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Abstract

Rationale: Chronic inflammation in the myocardium is involved in the development of left ventricular
(LV) remodeling and failure after myocardial infarction (MI). Invariant natural killer T (iNKT) cells
have been shown to produce inflammatory cytokines and orchestrate tissue inflammation. However,
no previous studies have determined the pathophysiological role of iINKT cells in post-MI LV
remodeling.

Objective: The purpose of this study was to examine whether the activation of iNKT cells might
affect the development of LV remodeling and failure.

Methods and Results: After creation of MI, mice received the injection of either

a-galactosylceramide (aGC; n=27), the activator of iINKT cells, or phosphate-buffered saline (PBS;
n=31) 1 and 4 days after surgery, and were followed during 28 days. Survival rate was significantly
higher in MI+aGC than MI+PBS (59% vs 32%, P<0.05). LV cavity dilatation and dysfunction were
significantly attenuated in MI+aGC, despite comparable infarct size, accompanied by a decrease in
myocyte hypertrophy, interstitial fibrosis, and apoptosis. The infiltration of iINKT cells were increased
during early phase in non-infarcted LV from MI and aGC further enhanced them. It also enhanced LV
interleukin (IL)-10 gene expression at 7 days, which persisted until 28 days. Anti IL-10 receptor
antibody abrogated these protective effects of aGC on MI remodeling. The administration of aGC into
iNKT cell-deficient Ja18" mice had no such effects, suggesting that aGC was a specific activator of
iNKT cells.

Conclusions: iNKT cells play a protective role against post-MI LV remodeling and failure through the
enhanced expression of cardioprotective cytokines such as IL-10.

Key words: invariant natural killer T cells, myocardial infarction, inflammation, heart failure,
cytokines.
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Introduction

Myocardial infarction (MI) leads to the development of heart failure (HF), which is the major
cause of death in post-MI patients. The changes in left ventricular (LV) geometry, such as cavity
dilatation associated with myocyte hypertrophy and interstitial fibrosis, referred to as remodeling,
contribute to the development of depressed cardiac function in HF after MIL.* It has been reported that
monocytes and lymphocytes are infiltrated in non-infarcted area as well as infarcted area of LV after
MI.2* Chemokines, monocyte chemoattractant protein-1 (MCP-1) and regulated on activation
normally T cell expressed and secreted (RANTES), are essential factors in the recruitment and
activation of monocyte and lymphocyte. These chemokines are also increased in non-infarcted LV
after MI and contribute to local inflammation through the release of inflammatory cytokines including
tumor necrosis factor-a (TNF-a).2 * Targeted deletion of CC chemokine receptor 2 or anti-MCP-1
gene therapy has been shown to attenuate LV remodeling after MI1.2° Thus, chronic tissue
inflammation plays an important role in LV remodeling process.

Invariant natural killer T (iNKT) cells are innate-like T lymphocyte population co-expressing
NK markers and an afp T cell receptor that recognize glycolipid antigens. They can rapidly and
robustly produce a mixture of T-helper type 1 (Ty1) and T2 cytokines, such as TNF-a, interferon-y
(IFN-y), interleukin (IL)-10, and IL-4, and also a vast array of chemokines in shaping subsequent
adaptive immune response.® Thus, iINKT cells can function as a bridge between the innate and
adaptive immune systems, and orchestrate tissue inflammation. Indeed, we have shown that INKT
cells activate vascular wall inflammation in atherogenesis and adipose tissue inflammation in
obesity-induced glucose intolerance.”® On the other hand, iNKT cells play a protective role against

9,10 9,11 and

autoimmune and inflammatory diseases such as type 1 diabetes,” ™ allergic encephalomyelitis,
rheumatoid arthritis.'? These findings suggest that iNKT cells may have bidirectional effects on tissue
inflammation. However, no previous studies have examined the changes of iNKT cells and their
pathophysiological role in LV remodeling and failure after M.

Therefore, the purpose of the present study was to determine whether iNKT cells might
affect the development of LV remodeling and failure after MI. We demonstrated that the activation of
iNKT cells by o-galactosylceramide (aGC), a specific activator for iNKT cells," attenuated the
development of LV remodeling and failure after MI in mice. The enhanced gene expression of I1L-10

might be involved in these beneficial effects of iINKT cells on this disease process.
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Methods

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.

