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Natural Killer T Cells in Adipose Tissue Are Activated

in Lean Mice
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Abstract: Adipose tissues are closely connected with the immune system. It has been suggested
that metabolic syndromes such as type 2 diabetes, arteriosclerosis and liver steatosis can be attributed
to adipose tissue inflammation characterized by macrophage infiltration. To understand a physiological
and pathological role of natural killer T (NKT) cells on inflammation in adipose tissue, we characterized
a subset of NKT cells in abdominal and subcutaneous adipose tissues in C57BL/6J mice fed normal
or high-fat diets. NKT cells comprised a larger portion of lymphocytes in adipose tissues compared
with the spleen and peripheral blood, with epididymal adipose tissue having the highest number of
NKT cells. Furthermore, some NKT cells in adipose tissues expressed higher levels of CD69 and
intracellular interferon-y, whereas the VB repertoires of NKT cells in adipose tissues were similar to
other cells. In obese mice fed a high-fat diet, adipose tissue inflammation had little effect on the V3
repertoire of NKT cells in epididymal adipose tissues. We speculate that the NKT cells in adipose
tissues may form an equivalent subset in other tissues and that these subsets are likely to participate
in adipose tissue inflammation. Additionally, the high expression level of CD69 and intracellular IFN-y
raises the possibility that NKT cells in adipose tissue may be stimulated by some physiological

mechanism.
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Introduction

The World Health Organization (WHO) recently es-
timated that more than one billion adults were over-
weight and 500 million were obese [34]. Numerous re-
cent studies have shown that not only are metabolic
syndromes such as type 2 diabetes, dyslipidemia, liver
steatosis and arteriosclerosis caused by obesity, but also
are cancers, strokes and other noncommunicable dis-
eases [10].

Over the past 10 years, a large number of studies have
established that chronic adipose tissue inflammation is
closely associated with metabolic syndromes. Macro-
phages resident in adipose tissues activated by the innate

immune response are thought to induce adipocyte death
and lead to the secretion of several inflammatory me-
diators, resulting in inflammation in adipose tissues.
Studies have shown that tumor necrosis factor o. (TNF-a),
IL-6, and IL-1p are produced in adipose tissues and the
liver, and are exposed to inflammatory mediators. A long-
term, low-dose exposure to these cytokines is connected
to adipose tissue insulin resistance [7]. Other immune
cell types, such as T helper cells, cytotoxic T cells, B
cells, and mast cells, also cause adipose tissue inflam-
mation [19, 24, 32, 33]. This makes it necessary to un-
derstand the role of each of the immune cells involved
in adipose tissue inflammation, to develop new immu-
nological therapies for metabolic syndrome. Although
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previous studies have reported a role for NKT cells in
adipose tissue inflammation [17, 21, 27], this is contro-
versial and little is known of the NKT cells resident in
adipose tissue in lean mice.

NKT cells have the properties of NK and T cells. Un-
like T cells, which recognize peptides, NKT cells are
unique in recognizing glycolipids as antigens. These
antigens are presented by the major histocompatibility
complex (MHC) class 1-like molecule, CD1d [12]. Re-
cent research suggests that NKT cells comprise various
subsets. A major one of these, invariant NKT (iNKT)
(also known type 1 NKT) cells, expresses an invariant
T cell antigen receptor (TCR), the a-chain of which is
formed by a variable region 14 a-chain and joint region
18 a-chain (Val4Jal8) in mice and Va24Jal8 in hu-
mans, and the variable B-chain (VB) of which has the
following variants: VB8, V7, and V2. Moreover, NKT
cells are classified into CD4-positive and CD4-negative
groups [12].

NKT cells may be involved in both defense against
microbial pathogens and the anti-tumor response; this
protective effect may be associated with the production
of T helper 1 (Tyl) cytokines, including interferon-
gamma (IFN-y) [8]. Antitumor NKT cells resident in the
liver are primarily CD4-negative [6]. Additionally, NKT
cells are thought to be involved in the regulation of sev-
eral autoimmune diseases including type 1 diabetes,
bronchial asthma and experimental autoimmune en-
cephalomyelitis [22, 25, 26, 27]. For example, produc-
tion of T2 cytokines, including IL-4 and IL-13, by NKT
cells not only protects against experimental autoimmune
encephalomyelitis by suppressing the T 1 response, but
also induces airway hyperreactivity, a prime feature of
the Ty2 response, which promotes asthma [22, 27].

