKT) cells are innate-like
T lymphocyte population characterized by co-expressing NK lineage
receptors and T cell receptors (TCR), and their TCR has invariant
a-chain (Va14-Ja18 in mice, and Va24-Ja18 in humans) {8,9].
They are activated by recognizing glycolipid antigens presented by
CD1d, a member of major histocompatibility complex (MHC) class |
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like molecules, and rapidly secrete a mixture of large amount of
T-helper type 1 (Ty1) and Ty2 cytokines, such as IFN-vy, interleukin
(IL)-10 and IL-4 in shaping subsequent adaptive immune responses
[10]. Thus, iNKT cells can function as a bridge between the innate
and adaptive immune systems, and orchestrate tissue inflammation.

iNKT cells have been demonstrated to play a protective role in var-
ious autoimmune and inflammatory diseases such as type 1 diabetes,
experimental allergic encephalomyelitis, rheumatoid arthritis, and
enteritis [11-15]. We have also reported that the activation of iNKT
cells by o-galactosylceramide (@GC), a specific activator for iNKT
cells [16], can attenuate the development of left ventricular (LV) re-
modeling and failure after MI created by chronic ligation of coronary
artery in mice [17]. The activation of iNKT cells by aGC has also been
reported to protect the liver against I/R injury in mice via [L-13 pro-
duction [18]. However, no previous studies have examined the effects
of iNKT cell activation by aGC on myocardial I/R injury.

Therefore, the purpose of the present study was to determine
whether the activation of iNKT cells by aGC could attenuate myocar-
dial I/R injury. We also determined whether the protective effects on
attenuated myocardial I/R injury might involve the activation of
anti-inflammatory cytokines including IL-10.

2. Materials and methods

Detailed methods are available in the Online Supplementary
Material.

2.1. Animals

C57BL/6] mice were purchased from CLEA Japan, Inc. (Tokyo,
Japan). Animals were used for experiments at 10 to 12 weeks of age
(weight 23-27 g). Mice were bred in a pathogen-free environment
and kept under a constant 12-h light-dark cycle at a temperature of
23 °Cto 25 °C. Standard chaw and water were provided.

All procedures and animal care were approved by our institutional
animal research committee and conformed to the animal care guideline
for the Care and Use of Laboratory Animals in Hokkaido University
Graduate School of Medicine.

2.2. Experimental design

2.2.1, Experiment 1: effects of aGC on iNKT cell and cytokine expression
in the normal mice

To confirm that aGC could activate iNKT cells in the heart similar
to the spleen, C57BL/6] mice were sacrificed 0, 24, and 72 h after aGC
(Funakoshi Co., Ltd., Tokyo, Japan) injection (0.1 pg/g body weight
i.p.. n = 9 for each group) and the proportion of iNKT cells in the
heart and spleen were measured by flow cytometric analysis [17].

To determine that aGC could induce the changes of cytokines in the
blood and the heart within 24 h, another group of C57BL/6] mice were
sacrificed 0, 0.5, 1, 3, 6, 12, and 24 h after single injection of aGC
(n = 6 for each group). Serum levels of IL-10, IL-4, and IFN-y were
measured by ELISA and their gene expressions in the heart were mea-
sured by quantitative reverse transcriptase-polymerase chain reaction
(gRT-PCR). TCR in iNKT cells has invariant o-chain encoded by
Vo14-Jo18 gene segment in mice, and Joe18~/~ mice lack iNKT cells.
To confirm whether the changes of cytokines by the injection of aGC
were due to the activation of iNKT cells, iNKT cell-deficient (Ja187/™)
mice were sacrificed after single injection of ®GC and same measure-
ments were performed. They were provided from Dr. M. Taniguchi
(RIKEN, Yokohama, Japan) and backcrossed 10 times to C57BL/6).

2.2.2. Experiment 2: effects of aGC on myocardial I/R injury

Myocardial I/R surgery or sham operation was performed in
C57BL/6] mice according to the methods described previously [5].
After anesthesia, the left coronary artery was ligated for 45 min.