Experiment 1: Time-dependent Changes of iNKT Cell Receptors in Post-MI Hearts
Animal Models

MI was created in male C57BL/6J mice, 6-8 weeks old and 20 to 25 g body weight, by
ligating the left coronary artery as described previously.** Sham operation without ligating the
coronary artery was also performed as control. MI mice were sacrificed and the hearts were excised at
day 3, 7, 14 and 28 for quantitative reverse transcriptase-polymerase chain reaction (qQRT-PCR)
measurements.

gRT-PCR
Quantitative PCR for Va14Ja18 (a specific marker of iINKT cells) was performed, as
described previously.?

Experiment 2: Effects of iINKT Cell Activation on Post-MI Hearts
Animal Models

Sham and MI mice were created in male C57BL/6J as described in Experiment 1. Each
group of mice was randomly divided into 2 groups; either aGC (0.1pg/g body weight; Funakoshi
Company, Ltd., Tokyo, Japan), the activator of iNKT cells, or phosphate-buffered saline (PBS) was
administered via intraperitoneal injection 1 and 4 days after surgery. The concentration of aGC was
chosen based on the previous study of its efficacy.? Thus, the experiment was performed in the
following 4 groups of mice; sham+PBS (n=10), sham+oGC (n=10), MI+PBS (n=31), and MI+aGC
(n=27).

Survival

The survival analysis was performed in all 4 groups of mice. During the study period, the
cages were inspected daily for deceased animals. All deceased mice were examined for the presence of
MI as well as pleural effusion and cardiac rupture.

Echocardiographic and Hemodynamic Measurements
Echocardiographic and hemodynamic measurements were performed under light anesthesia
with tribromoethanol/amylene hydrate (avertin; 2.5% wt/vol, 8 uL/g ip), as described previously.*
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Myocardial Histopathology, Infarct Size, Myocardial Apoptosis, and Matrix Metalloproteinase
(MMP) Zymography
Myocyte cross-sectional area, collagen volume fraction, infarct size, myocardial apoptosis,

and zymographic MMPs levels were determined as described previously.** *°

Isolation of Cardiac Mononuclear Cell and Flow Cytometry
Cardiac mononuclear cells from 3 mice were isolated, pooled, and subjected to flow

cytometric analysis as previously described.”*°

gRT-PCR

Quantitative PCR for Va14Ja18, CD11c (a marker of M1 macrophages), arginase-1 (a
marker of M2 macrophages), MCP-1, RANTES, IFN-y, IL-4, IL-6, TNF-a, and IL-10 was performed,
as described previously.?

Immunohistochemistry

LV sections were immunostained with antibody against mouse MAC3 (a macrophage
marker), mouse CD3 (a T cell marker), or mouse myeloperoxidase (a leucocyte marker), followed by
counter-staining with hematoxylin.

Plasma Cytokines Concentration
Plasma IL-10, TNF-a, IFN-y, IL-6, and IL-4 levels were measured by commercially
available ELISA kit (R&D systems, Inc.) in all groups.

Experiment 3: Effects of IL-10 Neutralization on aGC-Treated Post-MI Hearts

MI mice were divided into the following 3 goups; MI+aGC (n=18), MI+anti-1L-10 receptor
antibody (n=12), and MI+aGC+anti-1L-10 receptor antibody (n=19). aGC was administered
identically as in Experiment 2. Anti-1L-10 receptor antibody (500ug/mouse, BD Pharmingen, San
Diego, CA) was administered via intraperitoneal injection 1, 4, and 14 days after surgery. The
concentration of anti-1L-10 receptor antibody was chosen based on the previous study of its efficacy."
Four weeks after surgery, echocardiographic and hemodynamics measurement were performed.
Separate groups of mice were used in MI+aGC group in Experiment 2.

Experiment 4: Specificity of aGC for NKT Cells
Val4" NKT cell-deficient Jo18" (Ja18 KO) mice were provided from Dr. M. Taniguchi
(RIKEN, Yokohama, Japan) and backcrossed 10 times to C57BL/6J." Sham and M1 mice were
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created in male Jal8 KO mice as described in Experiment 1. Each group of mice was treated
identically to Experiment 2. Thus, the experiment was performed in the following 4 groups;
KO+sham+PBS, KO+sham+aGC, KO+MI+PBS, and KO+MI+aGC. One week after surgery, all mice
(n=9 for each group) were sacrificed, and used for immunohistochemistry (n=3 for each group), and
for qRT-PCR (n=6 for each group). These analyses were performed as described in Experiment 2.

