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Aims Cdld is a member of the cluster of differentiation 1 (CD1) family of glycoproteins expressed
on the surface of various antigen-presenting cells, which is recognized by natural killer T (NKT)
cells. CD1d-dependent NKT cells play an important role in immune-mediated diseases; but the
role of these cells in regulating cardiac remodeling remains unknown. Methods and Results
Cardiac remodeling was induced by angiotensin (Ang) Il infusion for 2 weeks. Ang ll-induced
increase in hypertension, cardiac performance, hypertrophy and fibrosis, inflammatory response
and activation of the NF-kB and TGF-B1/Smad2/3 pathways was significantly aggravated in CD1d
knockout (CD1dko) mice compared with wild type (WT) mice, but these effects were markedly
abrogated in WT mice treated with a-galactosylceramide (aGC), a specific activator of NKT cells.
Adoptive transfer of CD1dko bone marrow cells to WT mice further confirmed the deleterious
effect of CD1d knockout. Moreover, IL-10 expression was significantly decreased in CD1dko
hearts but increased in aGC-treated mice. Co-culture experiments revealed that CD1dko dentritic
cells (DCs) significantly reduced IL-10 mRNA expression from NKT cells. Administration of
recombinant murine IL-10 to CD1dko mice improved hypertension, cardiac performance and
adverse cardiac remodeling induced by Ang Il, and its cardioprotective effect was possibly
associated with activation of STAT3, and inhibition of the TGF-B1 and NF-kB pathways.

Conclusion These findings revealed a previously undefined role for CD1d-dependent NKT cells
in Ang ll-induced cardiac remodeling, hence activation of NKT cells may be a novel therapeutic

target for hypertensive cardiac disease.
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1. Introduction

Cardiac remodeling is the main ways by which the heart responds to mechanical and
neurohormonal stimuli such as angiotensin Il (Ang I1)1. There are many common features during
this process, including increased cardiomyocyte size, extracellular matrix deposition, and immune
cell infiltration and activation®. Cardiac hypertrophy initially represents an adaptive response of the
myocardium, ultimately leading to left ventricular dilatation and heart failure. It has been well
demonstrated that immune cells respond much earlier to cardiac injury, and activation of immune
cells, including T lymphocytes and macrophages, leads to the secretion of many cytokines and
growth factors, which play a critical role in the development of Ang IlI- and pressure
overload-induced cardiac hypertrophy, fibrosis and heart failure>.

Natural killer T (NKT) cells are a unique T lymphocyte sublineage, which is characterized by
co-expression of NK receptors and invariant T cell receptors (TCRs)8. NKT cells are reactive to
the class | antigen-presenting molecule, CD1d, which is predominantly expressed on
antigen-presenting cells® 7. Based on differences in TCR characteristics, CD1d-dependent NKT
cells are mainly divided into type | and type Il NKT cells. The majority of NKT cells in mice
comprise type | cells (invariant NKT cells, iNKT), which recognize the synthetic glycolipid,
a-galactosylceramide (a-GC)®. Importantly, upon TCR activation, NKT cells are capable of quickly
producing a wide array of growth factors, cytokines and chemokines, including pro-inflammatory
[interteron y (IFN-y), interleukin-2 (IL-2), tumor necrosis factor (TNF)-a] and/or anti-inflammatory
cytokines (IL-4, IL-5, IL-10, IL-13)8. Previous studies have reported that CD1-deficient mice lack
NKT cells and show reduced IL-4, IL-12, IFN-y level and IgE production® 1% 11, CD1d-deficient
mice are more susceptible to some viruses, bacteria and protozoa, and have a lower survival rate
after influenza virus infection'?. Recently, a study showed that mice lacking CD1d-expressing B
cells have reduced iINKT cell activation and IFN-y production, and develop exacerbated arthritis
compared with wild-type (WT) mice®3. Increasing evidence demonstrated that NKT cells play a
bidirectional role in the regulation of the immune response associated with a broad range of
diseases. Activation of NKT cells promotes the development of inflammatory bowel disease,
atherosclerosis and kidney injury through the Thl immune response'#1’. Conversely, NKT cells
have a protective role against type 1 diabetes, allergic encephalomyelitis, rheumatoid arthritis and

ischemic heart diseases 822, Interestingly, the infiltration of iINKT cells was increased during the
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early phase in the noninfarcted left ventricule after ischemia/reperfusion (I/R) or myocardial
infarction (MI), and a-GalCer further enhanced them?? 2%, Ang Il treatment also stimulates splenic
NKT cells activation in low-density lipoprotein receptor (LDLr)- knockout mice?®. However, no
previous studies have examined the change in NKT cells and their role in Ang IllI-induced cardiac
remodeling.