The immunological functions of NKT cells are thought
to change within the subsets and according to environ-
ment [4, 29]. Therefore, identification of NKT cell sub-
sets resident in adipose tissue may provide an important
clue to the physiological and pathological roles of NKT
cells. White adipose tissues are present in the abdominal
cavity and subcutaneous areas, and are anatomically and
physiologically distinct [15]. In this study, we evaluated
the proportions of NKT, NK and T cells in abdominal
and subcutaneous adipose tissue, the spleen and periph-
eral blood and identified a major subset of NKT cells
resident within adipose tissue. Moreover, we show that
NKT cells in adipose tissue were more active than those
in the spleen and peripheral blood, and we investigated

the TCR V{ repertoire and the change in the main subset
of NKT cells in obesity using diet-induced obese mice.

Materials and Methods

Animals

We used male C57BL/6] mice. Mice were housed
under a 12-h light/12-h dark cycle and fed a normal CRF-
1 diet (6% fat, Oriental Yeast Co., Ltd., Tokyo, Japan)
or a high-fat diet (D12492, 60 Kcal% fat, Research Di-
ets, New Brunswick, NJ, USA) ad libitum. For the diet-
induced obese (DIO) mice, C57BL/6J mice were ob-
tained at 7 weeks, acclimated for 1 week and then fed a
high-fat diet from 8 until 20 weeks. Mice were main-
tained under an SPF environment, and all animal ex-
periments were approved by the Institutional Animal
Care and Use Committee of the University of Tokyo,
and performed in accordance with the guidelines for
animal experiments.

Flow cytometry

We referred to adipose tissue protocols described by
Brake et al. [2]. Epididymal adipose tissue and the spleen
were removed from 20-week-old C57BL/6J male mice.
Stromal vascular fraction (SVF) from adipose tissues
was isolated by digesting adipose tissue with 2 mg/ml
type 2 collagenase (Worthington Biochemical Corpora-
tion, Lakewood, NJ, USA), removing adipocytes. Sple-
nocytes were isolated by physically dissociating spleens
between the frosted ends of two glass slides. Red blood
cells in SVF and splenocytes were removed with ACK
lysing buffer.

The following monoclonal antibodies which were
conjugated with biotin, FITC, PE, PE-Cy7, PerCP-
Cy5.5, APC, APC-Cy7, and PE-Cy7 were purchased
from eBioscience (San Diego, CA, USA), Miltenyi Bio-
tec (Bergisch Gladbach, Germany) and BioLegend (San
Diego, CA, USA): anti-CD3g (145-2C11), anti-NK1.1
(PK136), anti-CD69 (H1.2F3) and anti-IFN-y (XMG1.2)
antibodies, and rat IgG isotype control (¢eBRG1). Purified
anti-FcyRII/III (2.4G2) antibody for FcR blocking was
purchased from Ancell (Bayport, MN, USA). Streptavi-
din PerCP-Cy5.5 was purchased from eBioscience.

For intracellular cytokines staining, SVF was cultured
in RPMI-1640 (Life Technologies, Carlsbad, CA, USA)
supplemented with 10% FBS, and stimulated with 50
ng/ml phorbol 12-myristate 13-acetate (PMA) (Life
Technologies) and 500 ng/ml ionomycin (Life Tech-
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nologies) for 5 h, and added to 10 ug/ml brefeldin A
(eBioscience) at 2 h after stimulation at 37°C. Single-cell
suspensions were incubated with anti-FcyRII/III anti-
body for 20 min, incubated with anti-cell surface mark-
er mAbs for 30 min on ice and then washed. Subse-
quently, the cells were fixed with 4% paraformaldehyde
for 10 min at room temperature, and permeabilized by
PBS with 0.5% saponin (Life technologies) and 0.5%
BSA, and incubated with anti-cytokine mAbs overnight
at 4°C. Data were acquired by flow cytometry with;
FACSCaliber and FACSCanto II systems (Becton, Dick-
inson and Co., Franklin Lakes, NJ, USA). The obtained
data were analyzed with the Flowjo software (Tree Star,
Inc., Ashland, OR, USA) and CellQuest software (Bec-
ton, Dickinson and Co.). SVF was gated according to
cell size (FSC-H) and granularity (SSC-H) criteria as
described elsewhere [5].