Statistical Analysis

Data were expressed as means + SE. Survival analysis was performed by the Kaplan-Meier
method, and between-group differences in survival were tested by the log-rank test. A between-group
comparison of means was performed by 1-way ANOVA, followed by t test. The Bonferroni correction
was applied for multiple comparisons of means. 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 agreed to the manuscript as written.
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Results

Experiment 1: Time-dependent Changes of iNKT Cell Receptors in Post-MI Hearts

The quantification of INKT cells by Va14/Ja18 gene expression demonstrated that iINKT cell
infiltration into the non-infarcted LV was significantly enhanced at 7 days (1.7+0.2 fold changes from
baseline, P<0.05 vs. baseline) after MI and returned to baseline at 14 and 28 days after M1 (1.0£0.2
and 1.1+0.1 fold changes from baseline, respectively). In the infarcted LV, its gene expression was
significantly elevated 7 days and remained elevated 28 days after M1 (data not shown).

Experiment 2: Effects of iINKT Cell Activation on Post-MI Hearts

By using flow cytometric analysis, iINKT cells were detected in LV from all groups of mice
(Figure 1A). aGC injection increased iNKT cells infiltration into the non-infarcted LV both in
sham+aGC and MI+aGC mice after 7 days (Figure 1A). Moreover, it remained enhanced at 28 days
in MI+aGC (Figure 1A).

Quantitative RT-PCR also demonstrated that gene expression of Val4/Ja18, a marker of
iNKT cell infiltration, was significantly elevated in the non-infarcted LV from sham+aGC and
MI+aGC mice after 7 days (Figure 1B). Interestingly, it remained significantly increased at 28 days
only in MI+aGC (Figure 1B).

Survival

There were no deaths in sham-operated groups. The survival rate during 28 days was
significantly higher in MI+aGC compared with MI+PBS mice (59 % versus 32 %; P<0.05; Figure
2A). Thirteen MI+PBS (42%) and 8 MI+aGC (30%) mice died of LV rupture (P=NS).

Echocardiography and Hemodynamics

The echocardiographic and hemodynamic data from 4 groups of survived mice at 28 days are
shown in Figure 2B and Table 1. There were no significant differences in either echocardiographic or
hemodynamic parameters between sham+PBS and sham+aGC mice. LV diameters were significantly
greater, and LV fractional shortening was significantly lower in MI mice than sham mice. These
changes were ameliorated by the treatment of MI mice with aGC. There were no significant
differences in heart rate or aortic blood pressure among groups. LV end-diastolic pressure (LVEDP)
was significantly increased, and LV +dP/dt and LV —dP/dt were significantly decreased in Ml

compared to sham, which was ameliorated by the treatment of MI mice with aGC.

Organ Weights, Infarct Size, and Histology
There were no significant differences in heart weight/body weight and lung weight/body
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weight between sham+PBS and sham+aGC mice (Table 1). In agreement with LVEDP, heart
weight/body weight and lung weight/body weight were increased in MI mice, and these increases were
significantly attenuated in MI+aGC (Table 1).

Infarct size measured by the morphometric analysis was comparable (56+2% versus 55+1%;
P=NS) between MI+PBS (n=6) and MI+aGC (n=6) groups (Table 1).

Histomorphometric analysis of noninfarcted LV sections showed that myocyte
cross-sectional area was increased in MI+PBS compared to sham mice, and was significantly
attenuated in MI+aGC (Figure 3A). Collagen volume fraction was also increased in MI+PBS
compared to sham mice, and was significantly attenuated in MI+aGC (Figure 3A).

There were rare TUNEL-positive nuclei in both sham and sham+aGC mice. The number of
TUNEL-positive myocytes in the noninfarcted LV was increased in MI+PBS, and was significantly
decreased in MI+aGC (Figure 3B).

Myocardial MMP Activity

Representative gelatin zymography of the non-infarcted LV tissue at day 7 from 4 groups of
mice was shown in Figure 4A. There were no zymographic MMP-2 and 9 levels in the sham+PBS
and sham+aGC. Zymographic MMP-2 level was significantly increased in MI+PBS mice compared to
sham mice at day 7. aGC injection significantly decreased it after MI (Figure 4B). Zymographic
MMP-9 level was also increased in MI+PBS mice compared to sham mice at day 7, which, however,
was not affected by aGC (Figure 4C).

