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M2-specific reduction of CD1d switches NKT
cell-mediated immune responses and triggers
metaflammation in adipose tissue

Huimin Zhang1,2,3, Rufeng Xue1,2,3, Shasha Zhu1,2, Sicheng Fu1,2, Zuolong Chen1,2, Rongbin Zhou1,2,
Zhigang Tian1,2 and Li Bai1,2

Metaflammation is responsible for several metabolic syndromes, such as type 2 diabetes. However, the mechanisms
by which metabolic disorders trigger metaflammation remain unclear. We identified a cell type-specific
downregulation of CD1d expression in M2 macrophages during the progression of obesity prior to the onset of
inflammation in visceral adipose tissues. A reduction in CD1d expression influenced the ability of M2 macrophages
to present antigens and caused a change in antigen-presenting cells from M2 macrophages to M1 macrophages.
With CD1d conditional knockout (KO) mice, we further demonstrated that natural killer T (NKT) cell activation by
M2 macrophages inhibited metaflammation and insulin resistance by promoting Th2 responses and M2 polarization
in visceral adipose tissues of obese mice, whereas NKT cell activation by M1 macrophages exacerbated
metaflammation and insulin resistance by promoting Th1 responses and inhibiting M2 polarization. Our results
suggest that an M2-specific reduction of CD1d is an initiating event that switches NKT cell-mediated immune
responses and disrupts the immune balance in visceral adipose tissues in obese mice.
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INTRODUCTION

Obesity-associated chronic inflammation, metaflammation, is
critically linked to insulin resistance and type 2 diabetes.
Specifically, inflammation in adipose tissue has a vital role in
the development of insulin resistance.1,2 Considerable progress
has been made in understanding the mechanisms of metaflam-
mation in adipose tissue. Metabolic disorders cause the activa-
tion of inflammatory pathways, such as NOD, TLR, NFκB and
NLRP3. Moreover, the accumulation of proinflammatory cells
in the adipose tissue of obese mice, such as classically activated
macrophages (M1) and CD8+ T cells, further promotes meta-
flammation. There are also abundant alternatively activated
macrophages (M2), ILC2, eosinophils and Tregs in the adipose
tissue of lean animals, which inhibit inflammation by secreting
the Th2 cytokines IL4, IL10 and IL13.3,4 Thus, the onset of
metaflammation is a result of an imbalance between anti- and

proinflammatory responses. The underlying mechanisms that
disrupt the immune balance remain unclear.

Macrophages are major sources of mediators that cause
insulin resistance in adipose tissues.5,6 Alteration in macro-
phage composition is an early event that indicates metaflam-
mation. M2 macrophages have anti-inflammatory functions
and predominantly comprise the adipose tissue macrophages in
lean animals.3,4 Eosinophils, which are sustained by ILC2 in
adipose tissues, promote the polarization of M2 macrophages
by secreting IL4.7,8 Obesity increases the proportion of M1
macrophages, which promote metaflammation and insulin
resistance by releasing TNFα, IL1β and IL6. The Th1 cytokines
IFNγ and TNFα from CD8+ T cells, NK cells and adipocytes
promote the polarization of M1 macrophages.3,9 In addition,
saturated free fatty acid and microbial-derived LPS in obese
mice also promote M1 polarization via TLR4 activation.10
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The cells and molecules that regulate macrophage polarization
have been demonstrated; however, the mechanisms by which
metabolic disorders change adipose macrophage composition
remain unclear.

Natural killer T (NKT) cells recognize CD1d-presented lipid
antigens. As innate-like T lymphocytes and tissue-resident
cells,11,12 NKT cells participate in the first-line of host defense.
Furthermore, NKT cells have been shown to regulate inflam-
matory diseases, including non-alcoholic fatty liver disease,13

alcoholic steatohepatitis13,14 and asthma.15,16 The roles of
NKT cells in the regulation of metaflammation have been
reported by several labs. However, the results are
controversial.17–20 Some groups indicate a protective role of
iNKT cells via the promotion of Th2 responses and accumula-
tion of M2 macrophages and Tregs.18,19,21,22 However, another
group demonstrated a pathogenic role of iNKT cells via the
promotion of Th1 responses.20 The reasons for these discre-
pancies are not clear. NKT cells may secrete both Th1 and Th2
cytokines. However, the type of antigen-presenting cells
(APCs), type of lipid antigens and NKT subsets would all
contribute to biased immune responses.23–25 Here, we deter-
mined that M2-specific downregulation of CD1d expression in
adipose tissues of obese mice influenced the antigen-presenting
capability of M2 macrophages and caused changes in APCs
from M2 to M1 macrophages. The activation of NKT cells by
M2 macrophages or M1 macrophages resulted in differently
polarized cytokine responses. Using CD1d conditional knock-
out (KO) mice, we showed that NKT cells had opposite roles
(protective vs pathogenic) in the regulation of metaflammation
and insulin resistance during the progression of obesity as a
result of the change in APCs. Thus, the M2-specific reduction
of CD1d expression in the adipose tissues of obese mice
switched the NKT cell-mediated immune responses from Th2
to Th1 and disrupted the balance between the anti- and
proinflammatory responses.