In this study, we examined cardiac remodeling in CD1d knockout (CD1dko) mice,
aGC-treated mice and bone marrow (BM)-transplanted CD1dko chimeric mice after Ang Il infusion.
Our results showed that Ang ll-induced hypertension, cardiac remodeling and inflammation were
aggravated in CD1dko and chimeric mice, whereas this effect was attenuated by aGC-treated
mice. Co-culture experiments revealed that CD1dko dentritic cells (DCs) significantly reduced
IL-10 mRNA expression from NKT cells. Moreover, administration of IL-10 to Cdldko mice
markedly reversed Ang ll-induced hypertension and adverse cardiac remodeling. This effect was
associated with activation of STAT3 and inhibition of the TGF-B1 and NF-kB pathways. Thus, our
results provide novel evidence supporting that activation of CD1d-dependent NKT cells have a

protective role against Ang llI-induced cardiac remodeling.

2. Methods

Detailed description of the Methods is available in the online-only Data Supplement.

2.1 Animals

The Cd1ldko mice [B6(C)-Cd1ldltm1.2Aben/J] carrying a targeted knockout of the Cd1dl (CD1d1
antigen) gene (Exons 2-6) were purchased from the Jackson Laboratory. Cardiac remodeling was
induced in 10- to 12-week-old male Cdldko mice and in matched C57BL/6 WT mice by
subcutaneous infusion of 1000 ng/kg/min Ang Il (Sigma-Aldrich, St Louis, MO, USA) for 2 weeks
using osmotic mini-pumps (Alzet MODEL 1007D; DURECT, Cupertino, CA, USA) as described
previously?4. Saline infusion was used as the control. WT mice were intraperitoneally injected with
0.1ug/g aGC (Funakoshi, Bunkyo-ku, Japan) on day O, 1, 3, 5, 7, 9, 11 and 13. For IL-10
administration, Cdldko mice were subcutaneously injected with 50 ug/kg mouse recombinant
IL-10 (PeproTech, Rocky Hill, USA) on day O, 1, 3, 5, 7, 9, 11 and 132, All mice were
intraperitoneally anaesthetized with 0.25 mg/g tribromoethanol. All animal experiments performed

in this study adhered to the protocols approved by the Institutional Animal Care and Use
3
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Committee of Capital Medical University. All animal studies were conducted in accordance with

the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.

2.2 Generation of Chimeric Mice

Chimeric mice were generated as described previously?®. BM cells were collected from
C57BL/6 WT and Cdldko mice by flushing femurs and tibiae with RPMI-1640 medium. After
recipient mice (8-week-old) were lethally irradiated (8.5 Gy), they received 5x10% BM cells from
C57BL/6 WT or Cdldko mice. To verify the successful reconstitution of the BM in transplanted
mice, we genotyped WT or CD1dko mice transplanted with CD1dko BM cells (CD1dko—WT) or
WT BM cells (WT—CD21dko), respectively. Using the protocols provided by the The Jackson
Laboratory, PCR analysis showed that the product in the BM and blood was 391 bp (WT), and the
product in the heart and liver was ~330 bp (mutant) after WT—CD1dko. In contrast, the product in
the BM and blood was ~330 bp (mutant), and the product in the heart and liver was 391bp (WT)
after CD1dko—WT. These mice were kept in individually ventilated cages and were given acidified,
antibiotic water and sterilized food. After 4 weeks of transplantation, these mice were infused with
Ang Il for 2 weeks. Levofloxacin (5%) and fluconazol (0.5%) were used in the BM transfer

experiment in all groups.