Zymographic MMP-2 level was increased in MI+PBS mice also at day 28, and aGC
injection tended to decrease it (3.7+1.1 vs 2.1+0.8 in ratio to sham, P=0.08).

Inflammatory and Cytokine Gene Expression

Immunohistochemical stainings for MAC3 and CD3 were increased in MI+PBS compared to
Sham+PBS, and were further increased by aGC at day 7 (Figure 5). MPO positive cells were not
detected in the LV tissue from either group of mice (data not shown).

CD11c (a marker of M1 macrophage) and arginase 1 (a marker of M2 macrophage) gene
expressions were significantly increased in non-infarcted LV from MI+PBS compared to sham+PBS at
day 7 (Figure 6A and B). aGC significantly increased their expressions in both sham and M1 animals
at day 7. Arginase 1, but not CD11c, was increased in non-infarcted LV from MI+PBS and MI+aGC at
day 28. There was no significant difference in arginase 1 between these 2 groups. MCP-1 and
RANTES gene expressions were increased in non-infarcted LV from MI+PBS compared to
sham+PBS at day 7 (Figure 6C and D). aGC significantly increased their expressions in both sham
and MI animals at day 7. In contrast, there was no significant difference in their expressions among all
groups at day 28.
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IFN-y, TNF-a, IL-6, and IL-10 gene expression levels were significantly increased in sham
and MI mice by aGC at day 7 (Figure 6E-H). IL-10 gene expression alone significantly elevated up to
2.6 fold in the non-infarcted LV from MI+aGC mice at day 28 (Figure 6H). These time-dependent
and aGC-mediated changes in IL-10 gene expression (Figure 6H) in the LV were matched with those
in NKT cell infiltration (Figure 1B). IL-4 was not detected in either group.

Plasma Cytokines Concentration

Plasma IL-10 level was similar among sham+PBS, sham+aGC, and MI+PBS groups
(9.0£0.5 vs 9.8+2.3 vs 10.6x+2.3 pg/ml). However, in parallel to IL-10 gene expression in the LV, it
significantly increased up to 2-fold in MI+aGC (21.142.3 pg/ml) compared with sham and MI+PBS
mice (P<0.05). Plasma IFN-y level was similar among 4 groups of mice (1.4+0.3 vs 1.7+0.3 vs
0.9+0.2 vs 1.0+0.2 pg/ml, P=NS). Plasma TNF-qa, IL-6, and IL-4 levels were not detected in either

group.

Experiment 3: Effects of I1L-10 Neutralization on aGC-Treated Post-MI Hearts
Survival

The survival rate during 28 days tended to be higher in MI+aGC than MI+anti-1L-10
receptor antibody and MI+aGC+anti-IL-10 receptor antibody (66.7 % versus 44.4 % and 42.1%,
P=0.4).

Echocardiography and Hemodynamics

The echocardiographic and hemodynamic data from 3 groups of surviving mice are shown in
Table 2. IL-10 receptor antibody injection significantly increased LV diameters, LVEDP, and
decreased LV fractional shortening in aGC-treated MI mice. In contrast, there were no differences in
these parameters between Ml+anti-IL-10 receptor antibody and MI+aGC+anti-IL-10 receptor antibody.
There was no significant difference in heart rate and aortic blood pressure among 3 groups.

Organ Weights and Infarct Size

In agreement with LVEDP, lung weight/body weight ratio was significantly increased in
MI+aGC +anti-1L-10 receptor antibody compared to MI+aGC (Table 2). There were also no
differences in these parameters between MI+anti-IL-10 receptor antibody and MI+aGC+anti-IL-10
receptor antibody.

Infarct size was comparable (56£2%, 54+2%, and 56+4%; P=NS) among MI+aGC (n=8),
MI+anti-1L-10 antibody (n=8), and MI+aGC-anti-IL-10 receptor antibody (n=8) groups.

