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Background:Obesity is associated with a state of chronic low grade inflammation.
Results: Activation of natural killer T (NKT) cells attenuates inflammation in adipose tissue and improves systemic glucose
homeostasis in mice at different stages of obesity.
Conclusion:Upon activation, NKT cells have significant impact on inflammatory responses and systemic glucose tolerance in
obesity.
Significance: NKT-activating glycolipids may be useful in treating obesity-associated complications.

Natural killer T (NKT) cells are important therapeutic targets
in various diseasemodels and are under clinical trials for cancer
patients. However, their function in obesity and type 2 diabetes
remains unclear. Our data show that adipose tissues of both
mice and humans contain a population of type 1 NKT cells,
whose abundance decreases with increased adiposity and insu-
lin resistance. Although loss-of-function of NKT cells had no
effect on glucose tolerance in animals with prolonged high fat
diet feeding, activation of NKT cells by lipid agonist �-galacto-
sylceramide enhances alternative macrophage polarization in
adipose tissue and improves glucose homeostasis in animals at
different stages of obesity. Furthermore, the effect of NKT cells
is largely mediated by the IL-4/STAT6 signaling axis in obese
adipose tissue. Thus, our data identify a novel therapeutic target
for the treatment of obesity-associated inflammation and type 2
diabetes.

Natural killer T (NKT)3 cells have been implicated in auto-
immunity, microbial infection, and cancer and hence represent

an important immunotherapeutic target (1). Unlike conven-
tional CD4� and CD8� T cells, NKT cells recognize and are
activated by lipid antigens presented by theMHC class I homo-
logue molecule CD1d on antigen presenting cells such as
macrophages and dendritic cells (2–5). Among different types
of NKT cells, type 1 or invariant NKT cells are the most abun-
dant and best characterized (6). The prototypical lipid antigen
is the marine sponge-derived �-galactosylceramide (�GalCer)
(7), which is not found in mammals (7) and has been used
widely to specifically study type 1 NKT cells in vivo (8). Upon
�GalCer activation, NKT cells secrete large amounts of TH1
cytokine, IFN-�, and TH2 cytokines, IL-4 and IL-13 (9).
�GalCer challenge has been shown to protect against the devel-
opment of type 1 diabetes (10) and autoimmune encephalomy-
elitis (11), although some of these findings remain controversial
(8).
The ability of NKT cells to secrete both TH1 and TH2 cyto-

kines upon activation underlies their unique regulatory func-
tions that bridge innate and adaptive immunity (8, 12). It is
important to note that secretion of TH1 and/or TH2 cytokines
by NKT cells is context-dependent (8, 12) as the nature of the
lipid antigens, the subsets of NKT cells, and the microenviron-
ment of the tissues may have significant influences on their
cytokine profiles (11, 13). Indeed, studies have shown that NKT
cells may promote or suppress immune processes by skewing
adaptive immune responses toward either a TH1 or TH2
response (8, 14). However, whether and how NKT cell activa-
tion affects obesity-associated inflammation remains to be
characterized.
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Obesity is associatedwith a state of chronic low grade inflam-
mation that significantly contributes to the pathogenesis of this
disorder and its associated complications. At late stages of obe-
sity, a variety of immune cells, most notably macrophages (15,
16), CD8� T (17, 18), mast cells (19), B cells (20), and myeloid-
derived suppressor cells with immunosuppressive functions
(21) infiltrate adipose tissue during diet-induced obesity, with
concurrent down-regulation of other immune cells such as reg-
ulatory T cells (22). Some of these immune cells may affect the
polarization of macrophages to classical (M1) or alternative
(M2) activation status via directly or indirectly influencing the
local TH1 or TH2 cytokines in the adipose microenvironment
(23–25). Unlike M1, M2 macrophages may contribute to
improved insulin sensitivity due to their capacity to resolve
inflammation (i.e. anti-inflammation) and facilitate wound
healing (25–28). Bias towardM2 polarization can be promoted
by immunomodulatory TH2 cytokines such as IL-4 and IL-13.
Studies have identified adipocytes, CD4� T cells, and eosino-
phils in adipose tissue as a potential source of TH2 cytokines
(29, 30).
An early study reported the presence of NKT cells in adipose

tissue, whose abundance seems decreased with obesity (31).
Two recent studies demonstrated the lack ofmetabolic effect in
NKT-deficient CD1d�/� mice following long term HFD feed-
ing (32, 33). In light of these results, we asked whether gain-of-
function of NKT cells affects obesity-associated glucose home-
ostasis. Here, we show that �GalCer-mediated activation of
NKT cells enhances alternative macrophage polarization in
adipose tissue and improves glucose homeostasis in animals at
different stages of obesity following the feeding of 60%HFD for
4 days and 8 and 24 weeks. The beneficial effect of NKT cell
activation is largely mediated by the IL-4 signaling pathway.
Pointing to their significance in human obesity, levels of adi-
pose-resident type 1NKTcells are found to negatively correlate
with BMI, insulin resistance, and fasting glucose levels in
humans. As �GalCer is not toxic and is well tolerated in
humans (12, 34), our data suggest that NKT-activating glyco-
lipids may be useful in treating obesity-associated type 2
diabetes.