2.3 Co-culture experiments

Dentritic cells (DCs) (5x10°) isolated from WT and CD1dko mice were co-cultured with NKT cells
(1x10°% from WT mice. After 24 hours of co-culturing with or without Ang Il stimulation, the
supernatant was collected and centrifuged, and then RNA was extracted from NKT cells and the
mMRNA level of IL-10 was examined by gPCR analysis. Isolation of primary cardiac fibroblasts
(CFs) was performed as described previously*. CFs (5x10°) were co-cultured with NKT cells
(1x10°) from WT or CD1dko mice with or without Ang Il stimulation for 24 hours. Protein was
extracted from CFs to examine the protein levels of a-SMA, TGF-1, p-Smad2/3 and Smad2/3 by

western blot analysis.

2.4 Statistical analysis

All values in the text and figures are expressed as mean + SEM. Comparisons between groups of
4

Downl oaded from https://academni c. oup. coni car di ovascres/ advance-articl e-abstract/doi/10. 1093/ cvr/cvyl64/5043284
by Capital Medical University user

on 09 July 2018



mice or treatments were conducted using one-way ANOVA or two-way ANOVA followed by either
the post-hoc test (Student-Newman-Keuls) or Bonferroni tests when the ANOVA F values were

less than 0.05.

3. Results

3.1 CD1d deficiency accelerates Ang ll-Induced cardiac remodeling in mice

To determine the role of the CD1d-dependent NKT cells in modulating Ang ll-induced remodeling,
we first assessed the effect of depleting these cells in WT and CD1dko mice. Flow cytometry
analysis revealed that Ang Il infusion for 2 weeks significantly increased the number of NKT cells
in WT hearts, which was fully attenuated in CD1dko mice (Supplementary material, Figure 1A).
The systolic blood pressure (SBP) was elevated in the Ang ll-treated WT and CD1dko mice
compared with the saline-treated groups, and the SBP was higher in CD1dko mice than in WT
mice (Supplementary material, Figure 2A). Moreover, cardiac dysfunction as reflected by
increased left ventricular (LV) ejection fraction (EF%), fractional shortening (FS%) and reduced
E/A ratio, cardiac hypertrophy as indicated by increased LV wall thickness, heart weight/body
weight (HW/BW) and HW/tibia length (TL) ratios, cross-sectional area of myocytes and the mRNA
levels of atrial natriuretic factor (ANF) and brain natriuretic peptide (BNP) in the heart were
observed in Ang lI-treated WT and CD1dcKo mice compared with saline groups, and these effects
were further enhanced in CD1dko mice after Ang Il infusion (Figure 1A-C, Table S1).

We next examined the effect of Cdld on cardiac fibrosis and TGF-B1 signaling. Ang I
infusion markedly increased the interstitial and perivascular fibrosis, the mRNA expression of
collagen | and collagen 11, and the protein levels of TGF-1 and phosphorylated Smad2/3 in the
hearts of WT and CD1dko mice, which was further exacerbated in the CD1dko mice (Figure 1D-E).
There was no significant difference in the parameters of cardiac remodeling and signaling
mediators between the two groups after saline infusion (Figure 1A-E). Overall, these data clearly
suggest that CD1dko mice are more susceptible to Ang ll-induced hypertension and cardiac

remodeling.

3.2 Administration of an NKT cell activator attenuates Ang ll-induced cardiac remodeling in

mice
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To assess the causative role of CD1d-restricted NKT cells in the development of cardiac
remodeling, we systemically co-treated WT mice with aGC (0.1 ug/g), a specific activator of NKT
cells, and Ang Il for 14 days. Administration of aGC to WT mice significantly increased the number
of NKT cells in the heart tissue, but this increase was totally attenuated in CD1dko mice
(Supplementary material, Figure 1B). Moreover, the SBP, cardiac performance (EF% and FS%)
and hypertrophy (increased LV wall thickness, the HW/BW and HW/TL ratios, the cross-sectional
area of myocytes and the mRNA levels of ANF and BNP in the heart) were increased in Ang
lI-treated WT mice compared with saline-treated control groups, and these effects were reduced
in WT mice co-treated with Ang II- and aGC (Supplementary material, Figure 2B and Figure 2A-C).
In addition, aGC-treated WT mice exhibited a marked reduction of cardiac fibrosis, collagen | and
collagen 1l expression and activation of TGF-B1 and Smad2/3 in the hearts compared with the
vehicle control after Ang Il infusion (Figure 2D-E). There was no statistical difference in cardiac

performance and remodeling between the saline and aGC-treated mice at baseline (Figure 2A-E).