Experiment 4: Specificity of aGC for iINKT cells
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Immunohistochemical stainings for MAC3 and CD3 were increased in KO+MI+PBS
compared to KO+Sham+PBS. In contrast to the results from WT (Figure 5), aGC did not alter them
(Supplemental Figure 1). MPO positive cells were not detected in the LV tissue from either group of
mice (data not shown). MCP-1 and RANTES were increased in KO+MI+PBS compared to
KO+Sham+PBS, and were not affected by aGC (Supplemental Figure 2A and B). There was no
difference in TNF-a and IL-10 in the LV tissue from either group of mice (Supplemental Figure 2C
and D). These data suggest that aGC did not directly activate other inflammatory cell, induce
chemokines, and produce inflammatory cytokines.
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Discussion

The present study demonstrated that the activation of iNKT cells by aGC improved survival
and ameliorated LV remodeling and failure after MI in mice, accompanied by the decreases in
interstitial fibrosis, cardiomyocyte hypertrophy and apoptosis. Furthermore, the enhanced expression
of IL-10 by aGC is involved in these effects. This is the first report to provide direct evidence for
increased iNKT cells in MI and the inhibitory effects of their activation on the development of
post-MI HF.

Chronic infiltration of inflammatory cells including iINKT cells in Post-MI heart

In the setting of acute M, the infiltration of inflammatory cells such as neutrophils,
macrophages, and lymphocytes is a physiological repair process and beneficial removing dead
cardiomyocytes and leading to the repair and scar formation of infarcted area.*® However, the chronic
inflammatory response in the non-infarcted area causes the further myocardial damage and fibrosis,
leading to the progressive impairment of cardiac function.'® We have previously demonstrated that
anti-MCP-1 gene therapy improved survival and attenuated LV dilation and contractile dysfunction,
which was associated with the decreases in macrophage infiltration and gene expression of myocardial
inflammatory cytokines.? Therefore, chronic myocardial inflammation plays a crucial role on LV
remodeling and failure after MI. However, the precise role of various inflammatory cells and
chemokines in this disease process has not been fully elucidated. iINKT cells are specialized lineage of
T cells that recognize glycolipid antigens presented by the MHC class I-like molecule CD1d. The
iNKT cells mediate various functions rapidly by producing a mixture of Tyl and T2 cytokines and
vast array of chemokines.® Thus, iNKT cells can function as a bridge between the innate and adaptive
immune systems, and orchestrate tissue inflammation. However, to our knowledge, there has been
only one paper by Olson et al. reported the presence of iINKT cells in cardiac tissue obtained from

|20

acute Lyme carditis model.”” Therefore, the present study was the first that demonstrated the increased

infiltration of iINKT cells in post-MI hearts (Figure 1).

Effects of the activation of INKT cells by aGC in Post-MI heart

The most important finding of this study was that the activation of iNKT cells by aGC
improved survival and attenuated LV remodeling and failure after MI (Figures 2 and 3, Table 1). The
beneficial effects of aGC were not attributable to its MI size-sparing effect, because the infarct size
calculated as % LV circumference was comparable between MI+PBS and MI+aGC mice. Furthermore,
its effects might not be attributable to those on hemodynamics, because blood pressure and heart rate
were not altered (Table 1). aGC, a glycosphingolipid, is a well-known iNKT cell receptor ligand that
can specifically activate iNKT cells.” It has been demonstrated that iNKT cells expand dramatically
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2-3 days after in vivo treatment with aGC, and return to the baseline level by approximately 9 days
after treatment.? %2 Moreover, the effects of iNKT cell stimulation may differ according to the timing
of aGC administration. In the model of experimental autoimmune encephalomyelitis, early
immunization with aGC protected against this disease, whereas later immunization potentiated it.®In
the present study, aGC injection significantly enhanced iNKT cell infiltration (Figure 1) and could
effectively ameliorate post-MI LV remodeling and failure (Figures 2 and 3).