Histology

Mice were sacrificed by cervical dislocation. Epi-
didymal adipose tissues were dissected, fixed in 4%
paraformaldehyde, embedded in paraffin and sectioned
at 4 um. Sections were stained with hematoxylin and
eosin.

Adipose tissue imaging

Three-dimensional adipose tissue imaging was per-
formed with a confocal laser scanning microscope (LSM
510 META, Carl Zeiss, Oberkochen, Germany), and all
images were scanned with <5 um. Epididymal adipose
tissue was removed from 20-week-old C57BL/6J mice
and minced into small pieces <1 mm. The fat pieces were
fixed with 4% paraformaldehyde for 45 min, permeabi-
lized with 1% Triton-X 100 for 10 min and incubated
with Hoechst 33342 (Life Technologies, Carlsbad, CA,
USA), BODIPY FLC,, (Life Technologies), and purified
anti-CD3¢g (145-2C11) and anti-NK1.1 (PK136) antibod-
ies. DyLight 649-conjugated anti-hamster IgG (BioLe-
gend, San Diego, CA, USA) and Alexa 568-conjugated
anti-mouse IgG (Life Technologies) antibodies were
used as secondary antibodies.

Glucose and insulin tolerance tests

Glucose and insulin tolerance tests were performed as
reported previously [13]. Twenty-week-old lean and DIO
mice were fasted for 16 h but had access to drinking
water at all times. On the following day, intraperitoneal
glucose or insulin tolerance tests were performed. Blood

glucose concentration was determined using an Accu-
Chek Active blood glucose monitor (Roche Diagnostics,
Basel, Switzerland). Mice were administered 2 g/kg
glucose intraperitoneally, and the blood glucose concen-
tration was measured at 0, 15, 30, 60, 90, 120, 150, and
180 min post injection. For the intraperitoneal insulin
tolerance test, mice were administered intraperitoneally
0.5 IU/kg of insulin, and the blood glucose concentration
was determined at 0, 30, 45, 60, 75, and 90 min post
injection.

Statistical analysis

All data were evaluated using a two-tailed Student’s
t-test to determine statistical significance, unless other-
wise specified. The two-tailed Student’s #-test was per-
formed using Microsoft Excel (Microsoft Corporation,
Redmond, Washington, USA). A value of P<0.05 was
considered to indicate statistical significance.

Results

Correlation between adipose tissue weights

We assessed the relationship between body weight and
adipose tissue weight in 20-week-old male mice. First,
we extirpated epididymal and perirenal adipose tissue,
and detached femoral subcutaneous adipose tissue from
the femoral dermal, and then weighed the tissues. Body
weight was not correlated with abdominal adipose tissue
weights (data not shown). Both correlation coefficients
(body weight vs. epididymal and perirenal adipose tis-
sue) were <0.4 (data not shown). In contrast, adipose
tissue weight was correlated with other adipose tissue
weights, especially that of perirenal adipose tissue,
which correlated highly with subcutaneous adipose tis-
sue weight (Fig. 1). Subcutaneous and visceral adipose
tissues are thought to have different metabolic functions,
and these results suggested that the quantities of these
adipose tissues were equal [15], whereas body weight
did not provide an accurate indication of the quantity of
adipose tissue in lean mice.

Fraction of lymphocytes in adipose tissues, the spleen
and peripheral blood

Both epididymal and subcutaneous adipose tissues
contained many primitive lymphocytes, NK cells and
NKT cells [5]. To confirm the fraction of lymphocytes
present in adipose tissue, we enumerated NK cells
(CD3e NKI1.1%), T cells (CD3e"™NK1.17), and NKT cells
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tissues from 20-week-old mice. Epididymal adipose tissue weight was correlated with those of perire-
nal and subcutaneous adipose tissues. Perirenal adipose tissue weight was strongly correlated with that

of subcutaneous adipose tissue (n=20).

(CD3&*NK1.17). Their numbers were compared with
those in the spleen (a major lymphoid tissue) and in
peripheral blood. Adipose tissue consists primarily of
adipocytes and stromal and vascular cells; we assessed
only stromal and vascular cells by flow cytometry. The
percentage of T cells present in epididymal and perirenal
adipose tissue was equal to that in peripheral blood, but
significantly less than in the spleen. However, the per-
centage of T cells in subcutaneous adipose tissue was
equal to that in the spleen but slightly more than in pe-
ripheral blood (Fig. 2B). The proportions of NK and
NKT cells in adipose tissues were higher than those in
the spleen and peripheral blood (Fig. 2A and 2C). These
results suggest that both NK and NKT cells were found
more often in adipose tissue than in other tissues. In
addition, these findings suggest that NKT cells play a
pivotal role in the physiology of adipose tissue.