3.3 CD1d deficiency promotes Ang ll-induced myocardial inflammation

We next examined whether CD1d deletion influences myocardial inflammatory cell infiltration.
Flow cytometry showed that Ang Il infusion significantly increased infiltration of CD45* cells,
CD11b*F4/80* macrophages, CD11b*Grl* neutrophils and CD3* T cells in both WT and CD1dko
hearts compared with the saline-treated groups (Figure 3A). However, compared with the WT
mice, the number of CD45* cells was lower and the number of CD11b*F4/80" macrophages was
higher in CD1dko mice after Ang Il treatment (Figure 3A). Although the Ang ll-induced infiltration
of CD11b*Grl1* neutrophils and CD3* T cells was lower in CD1dko hearts than in WT, there was
no significant difference between two groups (Figure 3A). The number of these cells was similar
between WT and CD1dko hearts after saline infusion (Figure 3A). Moreover, the accumulation of
the inflammatory cells, Mac-2-positive macrophages, the mRNA levels of IL-18 and TNF-a and
p65 phosphorylation in the hearts were increased in WT and CD1dko mice, and this increase was
more obvious in CD1dko mice (Figure 3B-D), however, it was markedly attenuated in aGC-treated

mice compared with controls (Supplementary material, Figure 3A-C).

3.4 Selective deletion of CD1d in bone marrow-derived cells aggravates Ang ll-induced
6
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cardiac remodeling and inflammation

To specifically determine the role of myeloid cell CD1d expression in the development of cardiac
remodeling, we generated chimeric mice by transplanting bone marrow (BM)-derived cells from
CD1ldko and WT mice into lethally irradiated CDl1dko and WT mice. After 4 weeks of
transplantation, these mice were infused with Ang Il for additional 2 weeks. Compared with WT
mice transplanted with WT BM (WT—-WT), WT mice transplanted with CD1dko BM (CD1dko—WT)
exhibited increased cardiac performance (EF% and FS%), hypertrophy (HW/BW and TL/BW
ratios, myocyte cross-sectional area and expression of ANP and BNP in the heart), fibrosis
(collagen deposition and expression), infiltration of Mac-2-positive macrophages and expression
of IL-1B8 and TNF-a in the heart (Figure 4A-E). Similar effects were observed in CD1dko mice
transplanted with CD1dko BM (CDldko—CD1dko) (Figure 4A-E). In contrast, CD1dko mice
transplanted with WT BM (WT—CD1dko) reversed these pathological features of cardiac
functional alterations and remodeling compared with the CD1dko—WT and CDldko—CD1dko
groups (Figure 4A-E). Together, these results demonstrate that myeloid cell-specific CD1d

deletion augments Ang ll-induced cardiac remodeling.

3.5 CD1d deficiency reduces IL-10 expression from NKT cells causing fibroblast
differentiation
The results in Figure 3C showed that CD1d deficiency increased Thl-type cytokines (IL-1p and
TNF-a) in Ang lI-treated hearts, we then tested whether CD1d deficiency reduced Th2-type
cytokines (IL-10 and IL-4) in this model. gPCR analysis revealed that Ang Il infusion upregulated
the expression of IL-10 and IL-4 in the hearts of WT mice compared with saline-treated control.
This effect was significantly reduced in CD1dko mice (Figure 5A and Supplementary material,
Figure 4A), but was enhanced in aGC-treated hearts after Ang Il infusion (Figure 5B and
Supplementary material, Figure 4B). The change of IL-10 protein level in CD1dko hearts or
aGC-treated WT hearts was further verified by ELISA assay (Figure 5C and 5D).

To determine which cells could produce IL-10, we measured IL-10 mRNA level in DCs or
NKT cells isolated from WT and Cdldko mice, respectively. gPCR analysis showed that IL-10
MRNA expression was slightly increased in Ang ll-treated DCs or NKT cells, and there was no

significant difference between WT and Cdldko mice (Figure 5E). We next test whether CD1d*
7
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DCs mediated the mRNA expression of IL-10 from NKT cells. Ang Il treatment reduced the Cd1d
MRNA level in DCs level compared with saline control (Supplementary material, Figure 4C).
Furthermore, co-culture of NKT cells with CD1dko DCs significantly reduced IL-10 mRNA level in
NKT cells compared with NKT cells co-cultured with WT DCs after Ang Il treatment (Figure 5F),
indicating that IL-10 is mainly produced from NKT cells via CD1d* DCs, and may be critical in this
model.