Ischemia was confirmed by bleaching of the myocardium. Reperfu-
sion was initiated by releasing the ligature. Sham-operated mice
underwent a similar procedure without ligation. ®GC (0.1 pg/g body
weight i.p.) was administered 30 min before reperfusion to specifical-
ly activate iNKT cells. As control, the same volume of vehicle was ad-
ministered into sham and I/R mice.

Mice were sacrificed 24 h after reperfusion (sham + vehicle,
n = 22; sham + aGC, n = 22; I/R 4 vehicle, n = 49, /R + aGC,
n = 48). These mice were divided into groups for some measure-
ments. Another groups of mice were sacrificed 72 h after reperfusion
for flow cytometric analysis (n = 9 for each group), because iNKT
cells have been reported to be invisible by flow-cytometric detection
24 h after aGC administration [19]. Additional mice were sacrificed
72 h after reperfusion for RT-PCR analysis (n = 7-8 for each group).
To confirm early protective effect of GC, C57BL/6] mice received I/R
surgery with vehicle or aGC, and sacrificed 2 h after reperfusion to
measure infarct size (I/R + vehicle, n = 7; I/R + aGC, n = 8). Fur-
thermore, to confirm the effect of GC-induced reduction of infarct
size on long-term LV function and remodeling, echocardiography and
hemodynamic measurement were performed at 28 days after reperfu-
sion (I/R + vehicle,n = 8; I/R + aGC,n = 8).

To confirm whether the effect of ®GC on infarct size in I/R was due
to the activation of iNKT cells, Joe18 ™/~ mice received I/R surgery with
vehicle or aGC and sacrificed 24 h after reperfusion to measure in-
farct size (n = 5 for each group).

Furthermore, to examine the role of various cytokines in the effects of
aGC on myocardial I/R injury, rat anti-IL-10 receptor monoclonal anti-
body (200 pg/mouse, i.p., BD Pharmingen, San Diego, CA), rat anti-IL-4
monoclonal antibody (250 pg/mouse, ip., R&D System, Inc.), or rat
anti-IFN~y monoclonal antibody (150 pg/mouse, i.p., R&D System, Inc.)
was administered 90 min before I/R surgery and infarct size was mea-
sured 24 h after reperfusion. The doses of these antibodies were chosen
based on the previous study of their efficacy [18,19,20]. We also con-
firmed that the changes of serum IL-4 or IFN-y levels were completely
inhibited by identical antibodies. Rat IgG1k was used as control. aGC
was administered 30 min before reperfusion (I/R + oGC + rat IgG1k,
n = 8; /R + aGC + anti-IL-10R, n = 8; I/R + «GC + anti-ll-4,n =
7; /R + aGC + anti-IFN-y,n = 9).

Finally, to examine the role of IFN-y on myocardial I/R injury, rat
anti-IFN-y monoclonal antibody (150 pg/mouse, i.p., R&D System,
Inc.) or IgG1k was administered 90 min before I/R surgery and infarct
size was measured 24 h after reperfusion (n = 6 for each).

2.3. Statistical analysis

Data are expressed as means + SE. The Student t test was performed
for comparison between 2 independent groups. For multiple-group com-
parisons, one-way ANOVA followed by the Dunnett’s test or the Tukey's
test was performed. A value of P < 0.05 was considered statistically
significant.

The authors had full access to and take full responsibility for the
integrity of the data. All authors had read and agree to the manuscript
as written.

3. Results

3.1. Experiment 1: effects of «GC on iNKT cell and cytokine expression in
the normal mice

3.1.1. Proportion of iNKT cells after «GC administration

After oGC administration, splenic iNKT cells disappeared at 24 h
and were increased at 72 h (Supplemental Fig. 1, upper panel) in con-
sistency with the previous report [19]. The number of cardiac iNKT
cells itself was lower than that of splenic iNKT cells. However, they
were increased 72 h after «GC administration in parallel to splenic
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iNKT cells (Supplemental Fig, 1, lower panel). Similar results were ob-
served in 3 independent experiments.