Expression of cell-surface markers and intracellular
IFN-y of NKT cells
CD3¢ and NK1.1 are cell-surface molecules on NKT

cells [3, 20, 31]. To characterize NKT cells in adipose
tissues, the expression levels of CD3¢ and NK1.1 were
determined. CD3¢ expression on NKT cells in subcuta-
neous adipose tissue was significantly higher than in the
spleen and peripheral blood (Fig. 3A), whereas expres-
sion of NK1.1 in epididymal and subcutaneous adipose
tissues was significantly higher than in the spleen and
peripheral blood (Fig. 3B). We also examined the expres-
sion level of CD69, an activation marker of lymphocytes.
High expression of CD69 was observed in NKT cells in
adipose tissue in comparison with NKT cells in the
spleen (Fig. 3C). Furthermore, we investigated whether
NKT cells in adipose tissue of nonobese young mice
retained the potential to produce cytokines. Surpris-
ingly, some NKT cells in adipose tissue produced a large
amount of IFN-y in comparison with those in the spleen
(Fig. 3D). These results suggest that NKT cells in adi-
pose tissue are functionally activated compared with
NKT cells in the spleen.
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TCR Vp repertoire of NKT cells

Almost all iNKT cells have an invariant TCR a-chain,
Val4Jal8 in mice, and limited f-chains, which consist
primarily of either VB8, V7, or V2. However, the high
levels of expression of NKT cell-surface markers in
adipose tissues and the potency with regard to producing
massive cytokines of NKT cells in adipose tissues sug-
gest that some endogenous antigens of NKT cells are
present in nonobese adipose tissue and that NKT cells
in adipose tissues express a distinct TCR V[ repertoire
compared with that of NKT cells in peripheral tissues.
We therefore assessed the TCR Vf repertoire of NKT
cells in adipose tissues, the spleen and peripheral blood
by flow cytometry. NKT cells expressing TCR V[8.1
and V8.2 formed the largest group, followed by those
expressing VB2 and V7, which also accounted for a
considerable proportion of cells, particularly in the
spleen, peripheral blood and epididymal adipose tissue,
whereas NKT cells in subcutaneous adipose tissue
showed a different pattern of Vf repertoire compared
with NKT cells in other adipose tissue (Fig. 4). These

results indicate that NKT cells in abdominal adipose
tissue are composed of similar subsets of NKT cells in
the spleen and peripheral circulation, whereas NKT cells
in subcutaneous adipose tissue are a distinct subset.

Effects of obesity on NKT cell subsets in adipose tissue

Adipose tissue inflammation, in particular that of
epididymal adipose tissue, is an important subject area
in immunology [28]. We determined whether adipose
tissue inflammation influenced NKT cell subsets in epi-
didymal adipose tissue. We prepared DIO mice as an
obesity and type 2 diabetes model by feeding 8-week-old
mice a high-fat diet (HFD) for 12 weeks. After 12 weeks,
the body weights of the DIO mice reached 49.45 + 1.33
g, while those of the lean mice reached 32.08 + 0.67 g.
DIO mice gained significant weight compared with lean
mice from the first week following the start of the HFD
(Fig. 5A).

To confirm resistance to glucose and insulin, we per-
formed glucose- and insulin-tolerance tests in lean and
DIO mice. Blood glucose concentrations in DIO mice
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Fig. 3. Flow cytometric analysis of cell-surface markers and intracellular cytokine of NKT cells. (A) Mean
fluorescence intensity (MFI) of CD3¢ in NKT cells, and (B) MFI of NK1.1 in NKT cells from periph-
eral blood, the spleen, and epididymal and subcutaneous adipose tissues. MFI determinations were
performed by flow cytometry using 20-week-old mice. (C) Flow cytometric analysis of CD69 expres-
sion in NKT cells of spleen and epididymal adipose tissue. (D) Flow cytometric analysis of intracel-
lular IFN-y in NKT cells of spleen and epididymal adipose tissue. The fraction of NKT cells was
gated by CD3e* and NK1.1" cells. Mice were 8 weeks-old. Data represent means = SEM (n=5).*P<0.05

vs. peripheral blood; 1P<0.05 vs. spleen.

were significantly higher than those in lean mice in terms
of both the glucose- and insulin-tolerance tests (Fig. 5B
and 5D). The area under the curve for the glucose-toler-
ance test and the incremental area under the curve for
the insulin-tolerance test were significantly larger than
those in lean mice (Fig. 5C and 5E). These results indi-

cate that DIO mice were sufficiently resistant to glucose
and insulin.