Role of IL-10 in the inhibitory effects of iINKT cell activation by aGC

Another important finding of the present study was that the enhanced expression of 1L-10
was involved in the inhibitory effects of INKT cell activation against LV remodeling and failure
(Table 2). These results are consistent with the previous findings that the therapeutic effects of aGC
against Ty1-like autoimmune diseases include two mechanisms such as a shift from Ty1 toward a T2
pattern®* % and the induction of immunosuppresive cytokine IL-10.% "2 The present study
demonstrated that IL-10 was increased in non-infarcted LV from sham and MI animals in association
with an increase in iINKT cells after the treatment with aGC at 7 days (Figure 6C and D).
Interestingly, the enhanced expression of 1L-10 gene by aGC persisted only in MI mice. These
changes of IL-10 gene expression (Figure 6D) completely corresponded to those of iINKT cells
(Figure 1B). Moreover, the inhibitory effects of aGC on LV remodeling and HF were reversed by
anti-1L-10 receptor antibody and the treatment with only anti-IL-10 antibody of MI mice did not affect
LV remodeling and HF (Table 2). Therefore, these data suggest that IL-10 is not associated with the
development of LV remodeling and HF after MI without aGC, and IL-10 is involved in the beneficial
effects of INKT cell activation against post-MI remodeling and failure. These findings were consistent
with a recent study by Krishnamurthy et al, in which LV dimension and function by echocardiography
after MI did not differ between wild-type and IL-10-null mice.*

Possible mechanisms of IL-10 for the attenuation of LV remodeling
IL-10 can inhibit the production of proinflammatory cytokines by macrophages and T1

2528 and directly promote the death of inflammatory cells.?” Furthermore, beyond its suppressive

cells,
effects on inflammatory gene synthesis, 1L-10 also regulates extracellular matrix®® and angiogenesis.”
In the present study, the activation of iINKT cells by aGC decreased cardiac myocyte hypertrophy and
apoptosis, and inhibited interstitial fibrosis possibly through inhibiting the zymographic MMP-2 level
in non-infarcted LV (Figure 4). MMP-2 is ubiquitously distributed in cardiac myocytes and fibroblasts,
and has been shown to play a crucial role in the development of cardiac remodeling after M1.%
Theoretically, an increase in MMP activity would result in a decrease in the MMP substrate, collagens,
whereas an inhibition of MMP would result in an increase in collagens. However, our previous study

showed that the selective disruption of the MMP-2 gene attenuated interstitial fibrosis after M1.*°
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Therefore, the decrease in zymographic MMP-2 level by aGC might be involved in the attenuation of
interstitial fibrosis in our model. On the other hand, MMP-9 is mainly expressed in infiltrating
inflammatory cells such as neutrophils and T lymphocytes. Previous paper showed that subcutaneous
injection of recombinant IL-10 suppressed inflammation and attenuated LV remodeling after Ml in
mice by inhibiting fibrosis via suppression of HUR/MMP-9 and by enhancing capillary density
through the activation of STAT3.%! Moreover, the previous study by Burchfield et al showed that IL-10
from transplanted bone marrow mononuclear cells contributed to cardiac protection after Ml in
association with a decrease in T lymphocyte accumulation, reactive hypertrophy, and myocardial
collagen deposition.®” However, in the present study, zymographic MMP-9 level was not affected by
aGC, which was consistent with the infiltration of lymphocyte observed by immunohistochemical
staining for CD3 (Figure 5). We also measured the protein levels of HUR/MMP-9 or STAT3 in the
non-infarcted LV. However, these protein levels were not affected by aGC (data not shown).

Role of other inflammatory cells and cytokines

In agreement with the increase in macrophage infiltration by aGC, MCP-1 gene expression
was increased. aGC increased not only M1 macrophage but also M2 macrophage, which tune
inflammatory responses and promote tissue repair.®® Therefore, the increase in M2 macrophage might
neutralize the effect of the increased M1 macrophage and MCP-1. The present study also showed that
TNF-a was increased in non-infarcted LV from MI+aGC (Figure 6). TNF-a is a proinflammatory
cytokine considered to be cardiotoxic and induce LV dysfunction.** However, in contrast, TNF-a has
also protective effects during the maladaptive transition to HF.** Indeed, the treatment of patients with
HF with either soluble TNF receptor (RENEWAL) or an anti-TNF antibody (ATTACH) could not
show clinical benefits.** *” Therefore, the increase in TNF-o. by aGC would not necessarily lead to the
aggravation of LV remodeling.