MATERIALS AND METHODS

Mice
WT mice were purchased from the Model Animal Research
Center of Nanjing University. Cd1d1 conditional knockout
mice and Vα14 Tg.cxcr6gfp/+ mice have previously been
described and were provided by Dr Albert Bendelac.23,26 All
mice were male and on the C57BL/6J background. In general,
the male mice were fed a normal chow diet (NCD) (10 kcal%
fat, Research Diets, New Brunswick, NJ, USA) or high fat diet
(HFD) (60 kcal% fat, Research Diets, New Brunswick, NJ,
USA) from 7 weeks old. The mice were housed under specific
pathogen-free conditions. All animal procedures were approved
by the USTC Institutional Animal Care and Use Committee.
Moreover, all experiments were performed in accordance with
the approved guidelines.

Preparation of stromal vascular cells
Visceral adipose tissue (VAT) was minced and centrifuged to
remove erythrocytes and subsequently digested with collagenase
type II (Sigma-Aldrich, St Louis, MO, USA). Cell suspensions

were then passed through a 100-μm stainless steel mesh and
centrifuged to remove floating adipocytes. The cell pellets were
resuspended in 40% Percoll and centrifuged. Red blood cells
were lysed by erythrocyte lysis buffer (Solarbio, Beijing, China).

Cell stimulation assays
Cells were cultured in RPMI-1640 medium supplemented with
10% FBS and 50 μM β-mercaptoethanol. M2 macrophages and
M1 macrophages from NCD mice and HFD mice (50 000 cells
per well) were sorted and cocultured independently with sorted
iNKT cells (90 000 cells per well) in the presence of α-GalCer
(1.5 μg/ml, Avanti Polar Lipids, Alabaster, AL, USA) or DMSO
(vehicle control) for 24 h. To investigate the capability of
adipose iNKT cells to produce cytokines, iNKT cells were
sorted from the VATs of Lyz2Δ/Δ mice, Cd11cΔ/Δ mice and
littermate controls on NCD or HFD and stimulated (2000 cells
per well) with PMA (50 ng/ml) and ionomycin (1 μM) over-
night. Cytokines in the supernatants were detected using CBA
kits (BD Biosciences, Franklin Lakes, NJ, USA).

Glucose tolerance tests and insulin tolerance tests
For glucose tolerance tests (GTTs), the mice were injected (i.p.)
with 2 g glucose (Sigma-Aldrich, St Louis, MO, USA) per kg body
weight after 8-h fasts. Insulin tolerance tests were performed by
injecting (i.p.) 0.75 U insulin (Thermo Fisher Scientific, Waltham,
MA, USA) per kg body weight after 6-h fasts.

Western blot
The mice were injected with insulin (1 U/kg) 10min prior to
the removal of visceral adipose tissues, livers or muscles.
Antibodies against IRS1 (CST, Danvers, MA, USA), pSer307-
IRS1 (Santa Cruz Biotech, Dallas, TX, USA), AKT (CST),
pThr308-AKT (CST) and GAPDH (Proteintech, Chicago, IL,
USA) were used to measure protein levels via western blot.

Flow cytometry analysis
Stromal vascular cells (SVCs) were blocked with anti-CD16/32
(1 μg/ml) and subsequently stained with monoclonal antibodies
on ice. For intracellular CD1d measurements, surface CD1d was
blocked with purified anti-CD1d (2.5 μg/ml), and intracellular
CD1d was stained with anti-CD1d-PE after fixation and permea-
bilization. To measure the ability of APCs to present antigen,
mice were injected with α-GalCer (5 μg per mice) or PBS buffer
overnight, and the antibody L363 was used to detect the CD1d-α-
GalCer complex on the cell surface. The monoclonal antibodies
were as follows: purified anti-CD16/32 (93), anti-CD11c (N418),
anti-CD90.2 (30-H12), anti-CD11b (M1/70), anti-CD206
(C068C2), anti-NK1.1 (PK136), anti-CD1d (1B1), anti-B220
(RA3-6B2), anti-Siglec-F (E50-2440), anti-CD4 (GK1.5), anti-
TCRβ (H57-597), anti-CD8α (53-6.7), anti-F4/80 (BM8) and
anti-NK1.1 (PK136). All antibodies were purchased from BioLe-
gend (San Diego, CA, USA). CD1d-PBS57 tetramer was provided
by the NIH Tetramer Core Facility. Cells were washed and
acquired using a FACSVerse flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA), and the data were analyzed with
FlowJo 7.6 software (TreeStar, Ashland, OR, USA).
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Confocal microscopy
To investigate the cell type that presented α-GalCer, Vα14 Tg.
cxcr6gfp/+ mice on NCD or HFD were injected with
α-GalCer (5 μg/mice) or PBS buffer for 12 h, and VATs were
extracted and minced into 1–2mm pieces for staining.

