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Systemic low-grade chronic inflammation has been intensively investigated in obese subjects. Recently, various immune cell
types, such as macrophages, granulocytes, helper T cells, cytotoxic T cells, and B cells, have been implicated in the pathogenesis
of adipose tissue inflammation. However, the roles of invariant natural killer T cells (iNKT cells) and the regulation of iNKT cell
activity in adipose tissue are not thoroughly understood. Here, we demonstrated that iNKT cells were decreased in number in
the adipose tissue of obese subjects. Interestingly, CD1d, a molecule involved in lipid antigen presentation to iNKT cells, was
highly expressed in adipocytes, and CD1d-expressing adipocytes stimulated iNKT cell activity through physical interaction.
iNKT cell population and CD1d expression were reduced in the adipose tissue of obese mice and humans compared to those of
lean subjects. Moreover, iNKT cell-deficient Ja18 knockout mice became more obese and exhibited increased adipose tissue in-
flammation at the early stage of obesity. These data suggest that adipocytes regulate iNKT cell activity via CD1d and that the in-

teraction between adipocytes and iNKT cells may modulate adipose tissue inflammation in obesity.

besity is a key risk factor of metabolic syndromes, such as

hypertension, hyperlipidemia, atherosclerosis, and type 2 di-
abetes. Given that the adipose tissue of obese animals exhibits
low-grade chronic inflammation, which is closely associated with
metabolic abnormalities (1-3), recent studies have focused on im-
mune responses in adipose tissue. For instance, accumulating ev-
idences indicate that in the adipose tissue of lean animals, anti-
inflammatory immune cells such as M2-type macrophages and
regulatory T cells play dominant roles in repressing inflammation
and help to maintain insulin sensitivity by enhancing Th2-type
cytokine (interleukin 4 [IL-4], IL-10, IL-13) secretion (4-7). On
the other hand, the numbers of proinflammatory immune
cells, such as M1-type macrophages, Th1 cells, and CD8 T cells,
are increased in obese adipose tissue and accelerate adipose
tissue inflammation. These proinflammatory immune cells ag-
gravate insulin sensitivity through Th1-type cytokine secretion
and other, yet unknown, activities (8—11). Even though various
immune cells have been implicated in adipose tissue inflamma-
tion and metabolic diseases, the direct regulatory mechanism
governing immune responses in adipose tissue has not been
clearly elucidated yet.

Natural killer T (NKT) cells are well known as an immune cell
population bridging innate and adaptive immune responses (12).
There are 3 types of NKT cells, including invariant NKT (iNKT;
type I), noninvariant NKT (type II), and NKT-like cells. Invariant
NKT (type I) and noninvariant NKT (type II) cells are CD1d de-
pendent, while NKT-like cells are CD1d independent (13). Invari-
ant NKT (type I) cells have a semi-invariant T cell receptor o
chain, Va14Ja18 in mouse and Va24Jal8 in human (14, 15).
iNKT cells are capable of rapid response and secretion of various
chemokines and cytokines, including Th1- and Th2-type cyto-
kines (16). Particularly, iNKT cells specifically recognize a variety
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of lipid antigens loaded on CD1d molecules and do not recognize
peptide antigens on major histocompatibility complex (MHC)
molecules. For example, phosphatidylethanolamine, phosphati-
dylcholine, phosphatidylinositol, and isoglobotrihexosylceramide
(iGb3) have previously been reported to be lipid antigens of CD1d
(17, 18). In particular, a-galactosylceramide (a-GC) is the most
potent CD1d-binding lipid antigen for iNKT cell activation (19).
It is an MHC class I-like glycoprotein and has a lipid-binding
hydrophobic groove (20). CD1d is expressed mainly on profes-
sional antigen-presenting cells (APCs), such as dendritic cells,
macrophages, B cells, and hepatocytes (21).

Adipocyte constitutes one of the major cell types responsible
for the regulation of dynamic lipid metabolisms in response to
various energy states. Notably, their lipid metabolism and conse-
quent lipid metabolites are significantly altered in obesity. There is
compelling evidence to suggest that altered lipid metabolism and
lipid metabolites play critical roles in the regulation of insulin
sensitivity in obese and diabetic animals (22-29). These recent
findings led us to hypothesize that lipid metabolites produced by
adipocytes might be presented by CD1d molecules on the plasma
membrane of adipocytes; the recognition of lipid-CD1d com-
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plexes in adipose tissue would subsequently modulate iNKT cell
activity. Therefore, we investigated whether adipocytes bearing
CD1d molecules act as antigen-presenting cells to regulate iNKT
cell activities in adipose tissue. In this study, we have revealed the
dynamics of the iNKT cell population in the adipose tissue of
obese subjects and the role of adipocyte CD1d molecules in iNKT
cell activation as well as in adipose tissue inflammation.

MATERIALS AND METHODS

Animals and treatment. C57BL6/] mice were obtained from Central Lab
Animal Inc. (Seoul, South Korea) and were housed in colony cages in 12-h
light/12-h dark cycles. After a minimum of 1 week for stabilization,
8-week-old mice were fed a normal chow diet (NCD) and then were
administered a 60% high-fat diet (HFD) for the indicated time periods
(Research Diets Inc., New Brunswick, NJ). Then, on the day of sacrifice, all
of the HFD-fed mice were compared to age-matched NCD-fed mice.
db/db mice and ob/ob mice were purchased from Central Lab Animal Inc.
and sacrificed at 12 weeks of age. CD1d knockout (KO) mice were gener-
ously provided by S. H. Park and Ja18 KO mice by D. S. Lee. Heterozygous
mice were bred to generate KO mice and wild-type (WT) littermates. WT
and KO Ja18 mice were maintained on NCD until 8 weeks of age before
changing to a 60% HFD for 4 weeks. For the oral glucose tolerance test,
mice were fasted for 6 h and basal blood samples were taken, followed by
oral glucose administration (3 g/kg of body weight). Blood samples were
drawn at 15, 30, 45, 60, 90, and 120 min after administration. All experi-
ments with mice were approved by the Institute of Laboratory Animal
Resources in Seoul National University.