3.2. Serum levels and myocardial gene expression of cytokines after aGC
administration

After the administration of «GC, serum IL-10 and IL-4 levels were
rapidly increased and peaked at 1 h and 3 h respectively, and serum
IFN-y levels were increased later and peaked at 12 h (Supplemental
Fig. 2A), which was consistent with the previous reports [21,22].
Gene expression of 1L-10, IL-4, and [FN-y in the LV was increased
within 24 h and peaked at later phase than serum levels (Supplemen-
tal Fig. 2B).

3.3. Specificity of aGC for iNKT cells

aGC did not increase serum levels and myocardial gene expres-
sion of IL-10, IL-4, and IFN-vy in J&18 ™/~ mice (Fig. 1).

3.4. Experiment 2: effects of aGC on myocardial I/R injury

3.4.1. Body weight and hemodynamics

There was no difference in body weight among all groups. Systolic
blood pressure was significantly lower in I/R mice compared to sham
mice, however, which was not affected by aGC. Diastolic blood pres-
sure and heart rate did not differ among 4 groups.

3.5. iNKT cells

Representative flow cytometric analyses from 4 groups of mice are
shown in Fig. 2A. The proportion of iNKT cells 72 h after reperfusion
was increased up to 2.7-fold in I/R + vehicle compared to sham +
vehicle. aGC significantly increased these proportion of iNKT cells
both in sham up to 17.5-fold (P = 0.042) and I/R mice up to
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10.3-fold (P = 0.004) (Fig. 2B). Similar results were observed in 3 in-
dependent experiments.

3.6. I/R injury and LV function

The administration of aGC into I/R mice decreased infarct size. IS/
AAR was significantly smaller in I/R + aGC than in I/R + vehicle
(37.8 £ 2.7%vs. 47.1 £ 2.5%, P = 0.018) without significant changes
in AAR/LV (58.5 & 2.3%vs.58.9 & 2.7%, P = NS) at 24 h after reper-
fusion (Fig. 3A). In consistent with these results, serum level of
troponin-I was also lower in I/R + aGC than in [/R + vehicle
(5.8 & 0.8 ng/mL vs. 8.7 4+ 0.7 ng/mL, P = 0.016, Fig. 3B). At 2 h
after reperfusion, IS/AAR was also smaller in I/R + oGC than in I/
R -+ vehicle (20.7 + 1.8% vs.29.9 &+ 2.8%, P = 0.014) without signif-
icant changes in AAR/LV (Supplemental Fig. 3). To examine whether
the reduction in infarct size by aGC was due to the activation of
iNKT cells, J@18~/~ mice were used. There were no differences in
IS/AAR between Ja18™/~ + I/R + aGC and Ja18™/~ + I/R + vehi-
cle (34.9 4+ 4.7% vs. 35.6 4+ 4.1%, P = NS) and in AAR/LV between
groups (51.3 + 6.4% vs. 59.0 & 2.4%, P = NS) at 24 h after reperfu-
sion (Supplemental Fig. 4).

Echocardiography and hemodynamic data at 28 days after reper-
fusion were shown in Table 1. LV end-diastolic dimension did not
differ between the 2 groups, whereas LV end-systolic dimension
was significantly decreased in I[/R + aGC compared to I/R + vehicle,
which resulted in greater fractional shortening in I/R + aGC. Fur-
thermore, anterior wall thickness including infarct region was pre-
served in [/R + aGC. There were no differences in HR, BP, and
LV + dP/dt between groups. LV end-diastolic pressure was decreased
in /R + «GC.

3.7. Inflammatory cell infiltration

Immunohistochemical analysis revealed that the number of MPO (as
amarker of neutrophil)- and CD3 (as a marker of T lymphocyte)-positive
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Fig. 1. Specificity of «GC for iNKT cells. (A) Serum levels of IL-10, IL-4 and IFN-y at 0, 0.5, 1, 3, 6, 12 and 24 h after «GC intraperitoneal injection into Ja18~/~ mice (0.1 pg/g body
weight). n = 3 for each group. (B) Quantitative analysis of IL-10, IL-4 and [FN-y mRNA expression in the myocardium after «GC injection into Ja18™/~ mice. n = 3 for each group.