To investigate the cell types that presented endogenous antigen,
GFP+ iNKT cells were enriched from the livers and spleens of
Vα14 Tg.cxcr6gfp/+ mice with anti-CD4-PE and anti-PE
MicroBeads and were transferred (5 million per mouse) to
NCD mice and HFD mice i.p. for 8 h. The purity of iNKT cells

Figure 1 M2-specific reduction of CD1d occurs prior to the onset of metaflammation. (a) CD1d surface expression in the indicated cells in
VATs was measured via FACS (black line). Cd1d1− /− mice were used as negative controls (gray solid). Mean fluorescence intensity is
presented on the right (n=5 mice per group); Cd1d1− /− mice were used to measure the non-specific staining of CD1d, which was
subtracted as background. (b–f) CD1d expression in mice on NCD or HFD for 16 weeks. CD1d surface expression on the indicated cells in
VATs (b), SATs (d), spleens and livers (f) was measured via FACS (NCD, black line; HFD, gray line). Cd1d1− /− mice were used as negative
controls (gray solid). Mean fluorescence intensity of surface and intracellular CD1d in the indicated cells in VATs (c) or SATs (e) (NCD,
white bar; HFD, black bar); Cd1d1− /− mice were used to measure the non-specific staining of CD1d, which was subtracted as background.
The data are pooled from two independent experiments with 5 to 6 mice per group. (g) Surface CD1d on M2 macrophages, M1/M2 ratio,
and mRNA level of Il1β and Tnfα in VATs of mice on NCD or HFD for 6 weeks, 8 weeks and 12 weeks (n=5–8 mice per group; NCD,
white bar; HFD, black bar). Data are represented as the mean± the s.e.m. *Po0.05, **Po0.01, ***Po0.001. HFD, high fat diet; NCD,
normal chow diet; SATs, subcutaneous adipose tissues; VATs, visceral adipose tissues.
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among GFP+ cells was ~ 83% (Supplementary Figure S3).
VATs were extracted from the recipient mice and minced into
1–2mm pieces. Adipose tissues were blocked with 5% BSA in
PBS buffer and subsequently stained with anti-CD11c-PE and
anti-F4/80-APC. For tetramer staining, adipose tissues were
initially stained with CD1d-PBS57 tetramers-PE for 2 h on a
circular shaker at room temperature, followed by staining with
anti-CD3-APC on a circular shaker at 4 °C overnight. Unload
CD1d tetramer-PE was used as a negative control. Tissue
samples were fixed and mounted with ProLong Gold anti-fade
reagent (Thermo Fisher Scientific) prior to obtaining images
with an inverted confocal microscope Zeiss LSM 710 (Carl
Zeiss, Oberkochen, Germany).

Quantitative RT-PCR analysis
The primers used are listed in the Supplemental Experimental
Procedures.

Statistical analysis
Error bars represent the s.e.m. The significance of differences
between two groups was determined by Student’s t-test.

RESULTS

M2-specific reduction of CD1d expression occurs prior to
the onset of metaflammation in visceral adipose tissues of
obese mice
In our studies, 16 weeks of HFD feeding significantly increased
the body weight and caused insulin resistance as indicated by
the GTTs and insulin tolerance tests (ITTs) (Supplementary
Figure S1). In these mice, metaflammation was identified in the
VATs but not in the livers (Supplementary Figure S1). The
onset of liver metaflammation required prolonged HFD feed-
ing and was detected after 26 weeks (Supplementary
Figure S1e). Thus, adipose tissue was the primary tissue that
contributed to systemic insulin resistance. In VATs, CD1d was
expressed in M2 macrophages (CD11b+, F4/80+, CD11c−,
CD206+), M1 macrophages (CD11b+, F4/80+, CD11c+,
CD206−) and dendritic cells (DCs, CD11c+, CD11b−). More-
over, the surface CD1d on the M2 macrophages was 3- to
5-fold higher than on the M1 macrophages and DCs
(Figure 1a). Neutrophils and eosinophils expressed 10-fold less
CD1d than the M1 macrophages (Figure 1a). Furthermore,
DCs and macrophages are well established to be more effective
in presenting antigens than neutrophils and eosinophils. Thus,
M2 macrophages, M1 macrophages and DCs, in contrast to
neutrophils and eosinophils, were potential APCs that activated
NKT cells in VATs. Interestingly, the 16-week HFD induced a
reduction of the CD1d expression in the M2 macrophages in
VATs, whereas no difference in the CD1d expression was
identified in the M1 macrophages or DCs (Figures 1b and c).
A similar M2-specific reduction of the CD1d expression was
identified in subcutaneous adipose tissues (SATs; Figures 1d
and e). In the spleens and livers, HFD did not downregulate the
CD1d expression in the main APCs, including splenic DCs, red
pulp macrophages and Kupffer cells (Figure 1f). To investigate
the relationship between M2-specific CD1d downregulation

and metaflammation, we compared the kinetics of CD1d
reduction, M1/M2 ratio elevation and inflammatory gene
expression in the VATs of HFD mice. Eight-week HFD feeding
substantially reduced the CD1d expression in the M2 macro-
phages, whereas the M1/M2 ratio, TNFα and IL1β expressions
were significantly increased after the 12-week HFD feeding
(Figure 1g). Eight-week HFD feeding only exhibited a minor
effect on the M1/M2 ratio. Altogether, our results indicated
that obesity induced an M2-specific CD1d reduction in VATs,
which occurred prior to the onset of metaflammation.