Limitations

There are several limitations to be acknowledged in the present study. First, we could not
directly demonstrate the location of iNKT cells by the immunohistochemical analysis using
biotinylated CD1d dimer (BD Bioscience) with loading of aGC according to the previous report by

1. We tried the double immunohistochemical staining using antibodies for

Kamijyuku et a
anti-armenian hamster TCR-B-PE (BD Bioscience) and anti-mouse NK 1.1-APC (BD Bioscience)
according to the newly published paper.* Furthermore, we also performed in situ hybridization using
Digoxigenin-labeled DNA probes for mouse Va14Ja18. Unfortunately, however, we could not detect
iNKT cells in situ in the heart. Even though we defined iNKT cells within the heart by using the gene
expression as well as the flow cytometric analysis, further studies are needed to overcome some

technical difficulties of in situ detection and clarify this important issue. Second, the underlying
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mechanisms responsible for the activation of iNKT cells after MI remain to be established. To date, the
endogenous ligand for iINKT cells has not been known. Based on our results using aGC, a
glycosphingolipid, sphingolipid ceramide may be a crucial intermediate, since ceramide has been
shown to be synthesized by long-chain fatty acids and actually increased in the heart after coronary
microembolization.* Third, the source of IL-10 production after the stimulation of aGC remains to be
determined. IL-10 has been shown to be produced by iNKT cells themselves upon exogenous
stimulation.** In addition, 1L-10 can be expressed and secreted from macrophages activated by iNKT
cells.*>* In the present study, the activation of iNKT cells by aGC injection increased the infiltration
of macrophage in sham and MI mice at 7 days, however, there was no difference in it between
MI+PBS and MI+aGC at 28 days (Figure 6). Therefore, the main source of 1L-10 production at later
phase of aGC injection would be the cells other than macrophages.

In conclusion, iINKT cells have a protective effect on LV remodeling and failure after Ml via
enhanced IL-10 expression. Therefore, therapies designed to activate iNKT cells may be beneficial
against the development of post-MI heart failure.
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Table 1. Echocardiography, Hemodynamics, and Organ Weights in Experiment 2

Sham+PBS Sham+aGC MI+PBS MI+aGC
N 10 10 10 16
Echocardiography
Heart rate, bpm 522+10 522+12 531+16 520+13
LVEDD, mm 3.4+0.1 3.4+0.04 5.4+0.1* 5.0+£0.1*7
LVESD, mm 2.1+0.03 2.1+0.04 4.5+0.1* 4.14+0.1%F
FS, % 38.2+0.7 38.3+0.6 16.5+0.6* 18.8+0.6*7
AWT, mm 0.63+0.01 0.62+0.01 0.31+0.01* 0.30+0.01*
PWT, mm 0.68+0.02 0.68+0.01 0.97+0.01* 0.96+0.02*
Hemodynamics
Heart rate, /min 50719 499+9 485+23 495+11
Mean AoP, mmHg 78.1+2 77.742 75.04£3 79.311
LVEDP, mmHg 1.7+0.3 2.310.1 10.74£1.1* 6.6+0.6*F
LV +dP/dt, mmHg/s 15625+623 149724398 7352+697* 9386+476*
LV -dP/dt, mmHg/s 9983+697 9130+691 5045+482* 5861+286*
Organ Weights
Body wt, g 25.1+0.3 24.9+0.2 24.5+0.4 24.8+0.3
Heart wt/Body wt, mg/g 4.620.1 4.5+0.1 6.8+0.2* 6.1£0.1%F
Lung wt/Body wt, mg/g 5.2+0.03 5.2+0.1 7.2+0.7* 5.9+0.2F
Infarct size, % - - 56+2 55+1

LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; FS,
fractional shortening; AWT, anterior wall thickness; PWT, posterior wall thickness; AoP, aortic
pressure; LVEDP, left ventricular end-diastolic pressure; wt, weight. Data are mean £ SEM. *P<0.05 vs.
Sham+PBS, 1P<0.05 vs. MI+PBS.
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Table 2. Echocardiography, Hemodynamics, and Organ Weights in Experiment 3