Data are expressed as means = SE. *P < 0.05 vs. 0 h. ND, not detected.
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Fig. 2. The proportion of iNKT cells in the heart from 4 groups of mice. (A) Representative flow cytometric analyses of cardiac mononuclear cell (MNC) suspensions 72 h after re-
perfusion from sham -+ vehicle, sham + «GC, I/R + vehicle and I/R + aGC. Cardiac MNCs from 3 different mice for each group were pooled and analyzed. Circles indicate the
population of iNKT cells. (B) Summary data for the proportion of iNKT cells. n = 3 for each group. Data are expressed as means = SE.."P < 0.05 vs. sham + vehicle. {P < 0.05

vs. I/R + vehicle,

cells and the ratio of MAC3 (as a marker of macrophage)-positive area in
the ischeric myocardium were increased in I/R + vehicle compared to
sham + vehicle. Administration of aGC into I/R mice significantly ame-
liorated the infiltration of MPO- and CD3-positive cells in I/R mice. In
contrast, there were no significant differences in MAC3-positive area be-
tween I/R + vehicle and I/R + oGC (Figs. 4A, B).

Flow cytometric analysis also showed that CD45™ cells (leukocytes),
CD457Ly6G™ cells (neutrophils), and Ly6Chigh monocytes in the ische-
mic heart were decreased in I/R + aGC compared to I/R + vehicle
(Supplemental Fig. 5). In contrast, CD45CD68™ cells excluding mono-
cytes (macrophages) were comparable between groups (Supplemental
Fig. 5).

3.8. TUNEL staining and caspase-3 protein

There were rare TUNEL-positive nuclei both in sham + vehicle
and sham + aGC mice. There were some cardiomyocytes with
TUNEL-positive nuclei in I/R + vehicle and I/R + aGC (Fig. 5A). The
number of TUNEL-positive cardiomyocytes in the ischemic LV was in-
creased in I/R + vehicle compared to sham + vehicle. It was signifi-
cantly decreased in I/R + aGC compared to I/R 4 vehicle (Fig. 5B).
Full length caspase-3 protein levels were significantly increased in
the ischemic myocardium from I/R + vehicle compared to sham -+
vehicle, which was consistent with previous papers [23,24], and this
increase was also inhibited in I/R + aGC (Fig. 5C).
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Fig. 3. Effects of «GC on myocardial I/R injury at 24 h. (A) Representative pictures of
Evans Blue and TTC-stained LV sections from I/R + vehicle and 1/R 4 «GC (upper
panels). IS/AAR and AAR/LV 24 h after reperfusion in I/R + vehicle (n = 16) and
I/R + aGC (n = 14) mice (lower panel). (B) Serum levels of troponin-1 24 h
after reperfusion in sham + vehicle (n = 8), sham + aGC (n = 8), I/R + vehicle
(n == 16) and I/R + oGC (n = 14) mice. Data are expressed as means =+ SE. *P < 0.05
vs. sham + vehicle. TP < 0.05 vs, I/R + vehicle. ND, not detected.

3.9. Serum and myocardial cytokines, and chemokines

Very small amounts of serum IL-10 and [FN-y levels were detected
and 1L-4 was not detected in either sham + vehicle or I/R + vehicle
mice. In contrast, ®GC extremely increased these cytokine levels in
both sham and I/R mice (Fig. 6A). At 24 h after reperfusion, gene ex-
pression of IL-10, IL-4, and IFN-y in the ischemic myocardium tended
to be increased in I/R + vehicle compared to sham + vehicle, and
they were significantly increased in I/R + aGC compared to I/R + ve-
hicle (Fig. 6B). These gene expressions were also measured at 72 h
after reperfusion in another set of mice. Gene expression of IL-10 was
significantly increased in both I/R + vehicle and I/R + aGC, and
tended to be increased by aGC in sham and I/R (Supplemental

Fig. 6A). IL-4 and IFN-y were increased in I/R 4+ aGC compared
to I/R + vehicle (Supplemental Figs. 6B, C).