M2-specific reduction of CD1d expression changes the type
of APCs from M2 to M1
CD1d molecules present lipid antigens to NKT cells. An M2-
specific reduction of CD1d expression would influence the
ability of M2 macrophages to present antigens. To investigate
the antigen-presenting capability of APCs in VATs, mice were
injected with the lipid-antigen α-galactosylceramide (α-Gal-
Cer), and the antibody L363 was used to detect the CD1d-α-
GalCer complex on the cell surface. Surprisingly, adipose DCs
presented substantially less α-GalCer than macrophages
(Figures 2a and b). Moreover, M2 macrophages were more
effective in antigen presentation than M1 macrophages in lean
mice (Figures 2a and b). Consistent with the reduction of
CD1d expression, decreased antigen presentation was identified
in M2 macrophages in the mice on HFD (Figure 2a). More-
over, the ability to present α-GalCer was not influenced by
HFD in M1 macrophages or DCs. The cell type-specific
reduction of antigen presentation may alter the type of APCs.
To further determine the type of APCs that activate NKT cells
in vivo, we investigated the colocalizations between iNKT cells
and distinct APCs in response to α-GalCer. Vα14 Tg.cxcr6gfp/+

mice have previously been used to investigate the location of
iNKT cells in vivo.12,27 Approximately 80–90% of GFP+ cells
are iNKT cells in the livers and spleens of these mice, whereas
the percentage was substantially lower (o50%) in VATs. Thus,
GFP could not be used to indicate iNKT cells in adipose tissues,
with the exception of in the presence of the exogenous antigen
α-GalCer, which induces interactions between iNKT cells and
APCs. VATs were stained with fluorescent antibodies against
CD11c and F4/80 to distinguish candidate APCs, M2, M1 and
DCs. A few F4/80+ CD11c− M2 macrophages were dispersed in
the VATs of the mice fed NCD, whereas F4/80+ CD11c+ M1
macrophages and F4/80− CD11c+ DCs were less observed.
GFP+ cells and APCs showed no colocalization in the lean mice
without α-GalCer (Figure 2c). α-GalCer recruited GFP+

iNKT cells to M2 macrophages in the mice fed on NCD
(Figure 2c). In the mice fed on HFD, GFP+ iNKT cells were
recruited to M1 macrophages by α-GalCer (Figure 2c); how-
ever, there were abundant M2 macrophages in VATs
(Figure 2d). These results indicated that the type of APCs that
presented exogenous antigen was changed in the HFD mice as
a result of the reduced antigen-presenting capability of M2
macrophages. We subsequently investigated the type of APCs
that presented endogenous antigen to NKT cells in obese mice.
GFP+ iNKT cells were isolated from the spleen and liver of
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Vα14 Tg. cxcr6gfp/+ mice and transferred to recipient mice on
NCD or HFD (Figure 2e). Most of these GFP+ cells were CD3+

tetramer+ in the VATs of the recipient mice, which indicates
iNKT cells (Figure 2f). The majority of the iNKT cells (62%)
were not colocalized with the stained APCs in the mice fed on
NCD (Figures 2g and i). Interestingly, an 8-week HFD resulted
in the accumulation of M2 macrophages in VATs and
increased the colocalizations between iNKT cells and M2

macrophages (up to 68%, Figures 2g and i). Increased iNKT-
M1 colocalizations were also identified at a lower percentage
(15%). At the later stage of obesity (16 weeks on HFD), the
colocalizations of iNKT cells with M1 macrophages increased
to 52% (Figures 2g and i). However, the colocalizations
between iNKT cells and M2 macrophages declined to 30%
(Figures 2g and i). Furthermore, the colocalizations between
the GFP+ cells and macrophages depended on the CD1d

Figure 2 Change in APCs from M2 macrophages to M1 macrophages during progression of obesity. (a, b) Surface CD1d (a) and CD1d-α-
GalCer (a, b) on the indicated cells in VATs of mice on NCD (blue line, n=4) or HFD (red line, n=3) for 16 weeks. Cd1d1− /− mice were
used as negative controls (gray solid). The mean fluorescence intensity of CD1d or the CD1d-α-GalCer complex was indicated in each
panel. (c) α-GalCer induced colocalizations between iNKT cells (green) and M2 macrophages (blue), M1 macrophages (purple) or DCs (red)
in VATs of Vα14 Tg.cxcr6gfp/+ mice on NCD or HFD for 12 weeks (n=3–4 mice per group). Scale bar, 50 μm. (d) M1/M2 ratio in VATs of
mice in c. (e, f) Transferred iNKT cells were detected by tetramer staining in VATs of recipient mice. Scale bar, 50 μm. (g) Colocalizations
between transferred iNKT cells (green) and M2 macrophages (blue), M1 macrophages (purple) or DCs (red) in VATs of recipient mice on
NCD or HFD for the indicated times. Scale bar, 50 μm. The data were representative of three to four mice per group. (h) Colocalizations
between transferred iNKT cells and APCs deficient in CD1d expression. Scale bar, 50 μm. (i) Percentages of iNKT cells colocalized with
the indicated cells in g. (j) Ratio of iNKT cells that interacted with M2 macrophages/iNKT cells that interacted with M1 macrophages and
the ratio of M2/M1 in VATs of recipient mice on HFD for 8 weeks or 16 weeks. Cell numbers of different macrophages were counted in
images presented in (g). Data are represented as the mean± the s.e.m. APCs, antigen-presenting cells; HFD, high fat diet; NCD, normal
chow diet; SATs, subcutaneous adipose tissues; VATs, visceral adipose tissues.
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expression. In mice, the cd1d1 gene was deleted in macrophages
and DCs (Supplementary Figure S4), and iNKT-macrophage
colocalizations induced by an HFD were not observed
(Figure 2h). These results further proved that the GFP+ cells
colocalized with macrophages were iNKT cells. Moreover, the
colocalizations between iNKT cells and macrophages were
dependent on antigen recognition in the HFD mice in contrast
to the NCD mice. Moreover, iNKT-M2 colocalizations
decreased substantially faster than the decrease in M2 macro-
phages (Figure 2j). Thus, a changed macrophage composition
could not explain the change in APCs. A reduction of CD1d
expression in M2 macrophages contributed to the change in
APCs. Furthermore, colocalizations between iNKT cells and
DCs were rarely identified in our studies (Figure 2i). DCs were
substantially less effective in antigen presentation than macro-
phages (Figures 2a and b). These findings excluded the role of
DCs in NKT cell activation in VATs.