EXPERIMENTAL PROCEDURES

Mouse Models—WT C57/B6 (catalog no. 000664), B6.V-
Lepob/J (ob/ob, catalog no. 000632), B6.129S6-Cd1d1/
Cd1d2tm1spb/J (CD1d�/�, catalog no. 008881), and B6.129P2-
IL4tm1Cgn/J (IL-4�/�, catalog no. 002253) were purchased from
The JacksonLaboratory and bred at our facility. The latter three
have been backcrossed at The Jackson Laboratory to the B6
background over 45, 13, and 12 times, respectively. Myeloid
cell-specific PPAR��/� or PPAR��/� mice were generated by
crossing Ppargflox/flox or Ppardflox/flox mice to the B6.129P2-
Lyz2tm1(cre)Ifo/J mice (catalog no. 004781, The Jackson Labora-
tory) (29) and have been backcrossed to the C57BL/6 back-
ground over 10 times. Mice were housed in microisolators in
our brand new pathogen-free facility with sterile 13% LFDwith
13% fat, 67% carbohydrate, and 20% protein from Harlan
Teklad (catalog no. 2914) or 60%HFDwith 59% fat, 26% carbo-
hydrate, and 15%protein fromBio-Serv Inc. (F3282). All animal
procedures were approved by the Cornell andHarvard IACUC.

Human Subjects—39 healthy premenopausal adult Chinese
women, including 25 lean individuals with BMI�25 kg/m2 and
14 overweight/obese subjects with BMI �25 kg/m2, undergo-
ing elective abdominal surgery for benign, noninfective gyne-
cological conditions at Queen Mary’s hospital, University of
Hong Kong, were recruited. Pre-operative assessment was car-
ried out within 1 week of the operation. Anthropometric
parameters (body weight, height, waist circumference, and
blood pressure) were measured, and body composition was
determined by bioelectric impedance analysis (Tanita Body
Composition Analyzer TBF-410, Japan). All subjects under-
went an oral glucose tolerance test (OGTT) with 75 g of glu-
cose. Fasting plasma glucose and 2-h glucose levels at OGTT
were measured by hexokinase method on a Hitachi 747 ana-
lyzer (Roche Applied Science). Insulin was measured bymicro-
particle enzyme immunoassay (Abbott). HOMA index was cal-
culated to estimate insulin resistance (IR): HOMA-IR� fasting
glucose (mM) � fasting insulin (mIU/liter)/22.5 (35). During
the operation, visceral adipose tissues (about 8 cm3 each) were
collected aseptically and transported immediately to the labo-
ratory for RNA extraction andQ-PCR analysis (see below). The
study was approved by the Ethics Committee of the University
of Hong Kong and adhered to the principles of the Declaration
of Helsinki. Written informed consent was obtained from all
participants.
Animal Experiments—6-Week-old male mice were fed with

either 13% LFD or 60% HFD for an indicated period of time
from 4 days to 24 weeks. �GalCer (Toronto Research Chemi-
cals) was dissolved in pyridine at 2.5 mg/ml and then diluted
1:250 in PBS to prepare 10�g/ml working solution prior to use.
In all experiments, mice were injected intraperitoneally with
200 �l of �GalCer (100 ng of �GalCer per g body weight). The
vehicle control groupwas injectedwith PBSwith 0.4% pyridine.
The dosage and frequency of �GalCer injection were the same
for all the gain-of-function experiments unless indicated. HFD
micewere given intraperitoneal�GalCer or vehicle at day 0 and
day 2. One day following the GTT (day 4), adipose tissues were
harvested, frozen for Q-PCR or Western blot, and fixed for
H&E staining. Flow cytometric analyses of NKT levels and
other immune cells were performed on day 4. For GTT, mice
were fasted for 16–18 h followed by injection of glucose
(Sigma) at 1 g/kg body weight. Blood glucose was monitored
usingOne-TouchUltraGlucometer. Fasting insulin levels were
measured following a 6-h fast.
Antibodies and Reagents for Flow Cytometry—Fluoro-

chrome- or biotin-conjugated antibodies against CD3 (145-
2C11), TCR� (H57-597), CD4 (GK1.5), CD8 (YTS169), F4/80
(BM8), CD11b (M1/70), CD45 (30-F11), BrdU-FITC (PRB-1),
avidin-PerCP, and isotype control antibodies were purchased
from BioLegend, University of California San Francisco Flow
Core Facility or BD Biosciences. �GalCer-loaded CD1d-
tetramer-phycoerythrin was generously provided by the
Tetramer Facility, National Institutes of Health. Data were ana-
lyzed using CellQuest software (BD Biosciences) and Flowjo.
Quantitation of Immune Cells in Adipose Tissue Using Flow