Gene expression of TNF-o, [L-1R, and TGF-31 was significantly in-
creased in I/R + vehicle compared to sham + vehicle. In contrast to
IL-10, IL-4, and IFN-y, TNF-¢, and IL-1R were lower in I/R + aGC
than I/R + vehicle (Fig. 6B). MCP-1, ICAM-1, and VCAM-1 were in-
creased in I/R + vehicle (Supplemental Fig. 7). MCP-1 was decreased
in I/R + oGC compared to I/R + vehicle (Supplemental Fig. 7),
which could inhibit infiltration of inflammatory cells (Fig. 4 and
Supplemental Fig. 5). In contrast, there was no difference in ICAM-1,
and VCAM-1 was rather increased in I/R + «GC compared to I/R +
vehicle (Supplemental Fig. 7).

3.10. Effects of neutralization of IL-10, IL-4, and IFN-y on oGC-treated I/R
mice

Representative pictures showed that the administration of
anti-IL-10 receptor monoclonal antibody into I/R + aGC mice in-
creased infarct size compared to I/R + aGC + rat IgG1k. In contrast,
the administration of anti-lL-4 and anti-IFN-y did not affect it (Fig. 7,
upper panels). IS/AAR was significantly greater in I/R + aGC +
anti-IL-10R than I/R + aGC + rat IgGlk (53.1 & 5.2% vs. 374 &
3.5%, P = 0.046) with no significant changes in AAR/LV (54.3 £ 2.0%
vs. 54.7 4+ 2.9%, P = NS) (Fig. 7, lower panel).

3.11. Effects of neutralization of IFN-y on I/R mice

Representative pictures showed that the administration of
anti-IFN-y monoclonal antibody into I/R mice decreased infarct size
compared to I/R + rat IgG1k (Supplemental Fig. 8, upper panels). IS/
AAR was significantly smaller in I/R + anti-IFN-y than IR + rat
IgG1Kk (38.0 & 3.7% vs. 49.7 + 1.9%, P = 0.020) with no significant
changes in AAR/LV (56.4 + 4.1%vs.57.8 + 1.5%,P = NS) (Supplemen-
tal Fig. 8, lower panel).

4. Discussion

The present study demonstrated that the activation of iNKT cells by
aGC ameliorated myocardial I/R injury, accompanied by the decreases
in inflammatory cell infiltration, apoptosis, and pro-inflammatory cyto-
kines. Furthermore, the neutralization of aGC-induced increase in ex-
pression of IL-10 by receptor antibody abolished the protective effects
of aGC on I/R injury. This is the first report to provide direct evidence
for the protective effects of iNKT cell activation by aGC on myocardial
I/R injury.

4.1. Activation of iNKT cells by «GC in the heart

aGC has been well known to activate iNKT cells, and they rapidly
produce various cytokines such as [L-10, IL-4, and IFN-vy [25]. In par-
allel to these changes, iNKT cell-surface receptors, including TCR
and NK1.1, become downregulated, which render iNKT cells invisible
by flow-cytometric detection [19,26]. The downregulation of TCR re-
mains until at least 24 h. Then, iNKT cells rapidly proliferate and
increase to the peak level 72 h after «GC administration. The activa-
tion of iNKT cells by aGC has been observed in various organs,
such as spleen, liver, lung, and kidney [18,19,26-28]. We previously
demonstrated that the proportion of iNKT cells was increased within
the heart 7 days after aGC administration [17]. In the present study,
we confirmed that aGC increased cardiac iNKT cells in paralle] to
splenic iNKT cells (Supplemental Fig. 1) and rapidly enhanced the ex-
pression of cytokine genes within the heart (Supplemental Fig. 2B),
however, aGC had no effect in iNKT cell-deficient (Jar18™/~) mice
(Fig. 1). Therefore, these findings indicate that aGC can specifically
activate iNKT cells, which results in the production of cytokines in
the heart.
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Fig. 4. Effects of oGC on the number of infiltrating inflammatory cells in ischemic myocardium. (A) Representative photomicrographs of LV sections stained with
anti-myeloperoxidase (MPO), anti-CD3 and anti-MAC3 24 h after reperfusion. (B) Summary data for the number of MPO-positive cells and CD3-positive cells and the ratio of
MAC3-positive area. n = 7-8 for each group. Data are expressed as means % SE. *P < 0.05 vs. sham -+ vehicle. 1P < 0.05 vs. I/R + vehicle. HPF, high power field.