MI+ MI+aGC+
MI+aGC anti-1L-10 receptor anti-1L-10 receptor
antibody antibody
N 8 8 8
Echocardiography
Heart rate, bpm 516+18 519+16 510+18
LVEDD, mm 4.8+0.1 5.4+0.1* 5.4+0.1*
LVESD, mm 3.9+0.1 4.6+0.1* 4.6+0.1*
FS, % 19+0.8 14.5+0.7* 15.4+0.7*
AWT, mm 0.30+0.01 0.37+0.06 0.35+0.06
PWT, mm 0.98+0.02 1.02+0.02 0.99+0.04
Hemodynamics
Heart rate, /min 518+16 487+17 515+22
Mean AoP, mmHg 86+3 81+4 8212
LVEDP, mmHg 5.4+0.8 10.8+0.7* 11.4+3.3*
LV +dP/dt, mmHg/s 10441+661 6555+1031 771941284
LV -dP/dt, mmHg/s 6847+569 4119+364 577411236
Organ Weights
Body wt, g 25.240.5 24.7+1.3 25.8+0.6
Heart wt/Body wt, mg/g 6.3+0.3 8.8+0.9 6.9+0.5
Lung wt/Body wt, mg/g 5.5+0.1 10.9+2.1* 7.9+1.0*
Infarct size, % 5612 5442 5614

LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; FS,
fractional shortening; AWT, anterior wall thickness; PWT, posterior wall thickness; AoP, aortic
pressure; LVEDP, left ventricular end-diastolic pressure; wt, weight. Data are mean £ SEM. *P<0.05 vs.

MI+aGC.
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Figure 1. (A) Representative flow cytometric assessment of cardiac mononuclear cells obtained from
Sham+PBS, Sham+aGC, MI+PBS, and MI+aGC at day 7 and 28. Cardiac mononuclear cells from 5
different mice for each group were pooled and analyzed. The experiments were performed 3 times.
iNKT cells were gated as the aGC-loaded dimer X tetramer" TCR-B" population. The inset numbers
are a percentage of the gated region of the samples. (B) Gene expression of Va14/Ja18 in
non-infarcted LV from sham+PBS, sham+aGC, MI+PBS and MI+aGC 7 days (n=6) and 28 days
(n=4) after surgery. They were normalized to GAPDH gene expression and expressed as ratio to
sham+PBS values. Data are expressed as means + SE. *P<0.05 vs. Sham+PBS, "P<0.05 vs. MI+PBS.
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Figure 2. (A) Percent survival of Sham+PBS (n=10), Sham+aGC (n=10), MI+PBS (n=31) and
MI+aGC (n=27) mice shown by Kaplan-Meier method. (B) Representative M-mode
echocardiographic images obtained from sham+PBS, sham+aGC, MI+PBS and MI+aGC. AW

indicates anterior wall; PW, posterior wall; EDD, end-diastolic diameter.
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Figure 3. (A) Representative high-power photomicrographs of LV cross-sections stained with
Masson’s trichrome from sham+PBS (a), sham+aGC (b), MI+PBS (c) and MI+aGC (d) and summary
data of myocyte cross-sectional area and collagen volume fraction in 4 groups of mice (n=6). Scale bar,
20 um. (B) Representative photomicrographs TUNEL staining of LV sections from MI+PBS (a) and
MI+aGC (b) and summary data for the number of TUNEL-positive cells in the non-infarcted LV
(n=6). Scale bar, 20 um. Data are expressed as means + SE. *P<0.05 vs. Sham+PBS, 'P<0.05 vs.
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Figure 4. Representative LV zymographic MMP-2 and MMP-9 activities in non-infarcted LV at 7
days after surgery (A) and their densitometric analysis (B and C; n=5 for each). P, positive control.
Data are expressed as means + SE. *P<0.05 vs. Sham+PBS, "P<0.05 vs. MI+PBS.
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Figure 5. Representative photomicrographs of LV cross-sections stained with (A, upper panel) anti
MAC3 and (B, upper panel) anti CD3 in Sham+PBS, Sham+aGC, MI+PBS and MI+aGC. Summary
data of the numbers of (A, lower panel) MAC3 and (B, lower panel) CD3 positive cells in the LV
(n=4-8 for each). Data are means+SE. *P<0.05 vs. Sham+PBS, 'P<0.05 vs. MI+PBS.
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Figure 6. Quantitative analysis of gene expression of CD11c (A), Arginase (B), MCP-1 (C), RANTES
(D), IFN-y (E), TNF-a (F), IL-6 (G), and I1L-10 (H) in the non-infarcted LV at day 7 (n=6) and 28
(n=4) after surgery. Gene expression was normalized to GAPDH and depicted as the ratio to
Sham+PBS. Data are expressed as means + SE. *P<0.05 vs. Sham+PBS, 'P<0.05 vs. MI+PBS.