Cytometric Analysis—Single cell suspensions from stromal vas-
cular cells of adipose tissue were prepared as described (21).
Stromal vascular cells from two fat pads permousewere diluted
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in 120–200 �l of PBS, from which one-tenth was used for the
subsequent staining. Following incubation with anti-CD16/
CD32 antibody to block Fc receptors, 1 � 106 cells were incu-
batedwith 20�l of antibodies diluted at optimal concentrations
for 20 min at 4 °C. Cells were washed three times with PBS and
then resuspended in 200 �l of PBS for analysis using the FAC-
SCalibur flow cytometer (BD Biosciences). NKT cells were
defined as CD45� �GalCer-loaded CD1d-tetramer� CD3/
TCR�� lymphocytes (supplemental Fig. S1A); CD8� T cells
were defined as CD8� CD45� cells (supplemental Fig. S1B),
and macrophages were as CD45� F4/80� CD11b� cells. Dur-
ing the run, samples were completely run out, and the total
number of CD45� lymphocytes or immune cells was gated and
counted. The total cell number for various immune cells per g
of adipose tissue was calculated as (% cells in total CD45� lym-
phocytes or immune cells � total CD45� lymphocytes or
immune cells)/g of adipose tissue.
Intracellular Flow Cytometric Analysis—For the BrdU stain-

ing, mice were injected (intraperitoneally) with �GalCer (100
ng/g of body weight) at day 0 and then with BrdU (Sigma, 0.6
mg/10 g of body weight) at 36 and 12 h prior to sacrifice at day
3. Stromal vascular cells of adipose tissues were purified,
labeled with cell surface antibodies, and then fixed in cold 70%
ethanol at �20 °C overnight. The rest of steps were performed
as the regular flow cytometric analysis using BrdU-FITC anti-
body and DNA dye 7-aminoactinomycin D (Anaspec).
RNA Extraction and Q-PCR—RNA extraction from cells and

murine tissues and Q-PCR were carried out as described previ-
ously (36) using TRIzol (Invitrogen) for liver and TRIzol plus
QIAeasy kit (Qiagen) for adipose tissues with DNase digestion
(Roche Applied Science). Q-PCR data collected on the Light-

Cycler 480 (Roche Applied Science) were normalized to ribo-
somal l32 gene in the corresponding sample. Primer sequences
are listed in supplemental Table S1.
Analysis of NKT Cells in Human Adipose Tissues by Q-PCR—

Following extraction using the Qiagen mini-RNA purification
kit, 1 �g of total RNA from each sample was reverse-tran-
scribed. The relative abundance of each gene was determined
byQ-PCR on a Prism 7000 sequence detection system (Applied
Biosystems) and was normalized against 18 S rRNA. Two
primer sets were used to detect NKT cell markers in human
adipose tissue; one detects the splicing event of TCR � chain
covering the V-J-C rearrangement region with forward primer
at TRAV10 (V�24, chromosome 14) and reverse primer at
TRAC (TCR � chain constant region, chromosome 14) (37),
and the other detects the use of TRAV10 (V�24) (38). A primer
set for a common T cell gene TRBC2 (TCR � chain constant 2,
chromosome 7) (38) was included as a control for all T cells.
Primer sequences are listed in supplemental Table S1.

FIGURE 1. Abundance of adipose NKT cells decreases with HFD feeding in two obese mouse models. Body, epididymal fat weights (A), and fasting glucose
levels (B) of wild type C57BL/6 male mice under HFD (60%) for 1–24 weeks (w) were compared with age-matched male mice on LFD (13% fat). n � 12–15 mice
each. C, percentages of NKT and CD8� T lymphocytes in total lymphocytes in adipose tissue during HFD feeding compared with age-matched LFD cohort.
D, total cell numbers of various T lymphocytes per g of adipose tissue during HFD feeding. C and D, n � 12 mice with three repeats. E, body weight of adult
36 – 40-week-old ob/ob mice. F and G, percentages of NKT and CD8� T cells in adipose tissue (F) and spleen (G) of ob/ob mice compared with age-matched WT
lean animals. n � 10 mice in each cohort, two repeats. Values represent mean � S.E. *, p � 0.05; **, p � 0.01; and ***, p � 0.005.

TABLE 1
Clinical characteristics of lean and overweight/obese human subjects
recruited in this study
Values are means � S.E.

Lean subjects
(n � 25)

Overweight/obese
subjects (n � 14) p value

Age 42.5 � 7.3 years 44.9 � 5.6 years 0.089
BMIa 21.7 � 2.1 kg/m2 28.6 � 3.3 kg/m2 �0.001
Fasting glucoseb 4.7 � 0.4 mM 4.8 � 0.5 mM 0.363
2-h glucosec 5.8 � 0.9 mM 7.5 � 1.0 mM �0.01
Fasting insulinb 3.8 � 0.6 mIU/liter 5.7 � 0.9 mIU/liter 0.016
HOMA-IRd 1.2 � 0.2 1.8 � 0.3 �0.01

a BMI is BMI cutoff from lean and overweight/obese is 25.
b Fasting glucose/insulin is glucose or insulin levels after an overnight 16-h fast.
c 2-h glucose is glucose levels at the end of OGTT, i.e. the 2-h time point.
d HOMA-IR � (fasting glucose (mM) � fasting insulin (mIU/liter))/22.5.
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Microarray Analysis—Microarray analyses of WAT were
performed as described previously (39) and in the supplemental
material with four groups (n � 3–4 mice each) as follows: WT
� vehicle, WT � �GalCer, CD1d�/� � vehicle, and CD1d�/�

� �GalCer, all of which were on 4-day HFD feeding with two
�GalCer injections at day 0 and day 2. For GSEA, ranking was
based on the normalized enrichment score, which reflected the
degree to which a gene set in a certain pathway was over-rep-
resented at the top (up-regulated) or bottom (down-regulated)
of the ranked gene list and was corrected for gene set size. Data
have been deposited into the GEO datasets (GSE36032). The
array data of IL-4-treated mouse BMDM for 10 days were
obtained from the Gene Expression Omnibus (GEO) data base
with accession number GSE25088 (40).
Western Blot—Tissues or cells were lysed in Tris-based lysis

buffer containing 1%TritonX-100.Normally, 15–30�g of total
lysates, unless otherwise indicated, were used in a mini SDS-
PAGE as described (36). Antibodies specific for (Tyr(P)-641)
STAT6 and (Tyr(P)-705) STAT3 (Cell Signaling) and arginase 1
(N-20, Santa Cruz Biotechnology catalog no. sc-18351) were
used at 1:500–2000, and for the loading control HSP90 (Santa
Cruz Biotechnology) was used at 1:6000. The secondary anti-
body goat anti-rabbit IgG HRP (1:10,000) was from Bio-Rad.
Quantitation of band density was carried out using the Image-
Lab software of the Bio-Rad ChemiDoc XRS� system following
exposure.
H&E Histology—Adipose tissues were fixed in 4% formalde-

hyde, embedded in paraffin, and sectioned by the Cornell His-
tology Core Facility. Pictures were taken using theAxiovert 200
M microscope (Zeiss).
ELISA—Blood was collected in animals upon 6 h of fasting

during the day. Circulating insulin levels were measured using
the kit fromMillipore per the supplier’s protocols.
Statistical Analysis—Results are expressed as means � S.E.

Comparisons between groups weremade using either unpaired
two-tailed Student’s t test of the EXCEL software for two-group
comparisons or the one- or two-way analysis of variance test
with the Bonferroni post-tests of the PRISM software for mul-
tigroup comparisons. For human studies, statistical analysis
was performed with the SPSS 11.5 statistical software package.
p � 0.05 was considered as statistically significant.

RESULTS

Abundance of Adipose-resident Type 1 NKT Decreases with
Adiposity in TwoObeseMouseModels—To study the impact of
obesity on NKT cells in adipose tissue, we place 6-week-old B6
mice on an HFD containing 60% calories derived from fat or a
13% LFD as a control cohort (supplemental Fig. S1C). HFD
feeding progressively increased body and epididymal fat pad
weights (Fig. 1A) as well as fasting glucose levels (Fig. 1B). Inter-
estingly, unlike CD8� T cells, abundance of type 1 NKT cells in
adipose tissue, in terms of the percentage in total lymphocytes
and total cell number per g of adipose tissue, gradually
decreased with HFD (Fig. 1, C and D).
This observation was further confirmed in the adult murine

ob/ob genetic obesity model; the percentage of NKT cells in
adipose tissueswas significantly reduced in ob/obmice (Fig. 1,E
and F). The reduction of NKT in adipose tissue of ob/ob mice

was not due to defects in NKT cell development or emigration
from the thymus as the level of NKT cells in lymphoid organs
such as spleen was not affected by obesity (Fig. 1G). Taken
together, these data suggest that HFD progressively decreases
the abundance of NKT cells in adipose tissue.
Levels of Adipose-resident Type 1 NKT Negatively Correlate

with Insulin Resistance in Humans—We next analyzed the
abundance of NKT cells in visceral adipose tissues collected
from 25 lean and 14 overweight/obese Asian female subjects
(Table 1). As most CD1d-restricted type 1 human NKT cells
express an invariant TCR V�24 (8, 41, 42), we performed
Q-PCR to quantitate the levels of V�24-containing mRNA or
V�24-associated V�24-C� splicing event in adipose tissue
(supplemental Fig. S2). Strikingly, V�24 NKT cells in adipose
tissue decreased with BMI (Fig. 2A), whereas total T cells (CD4,
CD8, and NKT cells) exhibited an opposite trend (Fig. 2B).
Bivariant correlation analysis further revealed that the levels of
V�24NKTcells in adipose tissuewere inversely correlatedwith
insulin resistance as measured by HOMA index (Fig. 2C) and
glucose levels at the 2-h point of OGTT (Fig. 2D). Thus, the
abundance of NKT cells in adipose tissue negatively correlates
with BMI, insulin resistance, and fasting glucose in humans.