3T3-L1 adipocyte differentiation and drug treatment. Preadipocytes
were grown to confluence in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% bovine calf serum. Two days postcon-
fluence (day 0), the 3T3-L1 cells were stimulated with DMEM containing
10% fetal bovine serum, dexamethasone (1 uM), methylisobutylxanthine
(520 M), and insulin (167 nM) for 48 h. The culture medium was
changed with DMEM containing 10% fetal bovine serum and insulin (167
nM) for 48 h (day 2) and then maintained with DMEM containing 10%
fetal bovine serum. Rosiglitazone or all-trans retinoic acid were treated at
differentiation day 7.

Quantitative reverse transcription-PCR (qQRT-PCR). cDNA was syn-
thesized using reverse transcriptase with deoxynucleoside triphosphate
(dNTP) and random hexamer (Fermentas). These cDNAs were used as
templates with specific primers in the presence of ANTPs and TagDNA
polymerase. Real-time PCR amplification reactions were brought to a
final volume of 20 pl and contained 20 ng of cDNA, 0.25 M primers, and
SYBR green (Bio-Rad). The MyiQ real-time PCR detection system (Bio-
Rad) was used for PCR amplification in 96-well plates. The relative
amounts of each mRNA were calculated by using the comparative thresh-
old cycle (C;) method. Cyclophilin mRNA was used as the invariant con-
trol. The primer sequence information was added to Table S1 in the sup-
plemental material.

Adipose tissue fractionation. Fractionation of adipose tissue was per-
formed as previously described (30, 31). Epididymal adipose tissues were
weighed and then chopped and incubated in collagenase buffer for 30 min
at 37°C with shaking. After centrifugation, adipocytes in the supernatant
were collected for RNA extraction or primary cell culture. The pelleted
stromal vascular cell (SVC) fraction was used for flow cytometry or RNA
extraction.

Flow cytometry analysis. Splenocytes were prepared by mincing
spleen tissues and then lysing red blood cells (RBCs). Adipose tissue SVC
pellets were incubated with RBC lysis buffer prior to centrifuging (2,000
rpm, 5 min) and resuspended in phosphate-buffered saline (PBS). SVCs
were incubated with CD16/32 (eBioscience, San Diego, CA), as blocking
antibody, for 10 min at 4°C prior to staining with fluorescence-labeled
primary antibodies for 30 min at 4°C. Phycoerythrin (PE)-conjugated
a-GC-loaded CD1d dimer (BD Bioscience, Franklin Lakes, NJ) was pre-
pared as previously described (32). The PE-conjugated immunoglobulin
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G (IgG) monoclonal antibody (MAb), CD1d dimer, CD3e MAD, T cell
receptor beta (TCR-3) MAb, and CD4 MAb were purchased from BD
Biosciences and CD8 MAb from eBioscience. The activation markers
(CD25 and CD44 MAbs) were purchased from eBioscience. For macro-
phage analysis, we stained SVCs with CD11b (BD Bioscience), F4/80
(eBioscience), and CD11c (eBioscience) MAbs for 20 min at 4°C. Cells
were gently washed with and resuspended in PBS. SVCs were analyzed
using the fluorescence-activated cell sorting (FACS) Cantoll instrument
(BD Bioscience). For the detection of iNKT cell apoptosis, we used the
annexin V staining kit purchased from BD Bioscience.

Whole-mount immunohistochemistry. Whole-mount immunohis-
tochemistry was performed as previously described (33). Epididymal ad-
ipose tissues were removed and fixed with 1% paraformaldehyde for 1 h
and washed. The samples were then blocked with 1% bovine serum albu-
min (BSA), incubated for 1 h, and then stained with primary antibody
(perilipin, 1:1,000; CD1d, 1:500) overnight at 4°C. After being washed for
1 h, the samples were incubated with fluorescence-labeled secondary an-
tibody for 4 h at room temperature and washed. Following staining with
4',6-diamidino-2-phenylindole (DAPI) containing Vectashield solution
(Vector Lab Inc.) samples were observed using a Zeiss LSM510NLO con-
focal microscope.

iNKT cell isolation from adipose tissue. To isolate iNKT cells from
adipose tissue, we pooled epididymal adipose tissues from NCD-fed mice
(n = 25) and mice fed an HFD for 2 weeks (n = 15). SVCs were stained by
anti-CD16/32 antibody (eBioscience) followed by APC-conjugated
TCR- and PE-conjugated a-GC-loaded CD1d dimer staining for 30 min
at 4°C. After PBS washing, we sorted iNKT cells (TCR-B and a-GC-
loaded CD1d dimer-double-positive cells) and non-iNKT T cells (TCR-
B-positive a-GC-loaded CD1d dimer-negative cells) by FACSAria.

Coculture experiment. Primary adipocytes were prepared by the frac-
tionation of mouse epididymal adipose tissue or by 3T3-L1 cell line dif-
ferentiation. DN32.D3 hybridoma cells (provided by S. H. Park) were
used as CD1d-restricted NKT cells. In case of a-GC treatment experi-
ment, we pretreated a-GC (100 ng/ml) to adipocytes and washed with
PBS and then cocultured with DN32.D3 cells. Adipocytes and DN32.D3
cells were cocultured with or without a Transwell membrane (0.4-pm
pore size). The IL-2 cytokine concentration was measured by an IL-2
enzyme-linked immunosorbent assay (ELISA) kit (eBioscience). We
transfected negative-control small interfering RNA (siRNA) and CD1d
siRNA into differentiated 3T3-L1 adipocytes by electroporation. To assess
the attachment of 3T3-L1 and DN32.D3 cells, we prestained DN32.D3
with CellTracker Red CMPTX (Invitrogen, Carlsbad, CA) and then
spread it onto the adipocytes. After 24 h of incubation, unattached cells
were washed out by vigorous PBS washing and mounted with DAPI con-
taining Vectashield solution (Vector Lab Inc.).

Human samples. Human adipose tissue samples from 24 obese and
overweight nondiabetic patients were provided by the Obesity Research
Center at King Saud University and were analyzed for the expression of
CD1d and Va24 mRNA by qRT-PCR. This work is under a program to
study adipocyte biology and adipokines. The whole project was approved
by the College of Medicine Ethics Committee, King Saud University.