Opposite roles for NKT cells in the regulation of glucose
tolerance are determined by types of APCs
To investigate the influence of APCs on NKT cell-mediated
immune responses, M2 macrophages and M1 macrophages
sorted from NCD mice, and HFD mice were cocultured
independently with iNKT cells in the presence of α-GalCer.
Compared with M1 macrophages, M2 macrophages induced
the production of more IL4 and IL13 and less IFNγ by
iNKT cells. Moreover, the production of cytokines was
completely inhibited by the absence of α-GalCer or the
presence of anti-CD1d antibody, which indicates their depen-
dence on antigen presentation (Figure 3a). Thus, iNKT cell
activation by M2 macrophages polarized iNKT cells toward
Th2 responses, whereas M1 macrophages polarized iNKT cells
toward Th1 responses. When obesity changed the type of APCs
in vivo, it would also change the functions of NKT cells. To
further prove this hypothesis, we crossed Cd1d1fl/fl mice with
Lyz2cre mice or Cd11ccre mice to delete CD1d expression in
different APCs. In the Lyz2Δ/Δ mice, the CD1d expression was
deficient in M2 macrophages. In the Cd11cΔ/Δ mice, the
expression of CD1d was ablated in both M2 and M1 macro-
phages, as well as in DCs (Supplementary Figure S4). However,
DCs were not effective APCs in the activation of NKT cells in
VATs (Figures 2b and i). Thus, the differences identified
between the Lyz2Δ/Δ mice and Cd11cΔ/Δ mice were caused
by the deficiency of CD1d expression in M1 macrophages. The
deletion of CD1d in target APCs was not 100% in the Lyz2Δ/Δ

mice and Cd11cΔ/Δ mice; however, it was sufficient to inhibit
the activation of NKT hybridoma cells (Supplementary
Figure S4). Previous studies have demonstrated that condi-
tional CD1d deletion in APCs would not influence the
functions and development of iNKT cells.23 Both Lyz2Δ/Δ mice
and Cd11cΔ/Δ mice fed on NCD exhibited normal macrophage
composition and iNKT cell development in adipose tissue
(Supplementary Figure S4). Moreover, in both NCD mice and
HFD mice, conditional CD1d deletion did not change the Th1/
Th2 cytokine profiles of adipose iNKT cells, as indicated by the
production of cytokines after PMA plus ionomycin stimulation

(Figures 3b and c). Interestingly, impaired glucose tolerance
tests (GTTs) were observed in Lyz2Δ/Δ mice on HFD as early as
8 weeks; however, these impairments disappeared after
20 weeks (Figure 3d). By contrast, improved GTTs were
observed in Cd11cΔ/Δ mice on HFD after 16 and 20 weeks
but not after 8 weeks (Figure 3d). These results indicated
opposite roles of NKT cells in the regulation of blood glucose
in obese mice through interactions with distinct APCs. NKT
cell activation by M2 macrophages protected obese mice
against glucose intolerance, whereas NKT cell activation by
M1 macrophages exacerbated glucose intolerance in obese
mice. Furthermore, the kinetic differences suggested sequential
interactions between NKT cells and different macrophage
populations in obese mice. M2 macrophages were primary
APCs that activated NKT cells at an early stage of obesity,
whereas M1 macrophages were dominant APCs that activated
NKT cells at a late stage of obesity.