�GalCer Injection Activates Adipose-resident NKT Cells and
Improves Systemic Glucose Homeostasis in Obesity—In line
with two recent studies (32, 33), NKT-deficient CD1d�/� mice
exhibited no changes in glucose tolerance following an 8-week

FIGURE 2. Correlation between adipose NKT cells and metabolic param-
eters in humans. Correlations are shown between V�24 type 1 NKT cells and
BMI (A), total T cells and BMI (B), NKT cells and insulin resistance as measured
by HOMA (C), and glucose levels measured at the 2-h point of OGTT (D). NKT
cells in visceral adipose tissues of 39 human subjects were analyzed by two
oligonucleotide sets: oligos 1–2 measured the V�24TCR mRNA levels of type
1 NKT cells. A control oligo 3 measured the TCR mRNA levels of total T cells.
Oligonucleotide positions at the genomic loci of human TCR genes and PCR
product sizes are shown in supplemental Fig. S2. a.u., arbitrary units.
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HFD (supplemental Fig. S3A). However, to address whether
these cells can be targeted therapeutically, we took a gain-of-func-
tionapproachbystimulatingNKTcells invivowith�GalCer.Early
studies have established that significant expansion of NKT cells
was observed from2 to3days up to7days after the initial�GalCer
injection, a process associatedwith sustained cytokine production
up to 7 days (43). Accordingly, we challenged HFD-fed male
C57BL/6micewith two�GalCerondays 0 and2 followedbyGTT
analysis on day 4 (Fig. 3A). To address the therapeutic effect of
NKT cell activation at different stages of obesity, we performed
these studies in animals that have been on HFD for 4 days and 8
and 24weeks, which represent short term, long term, and chronic
HFD feedingmodels, respectively.
Indeed, although �GalCer injection had no discernible effect

on body and epididymal fat weights (supplemental Fig. S3B), it
causedmassive proliferation ofNKT cells in adipose tissue (Fig.
3B) with over a 4-fold increase in percentage (Fig. 3C) and
70-fold increase in total cell number (supplemental Fig. S4A) in
4-day HFD mice. It also caused milder increases of macro-
phages and CD8� T cells (supplemental Fig. S4A). In line with
these observations, H&E staining of WAT sections revealed a

significant increase in the number of cells surrounding adi-
pocytes following �GalCer injection (Fig. 3D) and were abol-
ished by CD1d deficiency (Fig. 3E), suggesting that the expan-
sion of immune cells, includingCD8�Tcells andmacrophages,
is NKT-dependent. Similar observations were made in 8- and
24-week-old HFDmice (Fig. 3, F andG, and supplemental Figs.
S3, C and D, and S4, B and C).
Metabolically, �GalCer challenge improved systemic glucose

tolerance inmiceat all stagesof theHFD(Fig. 4,A–C) butnoeffect
on fasting insulin levels (Fig. 4D). The �GalCer effect on glucose
toleranceofHFDmice isNKTcell-dependent as it hadnoeffect in
CD1d�/� mice (Fig. 4E). Pointing to the importance of HFD in
NKTcell effect,�GalCer injection inmiceonLFDhadnoeffecton
glucose tolerance (Fig. 4F). Thus, NKT cell activation by �GalCer
improves systemic glucose tolerance in obese animals.
Activation of NKT Cells Enhances M2Macrophage Polariza-

tion in Adipose Tissue—To explore possible mechanisms
underlying the beneficial effect of NKT cell activation, we
assessed the inflammatory status of adipose tissue by examin-
ing the status of macrophage polarization. �GalCer challenge
caused amarked 50–100-fold induction of a subset ofM2 genes

FIGURE 3. �GalCer challenge activates NKT cells in adipose tissue. A, schematic diagram for three gain-of-function models with 4-day (d) and 8- and
24-week HFD feeding. 6-Week-old mice that have been placed on HFD for 4 days and 8 and 24 weeks were injected intraperitoneally with �GalCer or vehicle
(veh) on day 0 and 2 prior to GTT on day 4 and sacrificed for tissues on day 5. B, BrdU labeling of CD1d-tetramer-positive NKT cells in adipose tissue following
�GalCer challenge. 7-AAD, 7-aminoactinomycin D. C and F, flow analysis of NKT cells in adipose tissue of mice on 4-day (C) or 8-week (F) HFD. Number refers to
the percentage of NKT cells in total CD45� lymphocytes in stromal vascular cells of adipose tissue. D and E, H&E section of adipose tissue of WT (D) and CD1d�/�

(E) mice of 4-day HFD. G, H&E section of adipose tissue of WT mice of 8-week HFD.
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in adipose tissue in an NKT-dependent manner, including
Arg1, Chi3l3, and Pdcd1lg2, and to a much lesser extent M1
genes in all threeHFDmodels (Fig. 5,A andB and supplemental
Fig. S5A). This observation was further supported by the pro-
tein level of a key M2 macrophage marker; Arg1 protein was
significantly induced in response to �GalCer in WTWAT but
abolished inCD1d�/� WAT (Fig. 5,C andD). Intriguingly, this
effect was limited to adipose tissue not in the liver (supplemen-
tal Fig. S5B). Thus, we conclude that NKT cell activation by
�GalCer promotesM2 polarization in adipose tissue in obesity.