Statistics. The results are shown as means * standard errors of the
means (SEM). All statistical analysis was performed by the Student f test or
analysis of variance (ANOVA) in Excel (Microsoft); P values of <0.05
were considered significant.

RESULTS

iNKT cells are abundant in adipose tissue. Previously, the NKT
cell population in adipose tissue has been characterized either by
the presence of NK1.17 CD3™ cells or by Va14Ja18 mRNA ex-
pression in adipose tissue (34, 35). However, the abundance of the
iNKT cell population, especially that of type I NKT cells express-
ing Val4Ja18 TCR chains, has not been thoroughly investigated
in the adipose tissue of lean or obese mice. To examine the iNKT
cell population in adipose tissue, we quantitatively analyzed the
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FIG 1 iNKT cells are present in adipose tissue. Eight-week-old C56BL6/] male
mice were used for preparation of adipose tissue, spleen, and thymus; n = 5.
(A) INKT cells were detected by staining of a-GC-loaded CD1d dimer and
TCR-B. The iNKT cell population is represented as a dot blot graph. (B, C)
Percentages of iNKT cells among lymphocytes and T cells in epididymal adi-
pose tissue (EAT), spleen, and thymus. The lymphocyte population was gated
by forward scatter (FSC) and side scatter (SSC). (D) Percentages of iNKT cells
among lymphocytes in fat depots (inguinal [IAT], epididymal [EAT], and
mesenteric [MAT] adipose tissue). ¥, P < 0.05; **, P < 0.01.

proportion of anti-TCR-B- and a-GC-loaded CD1d dimer-dou-
ble-positive cells by flow cytometry (Fig. 1A). In epididymal adi-
pose tissue, iNKT cells occupied about 3 to 4% of the total lym-
phocyte population, which was relatively higher than the ratio of
iNKT cells in other immune organs, such as the spleen and thy-
mus. When the percentage of iNKT cells was normalized with
either total lymphocytes or total T cells in adipose tissue, spleen,
and thymus, we noted that the relative percentage of iNKT cells in
adipose tissue was significantly higher than the one in the spleen
and thymus (Fig. 1B and C). Additionally, when we analyzed the
ratio of iNKT cells in several fat depots, including inguinal, epi-
didymal, and mesenteric adipose tissue, epididymal fat tissue ex-
hibited the highest frequency of iNKT cells (Fig. 1D), implying
that adipose tissue is relatively enriched with iNKT cells.

iNKT cell numbers are decreased in the adipose tissue of
obese mice. To investigate the correlation between iNKT cells in
adipose tissue and obesity, we examined the populations of iINKT
cells in the adipose tissue of lean and obese db/db or ob/ob mice.
The percentage of iNKT cells among lymphocytes in adipose tis-
sue was significantly lower in obese animal models than in lean
mice (Fig. 2A). In addition, we examined the dynamics of the
iNKT cell population in fat tissues during HFD consumption.
There was an HFD-dependent decrease in iNKT cells in adipose
tissue (Fig. 2B). These results are consistent with previously re-
ported data (36). Interestingly, during short-term HFD feeding
(~1 to 2 weeks), the percentage of iNKT cells in fat tissue signifi-
cantly decreased. Our previous study demonstrated that adipose
tissue inflammation and macrophage infiltration were signifi-
cantly increased by short-term HFD, whereas these phenomena
were not observed in other metabolic tissues, such as liver and
muscle (33, 37, 38). Therefore, we decided to analyze in detail the
population of iNKT cells in short-term (1 week) HFD-fed mice, to
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unveil changes in adipose tissue in the early stages of obesity. Con-
sistent with previous reports (38), body weight and fat mass in-
creased upon short-term HFD in adult mice (Fig. 2C and D). On
the other hand, the percentages of other T cell populations, such as
CD4™ T cells and CD8™ T cells, in fat tissue did not change upon
short-term HFD (Fig. 2E, F). In adipose tissue, the percentage of
iNKT cells calculated based on the total number of lymphocytes or
SVCs was significantly diminished. Furthermore, the absolute
number of iNKT cells per gram of fat mass was significantly lower
in fat tissue (Fig. 2G to I). Surprisingly, the reduction of iNKT cells
upon short-term HFD was specific to adipose tissue but not ob-
served in the spleen and thymus, indicating that the decrease in
iNKT cells in adipose tissue appears to be independent of any
defects in iNKT cell development (Fig. 2J). Furthermore, in HFD-
fed mice, the percentage of iNKT cells in circulating lymphocytes
in blood was not significantly altered (see Fig. S1 in the supple-
mental material). We also examined the expression levels of T cell
activation/memory markers such as CD25 and CD44 on iNKT
cells and observed that these were upregulated in the adipose tis-
sue of short-term HFD-fed mice (Fig. 2K). For further character-
ization of the decrease in adipose tissue iNKT cell population
upon short-term HFD, we carefully examined the degree of apop-
tosis in adipose tissue iNKT cells. As shown in Fig. 2L, annexin
V-positive iNKT cell apoptosis was greatly increased up to about
4-fold following 1 week of HFD. To investigate in more detail
about apoptosis of iNKT cells, we analyzed apoptosis-related
mRNA and protein expression in iNKT cells in adipose tissue. The
levels of caspase 3 mRNA and Fas protein expression on the sur-
face of adipose tissue iNKT cells were elevated in HFD-fed (1
week) mice (Fig. 2M; see also Fig. S2 in the supplemental mate-
rial), implying that short-term HFD-induced iNKT cell apoptosis
is associated with iNKT cell activation during changes in fat tissue
in early obesity.