4.2. Myocardial I/R injury and cytokines

It is well known that various cytokines are involved in myocardial

I/R injury [29,30]. These cytokines are produced by several types of

cells, such as neutrophils, lymphocytes, macrophages, and endothelial

Table 1
Echocardiogram and hemodynamics 28 days after reperfusion.
I/R + vehicle I/R + aGC

Echocardiography n=3§ n=38
LVEDD, mm 37 £ 01 35401
LVESD, mm 3.0 + 0.1 2.7+ 017
FS, % 189 4+ 09 240 + 117
AWT, mm 0.64 + 0.02 0.71 + 0.01"
PWT, mm 0.80 + 0.02 0.82 £ 0.02
Hemodynamics n=2~6 n=7
Heart rate, bpm 456 + 25 449 + 20
Systolic BP, mm Hg 108.2 + 6.2 108.1 + 3.7
Diastolic BP, mm Hg 788 + 4.7 765+ 19
LVEDP, mm Hg 52+ 04 1.9 + 037
LV +dP/dt, mm Hg/s 10,633 & 1824 11,841 + 1284
LV —dP/dt, mm Hg/s 7365 £ 1600 7286 + 1105

LVEDD indicates left ventricular end-diastolic diameter; LVESD, left ventricular
end-systolic diameter; FS, fractional shortening; AWT, anterior wall thickness; PWT,
posterior wall thickness; BP, blood pressure; LVEDP, left ventricular end-diastolic pres-
sure. Data are expressed as means + SE.

T P<0.05vs. I/R + vehicle.

cells, and play an important role in the pathogenesis of myocardial I/R
injury. Endogenous TNF-a and IL-1 play as a mediator of inflammato-
ry reactions, whereas, IL-10 and TGF-f have cardioprotective effects
on myocardial I/R injury. Previous studies demonstrated that the
blocking of pro-inflammatory cytokines or the administration of
cardioprotective cytokines reduced infarct size [31-36]. On the
other hand, the increases in IL-4 and IFN-v are characteristic of the
activation of iNKT cells [9]. IFN-y has been reported to promote myo-
cardial I/R injury [5], and the effect of IL-4 on myocardial I/R injury
has not been elucidated. In the present study, «GC administration de-
creased infarct size (Fig. 3) and infiltrating inflammatory cells (Fig. 4
and Supplemental Fig. 5) in association with the decrease in the ex-
pressions of pro-inflammatory cytokines, TNF- and IL-183 (Fig. 6B).
Simultaneously, serum levels and gene expression of IL-10, [L-4, and
[FN-y were increased after «GC administration (Figs. 6A, B).

To determine the role of these cytokines in aGC-induced amelio-
ration of myocardial I/R injury, we neutralized IL-10, IL-4, and IFN~y
on o:GC-treated I/R mice. Anti-IL-10R monoclonal antibody canceled
the protective effects of ®GC in I/R mice, but not anti-IL-4 and IFN-y
monoclonal antibody (Fig. 7), indicating that IL-10 was involved in
the protective effects of aGC in myocardial I/R injury. Yang et al.
reported that INF-y had deleterious effects on myocardial I/R injury
[5]. We also showed that a single treatment with anti-IFN-y mono-
clonal antibody reduced infarct size after I/R injury without aGC
(Supplemental Fig. 8). In our results, the reduction in infarct size by
aGC was the same as that by anti-IFN-y monoclonal antibody, and
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Fig. 5. Effects of aGC on apoptosis. (A) Representative photomicrographs of TUNEL-stained LV sections. TUNEL-positive nuclei (green), myoglobin (red), and DAPI (blue). Arrows
indicate TUNEL-paositive cells. (B) Summary data for the number of TUNEL-positive cells. n = 7-8 for each group. (C) Representative immunoblotting analysis and the summary
data for caspase-3/GAPDH. n = 6 for each group. Data are expressed as means & SE. *P < 0.05 vs. sham + vehicle. TP < 0.05 vs. I/R + vehicle.
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Fig. 6. Effects of oGC on serum levels and myocardial gene expression of cytokines. (A) Serum levels of IL-10, IL-4 and IFN-y 24 h after reperfusion. (B) Quantitative analysis of
mRNA expression of IL-10, IL-4, IFN-y, TNF-c, IL-1P, and TGF-B1 in ischemic myocardium 24 h after reperfusion. n = 8 for each group. Data are expressed as means = SE.
*P < 0.05 vs. sham + vehicle. TP < 0.05 vs. I/R + vehicle. ND, not detected.
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Fig. 7. Effects of neutralizing antibodies on GC-induced amelioration of I/R injury. Representative pictures of Evans Blue and TTC-stained LV sections from I/R + «GC + rat IgG1k,
I/R 4+ oGC + anti-IL-10 receptor mAb (IL-10R), I/R + aGC + anti-IL-4 mADb and I/R + «GC + anti-IFN-y mAb (upper panels). Summary data for IS/AAR and AAR/LV 24 h of re-
perfusion (lower panel). n == 7-9 for each group. Data are expressed as means =+ SE. *P < 0.05 vs. I/R + «GC + rat IgG1k.