Whatmediates theNKTcell effect inadipose tissue?Toaddress
this question, we performed a nonbiased microarray analysis to
study theglobal impactof�GalCer injectionongeneexpression in
mice (supplemental Fig. S6A). As �GalCer effects on macro-
phage polarization were similar among all three diet-induced
obesity models (Fig. 5,A and B, and supplemental Fig. S5A), we
performed array analysis in adipose tissues harvested from the
4-day HFD model, where a relatively higher signal-to-noise
ratio was anticipated compared with that of long term HFD.

Indeed, the expression of 1556 geneswas significantly increased
by more than 2-fold in an absolute NKT-dependent manner
(Fig. 6A). GSEA indicated pronounced induction ofmany path-
ways related to immune functions, including the “TH1/TH2 dif-
ferentiation” and the “IL-4 pathway” (supplemental Fig. S6B).
In comparison with a pre-existing dataset (40), we found that
40% of genes up-regulated by IL-4 in macrophages were also
induced by �GalCer in WAT (Fig. 6C). Furthermore, most
components of the canonical IL-4 signaling pathway were
induced by�GalCer inWAT (supplemental Fig. S6C). Pointing
to a potential role of IL-4, 7 of the top 10 �GalCer-induced
genes in WAT were also highly up-regulated in IL-4-treated
macrophages (40), and many were classical M2 genes such as
Chi3l3 (138-fold, �GalCer versus vehicle in WT WAT),
pdcd1lg2 (53-fold), and Arg1 (32-fold) (Fig. 6B).
The array data were further supported by Q-PCR andWest-

ern blot analyses of Arg1 levels of WAT (Figs. 5A and 6, D and
E). Providing direct support for the elevated IL-4 signaling in
WAT, Il4 mRNA levels in WAT were highly induced by
�GalCer treatment in an NKT-dependent manner (Fig. 6F).
Thus, we conclude that �GalCer-mediated NKT cell activation
increases IL-4 signaling in adipose tissue.
NKT Cell Effect Is Mediated by the IL-4/STAT6 Signaling

Axis in Adipose Tissue—We next determined the physiological
importance of IL-4 in �GalCer-mediated NKT cell activation
using IL-4�/� mice. Although both body and adipose weights
were comparable among WT and IL-4�/� cohorts following
4-day HFD (Fig. 7A), loss of IL-4 completely abolished the
�GalCer effect in glucose tolerance (Fig. 7, B and C) and
reduced the total number of infiltrating immune cells in adi-
pose tissue following �GalCer injection (supplemental Fig. S7A).
Indeed, total lymphocytes inWAT of IL-4�/� mice were reduced
by �40% relative toWT cohorts (supplemental Fig. S7B).
Loss of IL-4 markedly attenuated the �GalCer-mediated

induction ofM2 genesArg1,Chi3l3, and Pdcd1lg2 (Fig. 7D) and
Arg1 protein in WAT (Fig. 7, E and F). Moreover, loss of IL-4
completely abolished tyrosine phosphorylation (Tyr(P)) of
STAT6 but not Tyr(P) of STAT3, in WAT following
�GalCer-mediated NKT activation (Fig. 7, E and F). Providing
further support to the significance of adipose tissue in mediat-
ing NKT effect in vivo, hepatic STAT6 was not activated by
�GalCer (Fig. 7G).

Finally, it has been shown that the IL-4/STAT6 effect may be
mediated by the activities of nuclear receptors (PPAR� or
PPAR�/�) in macrophages (44). However, �GalCer-mediated
induction of M2 genes was not affected in WAT of myeloid cell-
specific PPAR� or PPAR�/�-deficient animals when compared
withWT control littermates (supplemental Fig. S7C). Thus, NKT
cells regulate macrophage polarization and exert metabolic con-
trol largely throughthe IL-4/STAT6axis inobeseadipose tissue, in
a PPAR�- and PPAR�/�-independent manner.

DISCUSSION

Our understanding of the role of NKT cells in regulating
obesity-associated inflammation remains incomplete. Our data
using mice fed with a 60% HFD for 8 weeks confirmed the
findings of two previous reports where no metabolic effect was
seen in CD1d�/�mice upon feeding of 45 or 60%HFD for 26 or