Adipocytes express high levels of CD1d. While most T cells
recognize peptides loaded on MHC molecules, iNKT cells recog-
nize lipids or glycolipids bound to the MHC-like glycoprotein
CD1d. Since iNKT cells are abundant and activated in adipose
tissue, we decided to test the expression pattern of CD1d in adi-
pose tissue. Northern blotting and qRT-PCR analyses clearly in-
dicated that CD1d mRNA was highly expressed in adipose tissue
(Fig. 3A and B). Among several fat depots, the level of CD1d
mRNA was higher in epididymal and mesenteric adipose tissue
than that of inguinal adipose tissue (Fig. 3C). Next, we fraction-
ated adipose tissue into adipocytes and SVCs and then compared
the levels of CD1d mRNA in these fractions. The expression level
of CD1d mRNA was more than 10-fold higher in the adipocyte
fraction than in the SVC fraction or in macrophages (Fig. 3D). In
addition, the increased level of CD1d mRNA was observed in dif-
ferentiated 3T3-L1 adipocytes (Fig. 3E). However, neither CD1d
knockdown nor its overexpression altered adipogenesis (Fig. 3G
toI). In order to determine the subcellular localization of CD1d in
adipocytes, we carried out whole-mount immunohistochemistry.
As shown in Fig. 3F and in Fig. S3 in the supplemental material,
CD1d was abundantly expressed on the plasma membranes of
adipocytes. Taken together, these data suggest that mature adi-
pocytes express high levels of CD1d on their cell surfaces, probably
to facilitate interaction with iNKT cells and thereby modulate im-
mune responses in adipose tissue.

Adipocytes activate iNKT cells through CD1d. To test
whether adipocyte CD1d is able to stimulate iNKT cells in adipose
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FIG 2 iNKT cell numbers are lower in adipose tissue of obese mice. (A) Percentage of INKT cells among lymphocytes in the adipose tissue of C57BL6/] lean mice,
db/db mice, and ob/ob mice; n = 5. (B) Eight-week-old C57BL6/] male mice were fed normal chow diet (NCD) or a 60% high-fat diet (HFD) for 1, 2, 4, and 7
weeks. The iNKT cell population was measured at each time point. (C to L) C57BL6/] mice were fed NCD and HFD for 1 week. (C) Body weight (grams); (D)
fat mass (grams); (E) percentage of CD4™" T cells among adipose tissue lymphocytes; (F) percentage of CD8™ T cell among adipose tissue lymphocytes; (G)
percentage of iNKT cells among adipose tissue lymphocytes; (H) percentage of iNKT cells among adipose tissue SVCs; (I) absolute iNKT cell number per gram
of fat mass; (J) percentage of iNKT cells among lymphocytes in adipose tissue, spleen, and thymus; n = 5; (K) expression levels of activation/memory markers
(CD25 and CD44) in adipose tissue iNKT cells; (L) percentage of annexin V-positive cells among adipose tissue iNKT cells; (M) the level of caspase-3 mRNA of
iNKT cells in adipose tissue. *, P < 0.05; **, P < 0.01.
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FIG 3 CD1d is highly expressed in adipocytes. Tissues were obtained from 8-week-old C57BL6/] male mice. (A) CD1d mRNA expression levels in thymus
(THY), spleen (SPN), liver (LIV), epididymal adipose tissue (WAT), kidney (KID), lung (LNG), intestine (INT), and heart (HRT) were detected by Northern
blotting. (B) qRT-PCR data of CD1d mRNA levels in each tissue; (C) CD1d mRNA expression level in fat depots; (D) CD1d mRNA expression levels in
intraperitoneal macrophages (ip-MACs), SVCs, and adipocytes (AD); (E) mRNA levels of CD1d and PPAR+y during 3T3-L1 adipocyte differentiation. (A to E)
Cyvalues of CD1d mRNA were around 23, 23, and 26 in adipose tissues, primary adipocytes, and 3T3-L1 adipocytes, respectively. (F) Localization of CD1d in
adipocytes, assessed by histological analysis of epididymal adipose tissue. CD1d (red), perilipin (green), and DAPI (blue) are seen. (G) mRNA levels of CD1d,
PPARY, and aP2 in CD1d overexpressing stable cells; (H) mRNA levels of CD1d, PPARY, and aP2 in CD1d short hairpin RNA (shRNA)-overexpressing stable
cells; (I) oil red O staining at day 8 of adipogenesis. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

tissue, we carried out coculture experiments with differentiated
3T3-L1 adipocytes and the iNKT cell hybridoma cell line
DN32.D3 under various experimental conditions. We designed
two different methods of coculture, including the direct physical
contact system and the cell-impermeable Transwell system that
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blocks physical interaction. To monitor iNKT cell activation,
a-GC, a potent iNKT cell-activating lipid antigen, was treated to
load onto CD1d in adipocytes. Since IL-2 is secreted by activated T
cells, we determined the concentration of secreted IL-2 in the cul-
ture media of either the contact or Transwell systems. The IL-2
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FIG 4 Adipocyte CD1d regulates iNKT cell activity. (A) DN32.D3 hybridoma cells were used as iNKT cells. Adipocytes and DN32.D3 cells were directly mixed
and cocultured in contact or cultured separated by a Transwell membrane, which is cell impermeable with a 0.4-pm pore size. IL-2 secretion by DN32.D3 cells
was induced by coculturing with differentiated 3T3-L1 adipocytes which a-GC (100 ng/ml) pretreated for 4 h. (B, left) CD1d expression in negative control (NC)
and CD1d siRNA-transfected adipocytes. (Right) IL-2 secretion by DN32.D3 cells upon coculturing with siRNA-transfected 3T3-L1 adipocytes. Adipocytes were
pretreated with a-GC (100 ng/ml) for 4 h and, after PBS washing, cocultured with DN32.D3 cells for 6 h. (C) Immunocytochemical analysis of DN32.D3 cells
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(E and F) Primary adipocytes were isolated from mice given NCD or HFD for 1 week. (E) Adipocytes derived from epididymal adipose tissues were used. CD1d
mRNA level of adipocytes from NCD-fed mice (NC) or from HFD-fed mice (HF). (F) iNKT cells were activated by treatment with a-GC (100 ng/ml)-pretreated

adipocytes. Adipocytes and DN32.D3 cells were cocultured for 36 h. n = 5; *, P < 0.05; **, P < 0.01.