We next examined the regulatory properties of NKT cells in activation of cardiac fibroblasts
(CFs) in vitro. NKT cells isolated from WT or CD1dko mice were co-cultured with WT CFs.
Immunoblotting analysis indicated that the protein levels of a-SMA (a marker for myofibroblast
differentiation), TGF-B1 and p-Smad2/3 were markedly upregulated in CFs co-cultured with WT or
CD1dko NKT cells compared with saline controls, and this increase was enhanced in CFs
co-cultured CD1dko NKT cells after Ang Il stimulation (Figure 5G). These results indicate that

CD1dko NKT cells are capable of promoting myofibroblast activation.

3.6 Administration of recombinant IL-10 improves cardiac remodeling in CD1dko mice

We next tested whether IL-10 can prevent Ang llI-induced hypertension and cardiac remodeling in
WT and CD1dko mice. After Ang Il treatment, IgG-treated CD1dko mice showed increased SBP,
cardiac performance (EF% and FS%), hypertrophy (HW/BW and HW/TL ratios, myocyte
cross-sectional area) and fibrosis (collagen deposition), infiltration of Mac-2-positive macrophages
and expression of ANF, BNP, B-myosin heavy chain (B-MHC), collagen | and collagen Il
compared with IgG-treated WT mice (Figure 6A-E and Supplementary material, Figure 5 and
Figure 6A-B). However, systemic administration of mouse recombinant IL-10 (50 pg/kg)
significantly reversed these pathological changes in WT and CD1dko mice compared with the IgG
controls (Figure 6A-E and Supplementary material, Figure 5 and Figure 6A-B). Moreover,
administration of IL-10 markedly increased the p-STAT3 level, but reduced the levep-p65, TGF-1
and a-SMA protein levels in both WT and CD1dko mice compared with the IgG controls after Ang
Il infusion (Figure 6F). Together, these results suggest that IL-10 improves cardiac remodeling in
Cd1d-deficient mice, which was partially associated with activation of STAT3 and inhibition of the

NF-kB and TGF-B1 pathways.
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4. Discussion

In this study, we evaluated the regulatory role of CD1d-dependent NKT cells in Ang ll-induced
cardiac remodeling. We showed that Cdld deficiency significantly accelerated Ang ll-induced
hypertension, cardiac remodeling and inflammatory response, which were markedly improved by
aGC. Importantly, Cd1d-deficient DCs reduced IL-10 production by NKT cells. Administration of
IL-10 to Cdldko mice significantly reversed the Ang ll-induced hypertension and cardiac
remodeling, possibly through activation of STAT3 and inhibition of the TGF-1 and NF-kB
signaling pathways.

Cardiac hypertrophy and fibrosis are pathological features of many cardiac diseases,
including hypertension, cardiomyopathy and myocardial infarction. However, the mechanisms that
regulate these diseases have not been fully elucidated. Recently, immune cells including
monocytes, macrophages, dendritic cells (DCs) and T Ilymphocytes have been implicated in the
development of hypertension, cardiac remodeling and heart failure®. Among them, T cells have
been regarded as critical modulators in the onset of the cardiac proinflammatory response and
remodeling. CD8* T cells promote macrophage activation, leading to cardiac injury upon Ang Il
infusion?. Deletion of IL-12p35 increases the CD4*T cell-dependent differentiation of M2
macrophages and the production of TGF-B1 to aggravate Ang ll-induced cardiac fibrosis®.
ydT-cell-derived IL-17 also promotes Ang ll-induced cardiac injury and fibrosis?6. Moreover, our
recent findings suggest that CXCL1-CXCR2 axis mediates monocyte activation, which induces
hypertension thereby leading to cardiac remodeling?® 27: 28, In this study, we extended previous
findings and clearly showed that CD1d-dependent NKT cells also exhibited a cardioprotective role.
CD1d-deficiency exacerbates Ang ll-induced elevation of SBP together with cardiac hypertrophy
and fibrosis, whereas aGC blunts this response (Figure 1 and 2, Figure S2), suggesting that Ang
lI-induced cardiac remodeling was partially secondary to BP after Cd1d deletion.