FIGURE 4. NKT cell activation improves systemic glucose homeostasis in
diet-induced obesity mice. A–C, GTT of WT mice on LFD or HFD injected with
vehicle (veh) or �GalCer. A, n � 12–15 mice each cohort with three repeats;
B, n � 9 –10 mice of each cohort with two repeats; C, n � 3– 4 mice per HFD
cohort and n � 10 mice for LFD. * refers to the p values compared between
HFD � vehicle (veh) and HFD � �GalCer groups. D, fasting insulin levels in
mice under 8-week HFD. n � 9 –10 mice each, two repeats. E, GTT of CD1d�/�

mice on LFD or HFD injected with vehicle (veh) or �GalCer. n � 9 –10 mice
each cohort with two repeats. F, GTT of WT mice on LFD with vehicle or
�GalCer injection. n � 10 mice each, two repeats. Values represent mean �
S.E. *, p � 0.05, and ***, p � 0.005.
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8–16 weeks (32, 33). These loss-of-function studies suggest
that NKT cells are dispensable for glucose homeostasis at
chronic obesity. In contrast, our gain-of-function study dem-
onstrated that �GalCer-mediated NKT cell activation pro-

motes M2macrophage polarization and exerts a salutary effect
on systemic glucose homeostasis through the IL-4/STAT6 sig-
naling axis. These gain-of-function data are in line with the
known function of NKT cells in altering TH1/TH2 responses in

FIGURE 5. NKT cell activation increases M2 polarization in adipose tissue of diet-induced obesity mice. A, Q-PCR analysis of M1 (black) and M2 genes
(purple) in WAT of WT (upper) and CD1d�/� mice (lower) of 4-day HFD mice. n � 10 –15 mice each cohort with 2–3 experiments. B, Q-PCR analysis of M1 (black)
and M2 genes (purple) in WAT of 8-week HFD mice. n � 4 –5 mice per cohort, two repeats. C and D, Western blot analysis of Arg1 expression in WAT of WT and
CD1d�/� cohorts with vehicle or �GalCer treatment. n � 3– 4 mice each, two repeats. Each lane represents an independent sample. Quantitation shown in
D, with the values of the LFD � vehicle sample set at 1. Values represent mean � S.E. n.s. not significant. **, p � 0.01, and ***, p � 0.005. a.u., arbitrary units.

FIGURE 6. NKT cell activation increases IL-4 signaling in adipose tissue. A, heat map showing the fold-change of gene expression in WAT of WT or CD1d�/�

mice on 4-day HFD with or without �GalCer injection. n � 3– 4 mice each. A total of 1556 differentially expressed genes with q � 0.001 and fold-change �2 are
shown. B, top 10 genes up-regulated by �GalCer and their expression changes in IL-4-treated BMDM (GSE25088). n.d., not detected. Veh, vehicle; CON, control.
C, Venn diagrams showing the overlap of significantly up-regulated genes in �GalCer-injected WAT versus IL-4-treated BMDM data sets. As not all �GalCer-induced
genes existed in the IL-4_BMDM dataset, only 1157 genes, rather than 1556 genes induced by �GalCer, were included in the Venn diagrams. D, Western blot analysis
of Arg1 expression in WAT of WT and CD1d�/� cohorts under 4-day HFD with vehicle or �GalCer treatment. n � 3–4 mice each, two repeats. Each lane represents an
independent sample. Quantitation shown in E with the values of the WT � vehicle sample set at 1. F, Q-PCR analysis of Il4 mRNA levels in WAT of WT or CD1d�/� mice
on 4-day HFD with or without �GalCer injection. n � 4 mice each. Values represent mean � S.E. ***, p � 0.005. a.u., arbitrary units.
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vivo (8). The lack-of-effect of NKT cells at late stages of obesity
in the absence of stimulation is not surprising given themassive
infiltration and expansion of other cells such as CD8� T cells
andmacrophages (23, 24) and given the concomitant reduction
of NKT cells (Fig. 1). Thus, these studies suggest that in the
absence of a strong agonist, NKT cell effect in adipose tissue in
the context of obesity is limited and may be dispensable; how-
ever, upon activation by a potent stimulus such as �GalCer,
NKT cells have significant impact on inflammatory responses
in adipose tissue and systemic glucose tolerance in obese
animals.
Using the�2-microglobulin-deficientmice that lack allMHC

class I molecules, including CD1d, a recent study concluded
that NKT cells infiltrate adipose tissue and that loss of NKT
cells reduces inflammation in obesity, whereas activation of
NKT cells by one injection of �GalCer had mild effect on glu-
cose tolerance in HFD animals (45), opposite to our findings.
However, interpretation of their results is confounded by the
fact that the �2-microglobulin knock-out mice not only are
deficient in NKT but also CD8� T cells (46, 47). Accordingly,

the absence of CD8� T cells may account for the reported phe-
notypes (18).
In line with the role of IL-4 in TH2 responses, our data sug-

gest the IL-4 is an important mediator of NKT cell function in
adipose tissue in the context of obesity. However, it does not
exclude the role of other TH2 cytokines such as IL-13, which is
known to be secreted byNKT cells (9). This is supported by our
observation that loss of IL-4 only partially blocked
�GalCer-mediated induction of M2 genes in adipose tissue
(Fig. 7D versus 5A). Although IL-4 and IL-13 share a common
signaling pathway through the IL-4 receptor � subunit (IL-
4R�), they may have diverse functions in vivo. Studies have
shown that repression of tumor immunosurveillance by NKT
cells was mediated via IL-13 rather than IL-4 (48). Therefore,
the role of IL-13 in NKT cell function in obesity needs to be
further delineated by using the IL-13 knock-out mice.
Our observation that, unlike their hepatic counterparts, adi-

pose-resident NKT cells have a TH2-biasing effect upon
�GalCer activation is very intriguing. The difference may be
related to the nature of antigen presenting cells, tissuemicroen-