Inhibiting NKT–M2 interactions reduces M2 polarization
and induces metaflammation and insulin resistance
in obese mice
Lyz2Δ/Δ mice on HFD had similar body weights, visceral adipose
tissue weights, and SVC numbers per gram of fat as their
littermate controls (Figures 4a–c); however, they showed slightly
increased serum insulin and exacerbated insulin resistance as
indicated by slower glucose clearance in ITTs (Figures 4d and e).
Consistently, increased phosphorylation of Ser307-IRS1 and
decreased phosphorylation of Thr308-AKT after insulin injec-
tion were identified in the VATs of the Lyz2Δ/Δ mice on HFD
(Figure 4f). Moreover, altered pSer307-IRS1 and pThr308-AKT
after insulin injection were also detected in the livers and
muscles of the Lyz2Δ/Δ mice on HFD (Supplementary
Figure S6), which indicates an influence of CD1d deletion on
systemic insulin resistance. To further investigate how NKT cells
regulate insulin resistance through interactions with M2 macro-
phages, we isolated SVCs from VATs and compared the
proportions of immune cells. Elevated M1 to M2 ratios were
identified in the Lyz2Δ/Δ mice (Figure 4g). Moreover, a cell
number analysis also indicated a significant decline of M2
macrophages (Figure 4h). By contrast, the frequencies of DC,
NKT, CD8 T, Treg, ILC2, eosinophils and NK cells were
unchanged (Figure 4i). Furthermore, we identified substantially
decreased IL10 and Arg1 and elevated IFNγ and iNOS at the
mRNA levels in the VATs of the Lyz2Δ/Δ mice (Figure 4j). IL10
has been reported to promote M2 polarization.4 Decreased IL10
and elevated IFNγ may account for the diminished M2
macrophages. Thus, interfering with interactions between
NKT cells and M2 macrophages exacerbates insulin resistance
by inhibiting M2 polarization and promoting metaflammation
in the VATs of HFD-fed mice.

Inhibiting NKT–M1 interactions promotes M2 polarization
and inhibits metaflammation and insulin resistance in obese
mice
In Cd11cΔ/Δ mice, CD1d deletion also had no influence on
body weights, visceral adipose tissue weights and SVC numbers
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per gram of fat after feeding on HFD for 16 weeks (Figures
5a–c). However, the Cd11cΔ/Δ mice exhibited lower serum
insulin concentrations, faster glucose clearance, decreased
phosphorylation of Ser307-IRS1 and increased phosphorylation
of Thr308-AKT after insulin injection (Figures 5d–f). These
results demonstrated ameliorated insulin resistance in Cd11cΔ/Δ

mice on HFD. Moreover, altered pSer307-IRS1 and pThr308-
AKT were also detected in the livers and muscles of the
Cd11cΔ/Δ mice on HFD after insulin injection (Supplementary
Figure S6). These results indicate an influence of CD1d
deletion on systemic insulin resistance. Furthermore, the M1
to M2 ratios decreased (Figure 5g), and the numbers of M2

Figure 3 Opposite roles for NKT cells in the regulation of glucose homeostasis are determined by types of APCs. (a) Cytokines produced by
iNKT cells cocultured with M2 or M1 macrophages in the presence of α-GalCer (1.5 μg/ml), DMSO (vehicle control) or anti-CD1d antibody
(5 μg/ml). The data are representative of three experiments. (b, c) Cytokines produced by adipose iNKT cells from NCD mice (b) or HFD
mice (c) after stimulation with PMA and ionomycin (littermate controls, white bar; Lyz2Δ/Δ and Cd11cΔ/Δ, black bar). The data were
representative of three independent experiments. (d) Mice of the indicated genotypes were on NCD or HFD for 8 weeks, 16 weeks or
20 weeks, and underwent a glucose tolerance test (n=8–15 pooled mice per group; littermate controls, black triangle; conditional KO
mice, gray square). Data are represented as the mean± the s.e.m. *Po0.05, **Po0.01, ***Po0.001. APCs, antigen-presenting cells;
HFD, high fat diet; NCD, normal chow diet.
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macrophages significantly increased (Figure 5h) in the Cd11cΔ/Δ

mice on HFD. No change in DC, NKT, CD8 T, Treg, ILC2,
eosinophils and NK cells was identified (Figure 5i). Consistent
with elevated M2 macrophages, increased IL4,
IL13 and Arg1, and decreased TNFα and iNOS mRNA
levels were also identified in these mice (Figure 5j). The

different outcomes between the Lyz2Δ/Δ mice and Cd11cΔ/Δ

mice were caused by CD1d deletion in M1 macrophages.
Altogether, our results suggested that the inhibition of NKT–
M1 interactions improved insulin resistance by promoting M2
polarization and inhibiting metaflammation in VATs of
HFD mice.

Figure 4 CD1d deletion in M2 macrophages inhibits M2 polarization and promotes metaflammation. (a) Body weights of Lyz2Δ/Δ

mice (square) and littermate controls (triangle) were monitored for 16 weeks on NCD or HFD (n=9–12 pooled mice per group).
(b–d) Weights of VAT (n=13–14 pooled mice per group), SVC numbers per gram of VAT (n=6 pooled mice per group), and serum insulin
concentrations (n=11 pooled mice per group) in Lyz2Δ/Δ mice (black bar) and littermate controls (white bar) were measured after
16 weeks on HFD. (e) Lyz2Δ/Δ mice (square) and littermate controls (triangle) were fed on NCD or HFD for 16 weeks and underwent an
insulin tolerance test (ITT, n=7 pooled mice per group). (f) Levels of IRS1, IRS1 phospho-Ser307 (pSer307-IRS1), AKT and AKT
phosphor-Thr308 (pThr308-AKT) with or without insulin injection in VATs of mice fed on NCD or HFD for 14–16 weeks were detected via
western blot (left). Ratios of pIRS1/IRS1 and pAKT/AKT with insulin in HFD mice are presented on the right (littermate controls, white
bar; Lyz2Δ/Δ mice, black bar; n=4 pooled mice per group). (g–i) Proportions (g n=12–15 pooled mice per group; i n=12–15 or n=5–10
pooled mice per group) and absolute numbers (h n=5–7 pooled mice per group) of the indicated cells in VATs after 16 weeks on HFD
(littermate controls, white bar; Lyz2Δ/Δ mice, black bar). (j) mRNA levels of cytokines, chemokines and macrophage markers in VATs after
16 weeks on HFD (n=12–14 pooled mice per group; littermate controls, white bar; Lyz2Δ/Δ mice, black bar). Data are represented as the
mean± the s.e.m. *Po0.05, **Po0.01. HFD, high fat diet; NCD, normal chow diet; SVC, stromal vascular cell; VATs, visceral adipose
tissues.
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DISCUSSION