Proinflammatory cells-derived cytokines including IL-1 B, IL-6, TNF-a and TGF-B1 have
been implicated in the development of cardiac remodeling, most likely via downstream activation
of many signaling mediators and transcription factors, such as NF-kB and Smad2/32’. Activation
of NF-kB signaling significantly induces cardiac inflammation and hypertrophy?°. Conversely,
inhibition of NF-kB by ablation or various inhibitors markedly attenuated left ventricular

hypertrophy induced by Ang Il and chronic pressure overload3-32, TGF-B-Smad signaling pathway
9
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is considered a major contributor of cardiac fibrosis 2”. Dendritic cells (DCs) are highly specialized
antigen-presenting cells with a unique ability to activate naive T lymphocytes. Our previous study
suggested that Ang Il can enhance the maturation and activation of DCs through activation of
NF-kB, ERK and STAT1 signaling pathways 33. Further, antigen-presenting molecule CD1d on
DCs can activate NKT cells through their semi-invariant aB T cell receptors (TCRs)34. The present
study suggested that CD1d-expressing DCs regulated activation of NKT cells to produce multiple
cytokines such as IL-1B, TNF-a, IL-4 and IL-10 after Ang Il stimulation. Deletion of Cdld
upregulated IL-18 and TNF-a but reduced IL-4 and IL-10 accompanied with activation of the
NF-kB pathways, and these effects were markedly reversed by aGC (Figure 1 through 3, 5, Figure
S3 and 4). Thus, our findings indicate that CD1d-dependent NKT cells exert a cardioprotective
effect partially through reduction of proinflammatory cytokines and inhibition of the NF-kB and
TGF-B1/Smad2/3 signaling cascades.

Increasing evidence suggests that NKT cells have opposite roles in various
immune-based diseases through either Thl-cytokines or Th2-cytokines!416.19-22.35 ' A recent study
has demonstrated that the balance of Th1/Th2 cytokines plays a critical role in cardiac remodeling
and inflammation3®¢. Consistent with the role of NKT cells in inducing Th2 cytokines in diabetes,
rheumatoid arthritis and ischemic heart diseases®?2 35 our results showed that NKT cell
deficiency can cause a shift from Th2 to Thl in Ang lI-treated heart, while activation of NKT cells
by aGC had the opposite effect (Figure 5 and Figure S4). IL-10 is an anti-inflammatory cytokine
that exerts different effects on hypertension through regulating multiple signaling pathways. IL-10
preserves endothelium-dependent vasorelaxation perhaps by reducing production of superoxide
during diabetes®”. Moreover, IL-10 limits Ang ll-induced hypertension by inhibiting
RhoA/Rho-kinase signaling in angiotensin ll-infused mice. In contrast, IL-10 increases
salt-sensitive hypertension and renal injury induced by Ang Il through reduction of nitric oxide3®.
Here our results showed that IL-10 treatment markedly reduced Ang ll-induced hypertension in
both WT and CD1dko mice (Figure S5), which may contribute to attenuation of Ang ll-cardiac
remodeling (Figure 6). In addition to hypertension, IL-10 also has opposite role in regulation of
cardiac remodeling via STAT3 and NF-kB. Administration of IL-10 significantly attenuates
isoproterenol- or pressure overload-induced hypertrophic remodeling and improves heart

function®. Moreover, IL-10 mediates the protection of aGC against myocardial remodeling after
10
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ischemia/reperfusion and post-infarction?® 21 40, However, a recent study in mice and human
showed that IL-10 exerts profibrotic deleterious actions in humans and mice. Cardiac
macrophages produce IL-10, activate fibroblasts to collagen deposition, leading to impaired
myocardial relaxation. Deletion of IL-10 in macrophages improves diastolic function®!. In contrast
to this study, our in vitro results revealed that CD1d-deficient DCs reduced IL-10 expression by
NKT cells (Figure 5F), and CD1dko NKT cells significantly promoted myofibroblast differentiation
and TGF-B1/Smad2/3 signaling activation (Figure 5G), suggesting that IL-10 produced by NKT
cells may be crucial in this model (Figure 5). Consistent with the results for the cardioprotective
role of IL-10, the present data confirmed that IL-10 treatment markedly reduced Ang llI-induced
cardiac remodeling in both WT and CD1dko mice, and this beneficial effect was partially
associated with activation of STAT3 and inhibition of the TGF-1 and NF-kB pathways (Figure 6).
Overall, these data support the idea that activation of Cdld-dependent NKT cells prevented Ang
ll-induced cardiac injury possibly through increased IL-10 production.