FIGURE 7. NKT cell activation signals through the IL-4/STAT6 axis in adipose tissue. 6 –7-Week-old mice were placed on either LFD or HFD for 4 days with
two �GalCer or vehicle (Veh) injections prior to metabolic phenotyping. A, weights of body and epididymal adipose tissues. B and C, GTT, n � 7– 8 mice each
cohort with two repeats. D, Q-PCR analysis of M1 and M2 genes in WAT. n � 6 mice each cohort with two repeats. E and F, Western blot analysis of Arg1, (Tyr(P))
STAT6 and (Tyr(P)) STAT3 in WAT of WT and IL-4�/� mice (n � 3–5 mice each cohort with two repeats). The ratios of Arg1 to HSP90, Tyr(P) STAT3/6 to total
STAT3/6 were quantitated in F. G, Western blot analyses of Tyr(P) STAT6 proteins in the liver of the WT mice under 4-day HFD with or without �GalCer injection
(n � 4 –5 mice each). Each lane represents an independent sample. Values represent mean � S.E. *, p � 0.05; **, p � 0.01; ***, p � 0.005; n.s., not significant; a.u.,
arbitrary units.
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vironment, and/or the different lineage of NKT cells in adipose
tissue (8). Our preliminary data showed that unlike CD4�

CD8� NKT cells in the liver, the majority of NKT cells in adi-
pose tissue are CD4� CD8�,4 and thus may be associated with
specific functional changes. Indeed, earlier studies have shown
that CD4� CD8� versus CD4� CD8� NKT cells likely repre-
sent functionally separate lineages that may promote different
TH response with distinct capacities to secrete TH1 and TH2
cytokines (8, 49–51). Alternatively, the tissue-specific NKT
effect may reflect a unique microenvironment of adipose tissue
in terms of antigen presenting cells. Intriguingly, as adipocytes
express CD1d transcript (data not shown), they may be able to
present lipids to and directly activate NKT cells, whereas
Kupffer cells in the liver have been shown to be important for
�GalCer-mediated NKT cell activation (52). Finally, as NKT
cell activation by bacterial lipid antigens may be toll-like recep-
tor 4-dependent and IL-12-mediated (53, 54), it will be inter-
esting to investigate whether different cytokine environments
of the liver versus adipose tissue may explain the tissue-specific
NKT effect upon �GalCer activation.
Our data show that �GalCer-mediated NKT activation leads

to activation of the IL-4/STAT6 signaling axis in adipose tissue,
promoting M2 macrophage polarization. How IL-4 mediates
macrophage polarization in adipose tissue remains unclear. It
has been shown that STAT6 may modulate the activities of
nuclear receptors (PPAR� or PPAR�/�) (44) or induce the
expression of histone H3K27 demethylase Jmjd3 (encoded by
Kdm6b gene) (55, 56) to influence M2 macrophage polariza-
tion. Our data show thatM2marker genes induced by �GalCer
are not affected by lack of either PPAR� or PPAR�/� inmyeloid
cells, consistent with two recent studies demonstrating that
PPAR� and PPAR�/� in macrophages or myeloid cells are dis-
pensable for the TH2 responses (40, 57). The discrepancies may
be due to different genetic backgrounds ofmice, fatty acid com-
position of diets, or gut microbiota. It will be interesting to
delineate whether the combined actions of PPAR� and
PPAR�/� or more intriguingly epigenetic regulation by Jmjd3
may be required for the NKT cell effect in adipose tissue. Addi-
tionally, besides its effect on macrophage polarization, IL-4
may affect differentiation of naive T cells and B cells. In light of
recent studies showing important roles of various T and B cells
in the pathogenesis of obesity (18, 20), the interplay among
different cell types in obese adipose tissue is an interesting area
of future studies.
In line with the animal data, the abundance of type 1 NKT

cells in adipose tissue decreases in obese humans. Although this
was initially reported by an earlier study (31), our data using a
much larger cohort further demonstrate that abundance of type
1 NKT cells in adipose tissue negatively correlates with BMI,
insulin resistance, and OGTT glucose levels. The near-perfect
correlations between adipose NKT and metabolic parameters
suggest that these cells may be involved in the regulation of
insulin sensitivity in obese humans. As�GalCer is not toxic and
is well tolerated in humans and often stimulates the expansion
of residual NKT cell populations in other disease settings (12,

34), our data suggest that NKT-activating glycolipids may have
clinical application in treating type 2 diabetes. Therapies using
NKT lipid agonists may skew TH2 bias in adipose tissue and
hence delay or ameliorate the development of inflammation
and type 2 diabetes in obese patients. Further studies are
required to determine the optimal dosage, feeding routes, and
frequency of �GalCer or other TH2-biasing lipid agonists in
humans.
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