there was no additional reduction in infarct size by aGC and
anti-IFN-y monoclonal antibody. These results suggested that
IL-10-dependent beneficial effects of aGC may be due to the inhibi-
tion of INF~y-dependent deleterious effects on myocardial I/R injury.
Indeed, it has been reported that IL-10 inhibits the expression of
[FN-y-induced genes [37].

We showed that infarct size was smaller in I/R + oGC than I/R +
vehicle also at 2 h after reperfusion (Supplemental Fig. 3). Serum
IL-10 was rapidly increased and peaked at 1 h after aGC injection, in
contrast, gene expression of IL-10 in the LV was not increased at early
phase after aGC injection (Supplemental Fig. 2). Therefore, the im-
provement in infarct size by aGC may be due to the increased serum
IL-10, i.e. systemic activation of iNKT cells.

4.3. Protective effects of IL-10 on myocardial I/R injury

IL-10 is well known as a potent anti-inflammatory cytokine [38],
and has been shown to play an important role in myocardial I/R injury
[33]. It has been reported that endogenous IL-10 inhibits the produc-
tion of TNF-a and serves to protect the reperfused myocardium
through the suppression of neutrophil recruitment [33]. IL-10 has
been reported to suppress the expression of CC chemokine gene in-
cluding MCP-1 [39]. Exogenous IL-10 administration ameliorates
myocardial I/R injury by inhibiting adherence of leukocytes to vascu-
lar endothelium [34], and by decreasing the production of pro-
inflammatory cytokines through Signal Transducers and Activator of
Transcription (STAT)-3 pathway [35]. It has also been shown that re-
mote ischemic preconditioning has protective effects against myocar-
dial I/R injury by the upregulation of IL-10 in the remote muscle and
the release into circulation [40]. Moreover, IL-10 induces protection
against myocardial injury by preventing apoptosis through the re-
duced phosphorylation of p38MAPK and the enhanced phosphoryla-
tion of STAT3 [41]. TNF-a and IL-1f promotes apoptosis in cardiac
myocytes [42,43], which is also inhibited by IL-10. In the present

study, we demonstrated that aGC administration ameliorated myo-
cardial I/R injury (Fig. 3) with upregulating serum and myocardial
IL-10 (Fig. 6). This was accompanied with the decreases in the
infiltration of inflammatory cells into myocardium (Fig. 4 and
Supplemental Fig. 5) and the gene expression of pro-inflammatory
cytokines (Fig. 6B), and the reduction in apoptosis after I/R (Fig. 5).
Our results suggest that the activated iNKT cells by aGC inhibit in-
flammatory response and cardiomyocyte apoptosis via the produc-
tion of IL-10.

We previously demonstrated that administration of «GC into mice
1 day and 4 days after Ml surgery ameliorated LV remodeling without
affecting infarct size and these beneficial effects were also mediated
by the enhanced expression of IL-10 in the heart [17]. On the other
hand, in the present study, we demonstrated that ®GC administration
decreased infarct size. The discrepancy in the effects of «GC on infarct
size was possibly due to the differences in experimental model
assessing different pathophysiological processes (more angiogenesis,
more fibrosis vs. accentuated inflammation and apoptosis in the acute
setting) and the timing of aGC treatment (1 day after MI surgery vs.
30 min before reperfusion). The administration of ®GC into MI mice
was performed too late to salvage ischemic myocardium.