In conclusion, we demonstrated for the first time that activation of CD1d-dependent NKT
cells plays a protective role in Ang ll-induced cardiac remodeling and inflammation. NKT cells
release IL-10, which inhibited cardiomyocyte hypertrophy and fibroblast differentiation through
activation of STAT3 and inhibition of the TGF-B1 and NF-kB pathways. Thus, selective activation
of NKT cells may represent a promising therapeutic approach for the treatment of hypertensive
cardiac diseases. Further investigations in other animal models of cardiac hypertrophy and
remodeling are needed to determine the clinical use of NKT cell activation as a pharmacological

therapy.
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Figure legends:

Figure 1. CD1d deficiency accelerates Ang ll-induced cardiac remodeling. (A) Echocardiography
was performed on CD1dko or WT mice after 14 days of Ang Il infusion (1000 ng/kg/min) (top).
Quantification of EF% and FS% (bottom; n=10 per group). (B) Representative H&E staining of
heart sections (top). Scale bar: 2 mm. The ratios of the heart weight/body weight (HW/BW) and
heart weight/tibia length (HW/TL) (bottom; n=10 per group). (C) Representative wheat germ
agglutinin (WGA) staining of heart sections (left) and quantification of the cross-sectional area of
myocytes (middle; n=6 per group). Scale bar: 50 ym. gPCR analysis of the hypertrophic markers
ANF and BNP mRNA expression in wild-type (WT) and CD1dko hearts after saline or Ang Il
infusion (right; n=6 per group). (D) Representative Masson’s trichrome staining in heart sections of
each group (left) and quantification of collagen deposition (middle; n=6 per group). Scale bar: 100
pum. gqPCR analysis of collagen | and collagen Il mRNA expression in hearts (right; n=6 per group).
(E) Western blot analysis for the protein expression of TGF-f1, p-Smad2/3 and Smad2/3 (left) and
guantification of the protein bands (right; n=5 per group). Data are expressed as mean + SEM.

*P<0.05, **P<0.01 vs saline group; ¥P<0.05, #P<0.01 vs Ang Il group.

Figure 2. aGC alleviates Ang llI-induced cardiac remodeling. (A) Echocardiography was performed
in wild type (WT) mice after 14 days of aGC administration (top). Quantification of EF% and FS%
(bottom; n=10 per group). (B) Representative H&E staining of heart sections (top), Scale bar: 2
mm, and the ratios of heart weight/body weight (HW/BW) and heart weight/tibial length (HW/TL)
(bottom; n=10 per group). (C) Representative wheat germ agglutinin (WGA) staining of heart
sections (left) and quantification of the cross-sectional area of myocytes (middle; n=6 per group).
Scale bar: 50 ym. qPCR analysis of hypertrophic markers ANF and BNP mRNA expression in
hearts (right; n=6 per group). (D) Representative Masson’s trichrome staining of the heart sections
of each group (left) and quantification of collagen deposition (middle; n=6 per group). Scale bar:
100 um. gPCR analysis of collagen | and collagen Il mMRNA expression in the hearts (right; n=6
per group). (E) Western blot analysis for the protein expression of TGFf, p-Smad2/3 and Smad2/3
(left). Quantification of the protein bands (right; n=5 per group). Data are expressed as mean +

SEM. *P<0.05, **P<0.01, ***P<0.001 vs vehicle groups. #P<0.05, #P<0.01 vs Ang Il group.
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Figure 3. CD1d deficiency aggravates Ang llI-induced cardiac inflammation and activation of
NF-kB in the heart tissues. (A) Flow cytometry analysis of CD45* leukocytes,
CD45*CD11b*F4/80* macrophages, CD45*CD11b*Gr-1* neutrophils and CD45*CD3* T
lymphocytes in the hearts (n=4 per group). (B) Representative H&E and immunohistochemical
staining of Mac-2 in heart sections from wild-type (WT) and CD1dko mice (left). Scale bar: 20 ym;
Quantification of Mac-2-positive cells (right; n=6 per group). (C) gPCR analysis of IL-13 and
TNF-a mRNA expression in the hearts (n=6 per group). (D) Immunoblotting analysis for the
protein expression of p-p65 and p65 (top). Quantification of protein bands (bottom; n=5 per group).
Data are expressed as mean + SEM. *P < 0.05, **P < 0.01 vs saline or vehicle group. *P < 0.05,

#P < 0.01 vs Ang |l group.