secretion was higher in iNKT cells in the contact system than in
iNKT cells in the Transwell system, implying that adipocytes are
able to stimulate iNKT cell activation via direct cell-cell contact
rather than via indirect cytokine secretion (Fig. 4A). When we
examined the ability of dendritic cells and 3T3-L1 adipocytes to
activate iNKT cells, both cell types activated iNKT cells upon
a-GC pretreatment (see Fig. $4 in the supplemental material).
To clarify the role of adipocyte CD1d in iNKT cell activation,
we suppressed adipocyte CD1d by using siRNA, followed by direct
coculture with iNKT cells. IL-2 secretion was significantly de-
creased in CD1d-suppressed adipocytes (Fig. 4B). Next, we ex-
plored the role of adipocyte CD1d in cell-cell contact with iNKT
cells. As shown in Fig. 4C, iNKT cells physically interacted with
CD1d-expressing adipocytes, whereas iNKT cell attachment was
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notably diminished in CD1d-suppressed adipocytes. In addition,
the IL-2-producing activity of primary adipocytes isolated from
the adipose tissues of CD1d™/~ and CD1d ™/~ mice was deter-
mined by coculture with iNKT cells. Primary adipocytes from
CD1d™™ mice potentiated IL-2 secretion, whereas CD1d-defi-
cient adipocytes from CD1d ™/~ mice failed to induce IL-2 secre-
tion in iNKT cells (Fig. 4D). Since we observed that CD25 and
CD44 expression on iNKT cells were augmented in adipose tissue
after short-term HFD consumption (Fig. 2K), we studied the in-
volvement of adipocytes in iNKT cell activation upon short-term
HFD. We isolated primary adipocytes from mice that were given a
normal chow diet (NCD) or HFD for 1 week and cocultured them
with DN32.D3 cells with or without a-GC pretreatment. Al-
though the levels of adipocyte CD1d mRNA were not significantly
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FIG 5 Expression of adipocyte CD1d is stimulated by PPARYy activation. Dif-
ferentiated 3T3-L1 adipocytes were used as the adipocyte source. (A and B)
Level of CD1d mRNA in adipocytes treated with rosiglitazone (0.1, 1, or 10
M) or TNF-a (10 ng/ml) for 24 h. (C) Effect of PPARy knockdown on CD1d
expression. Differentiated 3T3-L1 adipocytes were transfected with siRNAs
(negative control or PPARY) by electroporation. After 12 h, the cells were
treated with rosiglitazone (10 wM). mRNA levels of PPARY, adiponectin, and
CD1d were determined by qRT-PCR. (D) IL-2 secretion by DN32.D3 cells
stimulated by adipocytes treated with rosiglitazone (10 uM). *, P < 0.05; **, P
< 0.01; ***, P < 0.001.

different between NCD and HFD groups, primary adipocytes iso-
lated from HFD-fed mice led to a higher degree of iNKT cell acti-
vation than those from NCD-fed mice (Fig. 4E and F). These data
imply that primary adipocytes from short-term HFD-fed mice
appear to be more potent than those from NCD-fed mice in
stimulating iNKT cells in adipose tissue. Together, these results
propose that adipocytes indeed have the ability to activate
iNKT cells via physical interaction with adipocyte CD1d, espe-
cially upon short-term HFD.

Adipocyte CD1d expression is regulated by peroxisome pro-
liferator-activated receptor y. We next investigated the regula-
tory mechanism of CD1d expression in adipocytes. Several tran-
scription factors, such as peroxisome proliferator-activated
receptor gamma (PPARvy), CCAAT/enhancer-binding protein 3
(CEBP-B), retinoic acid receptor (RAR), and the Ets family, have
been reported to be involved in the regulation of CD1d expression
(39-41). PPARY, the master regulator of adipogenesis, is abun-
dantly expressed in adipocytes. To examine the role of PPARY in
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FIG 6 Expression levels of adipocyte CD1d and PPARYy are decreased in adi-
pose tissue in obesity. Primary adipocytes were isolated from the adipose tissue
of obese mice. Relative levels of CD1d mRNA (A) and relative levels of PPARy
mRNA (B) in adipocytes between db/+ and db/db mice, WT and ob/ob mice,
and lean and DIO mice.

CD1d expression in adipocytes, we determined the expression
level of adipocyte CD1d mRNA upon rosiglitazone, a synthetic
agonist of PPARy, and tumor necrosis factor alpha (TNF-a), a
functional inhibitor of PPARYy. In adipocytes, CD1d mRNA was
increased by rosiglitazone treatment, but TNF-a treatment inhib-
ited CD1d expression (Fig. 5A and B). To confirm whether PPARy
is indeed involved in adipocyte CD1d expression, we investigated
the effect of PPARy knockdown on the expression of CD1d
mRNA in adipocytes. Unlike the cells treated with control siRNA,
CD1d mRNA expression was not induced by rosiglitazone in cells
with PPARy knockdown (Fig. 5C). Moreover, when we per-
formed the luciferase reporter assay with the mouse CD1d pro-
moter, the CD1d promoter was transactivated by PPARYy (see Fig. S5
in the supplemental material). We then tested whether increased
CD1d expression in adipocytes by activated PPARYy affected iNKT
cell activity. When iNKT cells were cocultured with adipocytes in the
presence of rosiglitazone, IL-2 secretion was slightly but substantially
increased (Fig. 5D). Together, these data imply that PPARy would
regulate iNKT cell activity in adipose tissue.