Together, our studies demonstrated the mechanisms by which
metabolic disorders caused the imbalance of anti- and proin-
flammatory responses. NKT cell activation by M2 macrophages
was induced by metabolic disorders, which promoted M2
polarization and inhibited metaflammation. However, meta-
bolic disorders induced an M2-specific reduction of CD1d

expression at a later stage of obesity, which influenced the
antigen-presenting capability of M2 macrophages and caused a
change in APCs from M2 to M1 macrophages. As a con-
sequence, the activation of NKT cells by M1 macrophages
promoted Th1 responses and inhibited M2 polarization. This
impaired M2 polarization further favored M1–NKT interac-
tions. Thus, the reduction of CD1d expression in M2

Figure 5 CD1d deletion in M1 macrophages promotes M2 polarization and inhibits metaflammation. Body weights of Cd11cΔ/Δ mice
(square) and littermate controls (triangle) were monitored for 16 weeks on NCD or HFD (n=8–9 pooled mice per group). (b–d) Weights of
VATs (n=10–13 pooled mice per group), SVC numbers per gram of VAT (n=10–13 pooled mice per group), and serum insulin
concentrations (n=12–14 pooled mice per group) in Cd11cΔ/Δ mice (black bar) and littermate controls (white bar) were measured after
16 weeks on HFD. (e) Cd11cΔ/Δ mice (square) and littermate controls (triangle) were fed on NCD or HFD for 16 weeks and underwent an
ITT (n=17–20 pooled mice per group). (f) Levels of IRS1, IRS1 phospho-Ser307 (pSer307-IRS1), AKT and AKT phosphor-Thr308
(pThr308-AKT) with or without insulin injection in VATs of mice fed on NCD or HFD for 16 weeks were detected via western blot (left).
Ratios of pIRS1/IRS1 and pAKT/AKT with insulin in HFD mice are presented on the right (littermate controls, white bar; Cd11cΔ/Δ mice,
black bar; n=4 pooled mice per group). (g, h) Proportions (g, n=13–19 pooled mice per group; i, n=13–19 or n=5–8 pooled mice per
group) and absolute numbers (h, n=12–17 pooled mice per group) of the indicated cells in VATs after 16 weeks on HFD (littermate
controls, white bar; Cd11cΔ/Δ mice, black bar). (j) mRNA levels of cytokines, chemokines, and macrophage markers in VATs after
16 weeks on HFD (n=10–18 pooled mice per group; littermate controls, white bar; Cd11cΔ/Δ mice, black bar). Data are represented as
the mean± the s.e.m. *Po0.05, **Po0.01, ***Po0.001. HFD, high fat diet; ITT, insulin tolerance test; NCD, normal chow diet; SVC,
stromal vascular cell; VATs, visceral adipose tissues.
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macrophages is a critical event that switches NKT cell-mediated
immune responses and disrupts the immune balance.

CD1d is widely expressed in vivo on both hematopoietic and
nonhematopoietic cells. Controlling CD1d expression is one
approach to modulate NKT cell-mediated immune responses.
In addition to our studies, the downregulation of CD1d in
epithelial cells or APCs has been reported in inflammatory
bowel disease,28,29 tumor30 and infection disease,31,32 and was
responsible for the pathogenesis of diseases. The mechanisms
that regulate CD1d expression in a cell type-specific manner
during the progression of obesity are not fully understood, and
further studies are required. In addition to CD1d expression,
antigen presentation and the type of antigens also influence the
type of APCs and NKT cell-mediated immune responses.33

Inflammatory signals are reported to promote the synthesis of
endogenous antigens for NKT cells.34,35 Moreover, lipidomic
studies have shown different lipid profiles in obese objects,
particularly for phospholipids and sphingolipids.36–38 Further-
more, interactions between NKT cells and macrophages in
VATs were induced by obesity and depended on CD1d
expression (Figures 2g and h), which suggests a potential
accumulation of endogenous antigens in obese VATs. The
endogenous antigens for NKT cells in VATs have not been
identified. Whether M1 macrophages and M2 macrophages
present different antigens and whether antigens are synthesized
by macrophages or are released by apoptotic adipocytes are not
known. Our studies did not exclude that antigen uptake,
antigen processing and antigen type would also contribute to
the change in APCs during the progression of obesity. The
influence of distinct APCs on NKT cell functions has been
thoroughly investigated. Moreover, the work indicated that
cytokines from activated APCs as feedback influenced NKT
cell-mediated immune responses.23 Interactions between
NKT cells and macrophages are reciprocal. M1 macrophages
have different cytokine profiles than M2 macrophages. It has
been shown that the inflammatory cytokines IL12 and IL18
promote IFNγ production from iNKT cells.34,35,39 Thus, M1
macrophages may polarize the NKT cell-mediated responses
toward Th1 by releasing IL12 and IL18. Moreover, IL10 from
M2 macrophages may inhibit IFNγ production from NKT cells
and polarize NKT cell-mediated immune responses toward
Th2. In addition to obesity, other stress signals would also
disturb the immune balance by modulating CD1d expression
and lipid-antigen synthesis. Thus, NKT cells would represent a
critical link between stress and the onset of diseases.