4.4. Clinical implication

The present study demonstrated that «GC administration during
the ischemic period before reperfusion reduced infarct size. These
findings suggest that aGC can be a novel agent in patients with
acute MI to reduce I/R injury. In addition, based on our previous
study of postinfarct heart failure [17], ®GC administration may atten-
uate also LV remodeling and reduce mortality after MI. To date, sever-
al clinical trials (Phase I/1I) using activated iNKT cells by aGC have
been conducted in patients with cancer [44-48]. No severe adverse
events were observed in these trials.
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4.5, Limitations

There are several limitations to be acknowledged in the present
study. First, we could not directly demonstrate the activation of
iNKT cells within the heart 24 h after «GC administration because
cell-surface receptors were downregulated. We tried double immu-
nohistochemical staining of anti-TCRP and anti-NK1.1 according to
the newly published paper [49]. Furthermore, we also performed in
situ hybridization using digoxigenin-labeled DNA probes for mouse
Va14Ja18. Unfortunately, however, we could not detect iNKT cells
by these methods in the heart. Further studies are needed to over-
come some technical difficulties of iNKT cell-detection and clarify
this important issue. Alternatively, we demonstrated its activation
by showing the increase of cytokine gene expressions and the similar
time course of iNKT cell proportion within the spleen. Second, the
source of IL-10 production after the stimulation of aGC remains to
be determined. We tried to isolate iNKT cells using cell sorter and per-
form in vitro experiments. Unfortunately, however, we could not iso-
late sufficient amount of iNKT cells to perform in vitro experiments.
We consider that there still might be some technical difficulties in
in vitro experiments using isolated iNKT cells. Therefore, we could
not directly demonstrate the source of IL-10 production. IL-10 has
been shown to be produced by iNKT cells themselves on exogenous
stimulation [50]. However, aGC-activated iNKT cells may stimulate
other immune cells to produce IL-10. IL-10 can be also expressed
and secreted from macrophages activated by iNKT cells. Moreover,
in myocardial I/R injury, it has reported that CD5 positive T lympho-
cytes are the predominant source of IL-10 in the ischemic and
reperfused heart. However, immunohistochemical analysis and flow
cytometric analysis revealed that there was no difference in the
infiltration of macrophage in the ischemic myocardium between
I/R + aGC and I/R + vehicle, and other inflammatory cells were
rather decreased in I/R + aGC compared to I/R + vehicle (Fig. 4
and Supplemental Fig. 5). Further investigations are required to
elucidate the mechanism of IL-10 production after «GC adminis-
tration in I/R mice. Third, we observed that iNKT cells were in-
creased and endogenously activated in ischemic myocardium
after I/R, however, the clear evidence on the role of iNKT cells in
I/R injury has not been shown in the present study. We performed
I/R injury experiment using iNKT cell deficient Jo18 ™/~ mice. Un-
expectedly, preliminary results showed that infarct size after I/R
injury tended to be decreased in o187/~ mice compared to
C57BL/6] control mice (IS/AAR in I/R + vehicle group from Fig. 3
vs. IS/AAR in Ja18™/~ + I/R + vehicle group from Supplemental
Fig. 4). These results suggest that endogenously activated iNKT
cells may be involved in the development of I/R injury, even
though endogenous ligand for the activation of iNKT cells has
never been elucidated. Therefore, the discrepancy in these results
may be due to the difference in the methods to activate iNKT
cells; endogenous ligand vs. exogenously administrated aGC. Fi-
nally, protein levels of several cytokines could not be detected in
the heart by ELISA in the present study. This may be due to short
half-life, and smaller amount of cytokines protein in the heart
than in the serum.

5. Conclusions
Activated iNKT cells by aGC play a protective role against myocar-
dial I/R injury through the enhanced expression of IL-10. Therapies

designed to activate iNKT cells might be beneficial to protect the
heart from I/R injury.
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