Adipocyte CD1d and PPARY expression levels are decreased
in adipose tissue of obese subjects. The finding that the iNKT cell
population was decreased in the adipose tissue of obese mice
prompted us to examine the level of CD1d mRNA in several obese
animal models. In concordance with the decrease in iNKT cell
population in obesity, CD1d expression in the adipocyte fraction
was also significantly reduced in the adipose tissue of db/db, ob/ob,
and long-term (8 weeks) HFD-fed obese (diet-induced obesity
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FIG 7 The expression levels of Va24 and CD1d are reduced in the adipose
tissue of obese humans. Va24 mRNA expression normalized by CD3e
mRNA (A) and CD1d mRNA expression normalized by GAPDH (B), de-
pending on BMI.
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FIG 8 Ja18 KO mice are more susceptible to body weight gain and adipose tissue inflammation upon HFD. Eight-week-old WT and Ja18 KO mice were fed NCD
or HFD for 4 weeks. (A) Body weight gain was measured every week. (B) Absolute body weight after 4 weeks of HED; (C) fat mass (grams); (D) plasma insulin
levels (ng/ml). (E) Mice were given HED for 4 weeks and then subjected to the oral glucose tolerance test; n = 4 mice at each time point. *, P < 0.05, HFD WT
versus HFD KO. (F) Percentage of CD11b™ F4/80" and CD11b™" F4/80"CD11c" cells among adipose tissue SVCs. **, P < 0.01, HFD WT versus HFD KO. (G)
Numbers of CD11b* F4/80" and CD11b™ F4/80"CD11c™" cells per gram of fat mass. *, P < 0.05, HFD WT versus HFD KO. (H) Percentages of CD11c" and
CD206™ cells among CD11b™ F4/80™ cells in adipose tissue. *, P < 0.05, HFD WT versus HFD KO.

[DIO]) mice (Fig. 6A). Given that the PPARy mRNA was reduced
in the adipocyte fraction of obese mice, it appears that CD1d ex-
pression in adipocytes might be positively correlated with PPARy
(Fig. 6B). Consistent with the mouse models, the mRNA expres-
sion levels of Va24 and CD1d in human visceral adipose tissue
were negatively correlated with the body mass index (BMI) (Fig.
7A and B). These results support the idea that the decrease in the
iNKT cell population in adipose tissue might be accompanied by
reduced CD1d expression in adipocytes in severe obesity.

Ja18 KO mice are susceptible to DIO. Although the associa-
tion of iNKT cells with autoimmune diseases and cancers has been
reported (42—44), the nature of their pathophysiological roles in
various diseases is still controversial. To get insight into the role of
iNKT cells in adipose tissue inflammation in obesity, we have
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compared obesity-associated phenotypes in WT mice with Ja18
KO mice lacking iNKT cells. There were no significant changes in
body weight gain between NCD-fed WT and KO mice. In contrast,
upon HFD consumption, even for a short duration, the body weight
of Ja18 KO mice was predisposed to obesity (Fig. 8A and B). The
mass of the epididymal adipose tissue in HFD-fed Ja.18 KO mice was
significantly higher than in WT mice (Fig. 8C). Since it is well estab-
lished that obesity is a major risk factor for insulin resistance, we
assessed glucose tolerance. As shown in Fig. 8E, Ja18 KO mice re-
vealed a greater degree of glucose intolerance than WT mice upon
HFD feeding. Moreover, the plasma insulin level was higher in Ja18
KO mice than in WT mice upon HFD consumption (Fig. 8D). These
data indicate that mice deficient in iNKT cells might be susceptible to
obesity and glucose intolerance upon HFD.

mcb.asm.org 335


http://mcb.asm.org

Huh et al.

A
cD11c SAA . TNF IL-6
ﬁg 19 T 20 T 30 s
Q5 8 15 + 25
34 6 20
<5 10 - 15
Z 4
Z 5 10
E ] 2 5 5
(]
-%o 0 0 A 0 e S
& = ok O ok O
T 58258 £25¢8 £25¢ Eﬁ%f
(z’cz)LILLIL Lz"i’%:% ‘2’2%% ZZI I
£ 1.6 AdipoQ 1.4 GLUT4 7a
? 1.4 1.2 = 6
053-1.2 1.0 %-, 5 4
510 0.8 24,
Y w06 . 7 3]
g 0.4 s
%04 : g 21
0 0.2 0.2 1 4
2 0.0 0.0 0
k= EOoOkEO ok O
e £258 SCEQ 2
L
D PPARo. Tfam NRF-1 ATGL HSL CGI-58
514 - 1.2 1.2 1.2 1.2 - 1.2
g 1.2 o 1 p=0.06 1 1 4 1 1
g 0; 1 0.8 0.8 08q |~ o8] 08 4 |
X L *Hk
o J i *kk
2os | 0.6 0.6 0.6 0.6 0.6
Z 0.4 0.4 0.4 0.4 4 0.4 1 0.4
g 0.2 - 0.2 0.2 0.2 0.2 0.2
2 0 e s 0 0 0 4 0 A 0
= = = e [e) [<e)
s =X s 2 g £Q =< =2
W TR [TRTH [TRTH [TRTS [TRTR
T I T I T IT E T I T

FIG 9 Inflammatory responses and energy metabolism were changed in Ja18 KO mice. (A) Relative levels of CD11c, SAA, TNF-q, and IL-6 transcripts in
epididymal adipose tissue by qRT-PCR; (B) relative levels of adiponectin (AdipoQ) and GLUT4 mRNA in epididymal adipose tissue by qRT-PCR; (C) serum
TNF-a concentration; (D) mRNA levels of PPARa, Tfam, NRF-1, ATGL, HSL, CGI-58 in epididymal adipose tissue of HFD-fed (4 weeks) WT and Ja18 KO

mice. *, P < 0.05; **, P < 0.01; ***, P < 0.001, HFD WT versus HFD KO.

To determine the effect of iNKT cell deficiency on adipose
tissue inflammation, we examined macrophage infiltration and
inflammatory gene expression in adipose tissue. Upon HFD, the
percentages of CD11b™ F4/80" cellsand CD11b™ F4/80"CD11c™
cells among SVCs were significantly elevated in WT mice, and
macrophage accumulation in adipose tissue was further pro-
nounced in Ja18 KO mice (Fig. 8F). The number of adipose tissue
macrophages per gram of fat mass was also significantly increased
in Ja18 KO mice (Fig. 8G). To gain insight into the effect of iNKT
cell deficiency on macrophage polarization in adipose tissue, we
analyzed the proportion of CD11c¢™ cells (M1-type macrophages)
or CD206™ cells (M2-type macrophages) among CD11b™ F4/80™
cells (total macrophages). The percentage of CD11c™ cells was
higher in Ja18 KO mice than in WT mice upon HFD. However,
there was no significant change in the proportion of M2-type
CD206™ cells (Fig. 8H).