Figure 4. Bone marrow-derived CD1dko cells exacerbate cardiac remodeling induced by Ang Il
infusion. (A) Echocardiography was performed on wild-type (WT) mice after bone marrow (BM)
transplantation (top). Quantification of EF% and FS% (bottom; n=10 per group). (B)
Representative H&E staining of heart sections (top). Scale bar: 2 mm. The ratios of heart
weight/body weight (HW/BW) and heart weight/tibial length (HW/TL) were calculated after BM
transplantation (bottom; n=10 per group). (C) Representative wheat germ agglutinin (WGA)
staining of the heart sections (left) and quantification of cross-sectional area of myocytes (middle).
Scale bar: 50 um. gPCR analysis of hypertrophic markers ANF and BNP mRNA expression in the
hearts (right; n=6 mice per group). (D) Representative Masson’s trichrome staining (left) and
guantification of collagen deposition in the heart sections of each group (middle; n=6 per group).
Scale bar: 100 um. gPCR analysis of collagen | and collagen Il mMRNA expression in the hearts
(right; n=6 per group). (E) Representative H&E and immunohistochemical staining of
Mac-2-positive cells (left) and quantification of these cells (middle; n=6 per group). Scale bar: 20
um; gPCR analysis of IL-18 and TNF-a mRNA expression in the hearts (right; n=6 per group).
Data are expressed as mean = SEM. *P <0.05 vs WT BM to WT.

Figure 5. CD1d deficiency reduces IL-10 expression by NKT cells resulting in fibroblast activation.
(A) gPCR analysis of the mRNA level of IL-10 in the hearts of wild type (WT) and CD1dko mice
after Ang Il infusion (n=6 per group). (B) qPCR analysis of IL-10 mRNA level in vehicle- or

aGC-treated WT hearts after Ang Il infusion (n=6 per group). (C) ELISA of the protein level of
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IL-10 in WT and CD1dko mice after Ang Il infusion (n=6 per group). (D) ELISA of the protein level
of IL-10 in WT mice treated with vehicle or aGC after Ang Il infusion (n=6 per group). (E) gPCR
analysis of IL-10 mRNA level in DCs or NKT cells from WT mice after saline or Ang Il treatment. (F)
gPCR analysis of IL-10 mRNA level in NKT cells co-cultured with DCs from WT or CD1dko mice
after Ang Il treatment (n=6 per group). (G) Immunoblotting analysis of the protein levels of a-SMA,
TGF-B1, p-Smad2/3 and Smad?2/3 in cardiac fibroblasts (CFs) co-cultured with NKT cells from WT
or CD1dko mice after Ang ll-infusion (left) and quantification (right; n=5 per group). Data are

expressed as mean + SEM. *P <0.05 vs saline groups; #P<0.05 vs Ang Il group.

Figure 6. IL-10 administration reverses cardiac remodeling in CD1d-deficient mice. (A)
Echocardiography was performed in wild type (WT) and CD1dko mice 14 days after Ang Il
infusion and IL-10 administration (50 ug/kg) (top). Quantification of EF% and FS% (bottom; n=10
per group). (B) Representative H&E staining of heart sections (top). Scale bar: 2 mm. The ratios of
heart weight/body weight (HW/BW) and heart weight/tibial length (HW/TL) (bottom; n=10 per
group). (C) Representative wheat germ agglutinin (WGA, Scale bar: 50 ym) and Masson’s
trichrome staining in heart sections (Scale bar: 100 um). (D) Quantification of the cross-sectional
area of myocytes and collagen deposition (n=6 per group). (E) Representative
immunohistochemical staining of the Mac-2 on the heart sections (left). Scale bar: 50 um.
Quantification of Mac-2-positive area (right; n=6 per group). (F) Immunoblotting analysis of the
protein expression of p-STA3, STAT3, p-p65, p65, TGF-B1 and a-SMA (left). Quantification of the
protein bands (right; n=5 per group). Data are expressed as mean + SEM. *P<0.05 vs

WT+IgG+Ang II; #P< vs CD1dko+IgG+Ang II; ® P< vs CD1dko+IL-10+Ang II.
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