Our results demonstrated a protective role of NKT cells in
controlling blood glucose at an early stage of obesity and a
pathogenic role at a late stage of obesity. These findings explain
previous controversial results.17–20 In obese NKT-deficient
mice, exacerbated glucose intolerance and insulin resistance
have been reported by several groups. In these studies,
NKT cells have been shown to promote Th2 responses, and
the accumulation of M2 macrophages and Tregs.18,19,21,22

Moreover, another group indicates that NKT cells promote
Th1 responses and insulin resistance in obese mice.20 In their
studies, obese NKT-deficient mice exhibited ameliorated

glucose intolerance. Our results demonstrated a dynamic
switch in NKT cell-mediated immune responses during the
progression of obesity. The animal models used in our studies
were different from previous studies. CD1d KO and Jα18 KO
mice were previously used, in which NKT cells were deficient
from birth. These animal models were unable to exhibit
alterations in NKT cell functions during the progression of
diseases. In addition to previous work that focused on the
nature of NKT cells, our studies shed light on the entire cellular
networks directly or indirectly regulated by NKT cells. In a
comparison of the Lyz2Δ/Δ mice with the Cd11cΔ/Δ mice on
HFD, the latter showed elevated Th2 cytokines (Figures 4j and
5j), which were not induced by direct M2-NKT interactions as
a result of the CD1d deficiency in M2 macrophages in the
Cd11cΔ/Δ mice (Supplementary Figure S4). Thus, NKT–M1
interactions have a broad effect on Th2 response inhibition.
Alterations in the type of APCs would influence a number of
downstream immune cells. Furthermore, it is well established
that NKT cells could regulate the functions of conventional
T cells and NK cells,40–42 which have been shown to regulate
metaflammation in adipose tissue.43–45 We did not identify
differences in the cell numbers of CD8+ T, Treg, CD3+

tetramer− NK1.1+ cells, NK cells, ILC2 or eosinophils
(Figures 4i and 5i); however, their functions may be different.
Previous studies have indicated a role of NKT cells in blood
glucose regulation in lean mice.18 In our studies, CD1d
conditional KO mice on NCD exhibited similar body
weights and glucose homeostasis as the littermate controls
(Supplementary Figure S4). These results were consistent with
the rare colocalization between macrophages and iNKT cells in
the mice fed on NCD (Figures 2g and i) and suggested that
interactions between macrophages and NKT cells were not
involved in controlling blood glucose in lean mice. Thus, other
cells but not macrophages would be responsible for the
activation of NKT cells in the VATs of lean mice. For example,
adipocytes have been shown to express CD1d and activate
NKT cells.18,46 To understand the reciprocal activation of
adipocytes and NKT cells, mice with CD1d deletion in
adipocytes would be helpful. We also noted that previous
studies have suggested a role of NKT cells in the regulation of
liver metaflammation, as well as adipose tissue
metaflammation.18–20,47 In our studies, the HFD mice only
exhibited inflammation in the VATs and not in the livers when
we performed the experiments (Supplementary Figure S1).
Liver inflammation was detected after 26 weeks of HFD
feeding. Even in VATs, 12 weeks were required to induce the
elevation of the M1/M2 ratio and the expression of inflamma-
tory genes, which was substantially longer than other labs.21

Thus, the rate of disease development in our studies may be
slower than other studies. The discrepancy in disease develop-
ment may be caused by different microbiota between different
labs.48,49 Moreover, consistently, no difference in inflammatory
gene expression was identified in the livers and muscles of the
CD1d conditional KO mice on HFD for 16 weeks (Supple-
mentary Figure S5). Thus, adipose tissue inflammation was
responsible for the insulin resistance in our studies.
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Here, we demonstrated an effect of NKT cells on M2
macrophage polarization but not M1 macrophage polarization.
The recruitments of M1 and M2 macrophages are regulated by
different mechanisms. Previous studies have suggested that M1
macrophages originate from CCR2+ monocytes in adipose
tissues in contrast to M2 macrophages.50 It has been reported
that macrophages in tissues could derive from embryonic
precursors (tissue-resident macrophages) or bone marrow
monocytes.51,52 Different origins of M1 and M2 macrophages
may also explain the different CD1d deletion efficiencies in
Lyz2Δ/Δ mice. Whether M2 macrophages in adipose tissue are
derived from embryonic precursors remains unknown. Illumi-
nating the origins of adipose macrophages would help to
understand the mechanisms that regulate the polarization of
M2 macrophages.

Overall, our findings suggest that the M2-specific down-
regulation of CD1d expression is an initiation signal that
switches NKT cell-mediated immune responses and triggers
metaflammation. Our results also suggest tissue-resident
NKT cells and the CD1d molecule as important players in
the regulation of immune homeostasis and early responses to
stress signals.
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