We further examined the expression of genes involved in adipose
tissue inflammation and energy metabolism. Consistent with the
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data from FACS analysis, proinflammatory genes, such as those en-
coding CD11c, serum amyloid A (SAA), TNF-a, and IL-6, were up-
regulated in Ja18 KO mice upon HFD (Fig. 9A). On the contrary,
adiponectin and GLUT4, whose levels are negatively correlated with
insulin resistance in adipocytes, were decreased in Ja18 KO mice
upon HFD (Fig. 9B). Furthermore, the serum TNF-a level was ele-
vated in Ja18 KO mice compared to that in WT mice in the HFD-fed
group (Fig. 9C). In order to understand the molecular mechanisms
by which Ja18 KO mice were prone to obesity upon HFD, we exam-
ined gene expression patterns in white adipose tissue (WAT). Com-
pared with WT mice, Ja18 KO mice decreased the level of PPARa,
Tfam, NRF-1, ATGL, HSL, and CGI-58 mRNA upon HED, implying
that Ja18 KO mice might be less active for excess fat dissipation than
WT mice (Fig. 9D).

DISCUSSION

In obesity, adipose tissue is inflamed with increased macrophage
infiltration and exhibits insulin resistance with dysregulation of
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glucose and lipid metabolism (9). Recently, we and others have
reported that the HFD induces inflammation rapidly and selec-
tively in adipose tissue (33, 37, 38). Notably, on HFD, adipose
tissue inflammation initiates within a week, concurrently with in-
sulin resistance (38). These results suggest that, in adipose tissue,
there would be a rapid and sensitive process to recognize the
change of energy state and induce inflammation. Although vari-
ous immune cells have been implicated in adipose tissue inflam-
mation (4-11, 45), it has not been completely understood the roles
and activation mechanism of acquired immune cells for adipose
tissue inflammation in the early stage of obesity. In our previous
work, we have reported that the deficiency of B and T lymphocytes
in Ragl KO mice augments adipose tissue inflammation (38).
However, the function and regulation of T cells, especially iNKT
cells, in adipose tissue inflammation in obesity have remained
elusive. As iNKT cells respond to various lipid antigens presented
on CD1d molecules in antigen-presenting cells, we hypothesized
that adipose tissue iNKT cells might dynamically respond to
changes in the lipid metabolism of adipocytes to coordinate
whole-body energy homeostasis.

Here, we report for the first time the novel role of adipocytes as
antigen-presenting cells to stimulate iNKT cells. Interestingly, we
found that, in adipose tissue, the ratio of iNKT cells among total
lymphocytes was higher than that in the spleen and thymus.
Moreover, adipose tissue iNKT cells were selectively and sensi-
tively decreased in obese animals, such as db/db, ob/ob, and DIO
mice. The decrease in iNKT cells in adipose tissue became appar-
ent after 1 week of HFD without change in spleen and thymus. To
investigate the mechanism by which iNKT cells are modulated in
adipose tissue in obese animals or individuals, we examined the
expression of CD1d in adipose tissue. Surprisingly, CD1d was
highly expressed in differentiated adipocytes, and primary adi-
pocytes from short-term HFD-fed mice potently stimulated iNKT
cell activation. Interestingly, however, the mRNA expression lev-
els of CD1d and V24 was decreased in obese mouse and human
subjects, suggesting that decreased CD1d and V24 levels are as-
sociated with reduced iNKT cells in adipose tissue and thus in-
creased adipose tissue inflammation. In order to understand the
roles of iNKT cells in adipose tissue inflammation, we have care-
fully investigated the metabolic and inflammatory phenotypes of
iNKT cell-deficient Ja18 KO mice. Also, iNKT cell deficiency ex-
acerbated glucose intolerance and adipose tissue inflammation by
HEFD. These results suggest that iNKT cells can suppress adipose
tissue inflammation and insulin resistance in obesity.

CD1d is expressed on the surface of dendritic cells, macro-
phages, endothelial cells, and hepatocytes (46). It has been re-
ported that the liver is the organ showing the highest CD1d ex-
pression (47). However, the expression of CD1d in adipose tissue,
especially in adipocytes, has not been studied. Here, we discov-
ered, unexpectedly, that CD1d expression in adipose tissue was as
high as in the liver. Furthermore, the major source of CD1d in ad-
ipose tissue was the adipocyte fraction, not the SVC fraction. In
addition, activation of PPARYy increased CD1d expression in
3T3-L1 adipocytes, while TNF-a decreased CD1d mRNA. Along
the same line, it has been reported that CD1d is one of the PPAR'y
target genes, assessed by chromatin immunoprecipitation with
microarray technology (ChIP-chip) analysis (48). Further, it has
been shown that RAR regulates CD1d expression in dendritic cells
(41). When we tested this in adipocytes, treatment of all-trans
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retinoic acid, a ligand of RAR, elevated CD1d mRNA in 3T3-L1
adipocytes (see Fig. S6 in the supplemental material).

To date, the underlying regulatory mechanisms directing im-
mune cell activity in adipose tissue inflammation have not been
thoroughly understood. In ex vivo coculture studies, we observed
that adipocytes are able to directly regulate iNKT cell activity
through cell-cell contact, mediated by the CD1d molecule. More-
over, the activation of iNKT cells by adipocytes from mice that
were given HFD for 1 week implies that there might be unrevealed
dynamic interactions between adipocytes and iNKT cells in adi-
pose tissue to respond to changed nutritional environments.

Adipocytes are active in lipid metabolisms. In this respect, it
appears that the species of lipids presented on adipocyte CD1d
molecules may determine iNKT cell activity in adipose tissue. Sev-
eral lipids and lipid derivatives, such as phosphatidylethano-
lamine, phosphatidylcholine, phosphatidylinositol, iGb3, the
ganglioside GD3, globotriaosylceramide (Gb3Cer), and sulfatide,
have been reported as CD1d-binding antigens (17). CD1d is also
considered a reporting molecule, as it reflects the state of cellular
lipid metabolism. One of the distinct characteristics of iNKT cells
is their ability to secrete Th1-type cytokines or Th2-type cytokines
depending on the species of CD1d-loaded lipid antigens that they
encounter, which eventually influence iNKT cell activity (49). In
obesity, adipocytes play crucial roles in managing increased lipid
metabolism by processing and storing various lipid species in ad-
ipose tissue. Thus, it is possible that certain lipid metabolites could
be presented on adipocyte CD1d molecules, and the lipid-CD1d
complex would be exposed on the adipocyte surface, leading to the
modulation of iNKT cell activity in fat tissue. In the case of hepatic
inflammation, iNKT cells encounter hepatocytes and become ac-
tivated upon recognizing specific lipid antigens loaded on hepa-
tocyte CD1d molecules (50). Similarly, it appears that adipose
tissue iNKT cells may patrol around adipocytes and respond to
various lipid antigens loaded on adipocyte CD1d in fat tissue to
coordinate and adapt to nutritional changes.

Several lines of evidences indicate that iNKT cells regulate ad-
ipose tissue inflammation. However, there are conflicts among the
conclusions from different reports, probably due to analyses of
different mouse models in different conditions. Therefore, the
role of iNKT cells in adipose tissue inflammation has remained
controversial. For example, recently, Ohmura et al. reported that
iNKT cells promote adipose tissue inflammation by using beta2-
microglobulin knockout mice as an iNKT cell-deficient mouse
model (35). However, beta2-microglobulin KO mice lack CD8 T
cells as well as NKT cells, and CD8 T cells are well known for their
proinflammatory functions. Therefore, their results obtained
from this mouse model could be, at least partly, conferred by CD8
T cell deficiency (8). Wu et al. also proposed a proinflammatory
role of INKT cells after long-term HFD. They analyzed the pheno-
types of Ja18 KO and CD1d KO mice after more than 10 weeks of
HFD feeding and demonstrated decreased adiposity and adipose
tissue inflammation in the KO mice (51), which may conflict with
our results. However, this study was focused on the function of
iNKT cells in the late-stage obesity, whereas we analyzed mainly
the function of INKT cells in the early stage of obesity. Depending
on the time point (long- and short-term HED), it is possible that
different lipid antigens could be loaded on CD1d, which will
prime iNKT cells either toward anti- or proinflammatory cells
producing Th2- and Th1-type cytokines, respectively. The roles of
iNKT cells and the types of lipid antigens in relation to the time
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course of obesity have to be elucidated in further study. On the
contrary to these two reports, Satoh et al. observed that there is no
difference in body weight, fat mass, and glucose tolerance between
Ja18 KO mice and WT mice after 18 weeks of HFD feeding (32).
They compared Ja18 KO mice with commercial B6 mice, rather
than littermate control WT mice. Recently, it is reported that mi-
crobiota in guts can affect energy metabolism by HFD, and it is
well recognized that mice touch and sometimes eat feces in the
cage (52). Therefore, using commercially purchased WT control
mice, but not littermate control mice, may have affected differen-
tial commensal microbiota in WT and KO mice. In this study, we
used littermate WT mice as a control group and observed that
Ja18 KO mice showed repeatedly and consistently increased body
weight gain, adiposity, and adipose tissue inflammation com-
pared to WT mice after short-term HFD feeding. In concordance
with our study, Ji et al. demonstrated that insulin sensitivity is
impaired in CD1d KO mice after 4 days of HFD (53). Moreover,
very recently, Lynch’s group has reported that HFD-fed Ja18 KO
mice are more obese, concomitant with insulin resistance and
increased inflammatory responses (54).

To date, most of the studies that are relevant to immune cells in
adipose tissue have focused on their roles in prolonged or severe
obesity (4, 6-8), which may mask the effects of iNKT cells on
adipose tissue inflammation at the early stage of obesity or pro-
voke compensatory responses to resolve a long range of imbal-
anced energy homeostasis. In contrast, the function of immune
cells in the early stages of obesity has not been properly addressed,
although there are appreciable changes in adipose tissue inflam-
mation and insulin sensitivity in those phases (33, 37, 38).

Among our observations, several lines of evidence suggest that
iNKT cells in adipose tissue might exert anti-inflammatory effects.
First, in the adipose tissue of iNKT cell-deficient Ja18 KO mice,
the CD11c* M1 macrophage population was greatly elevated
upon HFD. Second, the expression of several proinflammatory
genes was stimulated in the fat tissue of HFD-fed Ja18 KO mice.
Third, the body weight and fat mass of Ja18 KO mice were higher
than those of WT mice upon HFD feeding, resulting from reduced
levels of energy metabolism genes in WAT of Ja18 KO mice. Nev-
ertheless, the mass of other peripheral tissues, including the liver,
was not significantly changed. Moreover, HFD-fed Ja.18 KO mice
exhibited glucose intolerance and higher plasma insulin levels. In
addition, based on the results of the present study, we postulate
that adipocytes act as prominent APCs of iNKT cells by priming
adipose iNKT cells toward anti-inflammatory cells via the regula-
tion of lipid antigens loaded onto CD1d molecules during the
early phase of obesity. Subsequently, activated iNKT cells would
orchestrate the cross talk between innate and adaptive immune
cells and constrain the progression of adipose tissue inflamma-
tion. On the other hand, in the late stages of obesity, it seems that
a dramatic decrease in the number of iNKT cells, concomitant
with reduced CD1d expression in adipocytes, may contribute to
accumulation of adipose tissue inflammation. Moreover, other
immune cells in adipose tissue may act as predominant inflamma-
tory regulators in the late stages of obesity. Therefore, we suggest
that iNKT cells in adipose tissue would be involved in maintaining
tissue homeostasis and insulin sensitivity, particularly at the early
phase of obesity.

In this work, we have newly identified the regulatory mecha-
nism involved in the cross talk between adipocytes and iNKT cells
in adipose tissue. We believe that adipose tissue iNKT cells play a
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pivotal role in sensing and mediating metabolic changes, which
would eventually affect fine-tuning between the innate and adap-
tive immune response to confer systemic energy homeostasis. The
exact roles and regulatory mechanisms of iNKT cells in adipose
tissue and the identification of obesity-related lipid antigens re-
main to be investigated.
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