Additionally, histopathological examination indicated
induction of adipose tissue inflammation in DIO mice.
Adipose tissue macrophages aggregated around dead
adipocytes to form a distinct crown-like structure (CLS)
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Fig. 4. TCR VB repertoire of NKT cells. NKT cells were iso-
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perirenal and subcutaneous adipose tissues. Evaluation
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lesion. In addition, the diameter of adipocytes in DIO
mice was significantly larger than that in lean mice (Fig.
5F). These results indicate that feeding an HFD for 12
weeks induced adipose tissue inflammation.

NKT cells expressing TCR V8.1 and V8.2, VB7,
and VB2 formed the major groups in adipose tissues in
lean mice (Fig. 4). We thus determined whether NKT
cells in inflamed adipose tissues were also composed of
NKT cells expressing TCR V8.1 and V8.2, VB7, and
V2. Although DIO mice clearly exhibited adipose tissue
inflammation and type 2 diabetes with glucose and in-
sulin resistance, the proportion of NKT cells expressing
TCR V8.1 and V8.2, VB7, and VB2 in inflamed adi-
pose tissues did not change (Fig. 5G). To investigate
whether NKT cells take part in adipose tissue inflamma-

tion, we performed adipose tissue imaging. NKT cells
(CD3g* NK1.1%) were present in adipose tissue of lean
and DIO mice, being observed between mature adipo-
cytes in nonobese adipose tissue and composed par-
tially of a CLS lesion in obese adipose tissue (Fig. SH).
These results suggest that NKT cells surely take part in
adipose tissue inflammation but that the fraction of NKT
cells does not undergo a drastic change as a result of
inflammation.

Discussion

The relationship between NKT cells and adipose tissue
inflammation is controversial. Some researchers have
reported that NKT cells aggravate adipose tissue inflam-
mation [27], while others insist that NKT cells have no
effect on adipose tissue inflammation [21]. In this paper,
we characterized the TCR VJ repertoire of NKT cells in
both lean and DIO mice and found that NKT cells in
adipose tissues of lean mice expressed a higher amount
of not only cell-surface CD69 but also intracellular
IFN-y.

NKT cells were thought to exist at lower levels com-
pared with T and B cells in lymphoid tissues, but to form
a large proportion of the T cells in the small and large
intestines (4-10%), liver (>30%), and the lung (~7%)
[1, 11, 16, 23, 25]. However, NKT cells also accounted
for ~10% of cells in adipose tissues. This suggests that
adipose tissues should be recognized as another site in
which NKT cells are resident.

iNKT cells are the most common subset of NKT cells.
iNKT cells have a limited semifixed TCR, Val4Jal8
and either VB8, VPB7, or VB2 [12, 25]. Most NKT cells
express TCR VB8.1 and V8.2, V7, or VB2 in adipose
tissue, which suggests that iNKT cells represent the ma-
jor subset in adipose tissues as well as in the spleen and
peripheral blood. We assumed that obesity would alter
the main subset of NKT cells, and that a specific subset
of NKT cells in adipose tissues of DIO mice would affect
inflammation via the production of cytokines and growth
factors. However, contrary to our expectations, the main
subset of NKT cells in adipose tissues of DIO mice
seemed to be similar to that of lean mice. These results
suggest two possibilities: 1) NKT cells play a limited
role in adipose tissue inflammation, or 2) the effects of
NKT cells are masked by those of other immune cells.

We were surprised that activation markers on NKT
cells in adipose tissues were expressed at higher levels



326 T. KONDO, ET AL.

A ss % B 00 % C
50 T 20 - *x
"'IJ- = 500 M Lean
20 45 ¥ o o oDIO
s 2T Ew 1 ]
D 40 - - 2 =
5 4 8 300 2
2 35 A E ks
=1 o 22200 g 10 1
=) ). 4 3
M 30 4 r 4 S =)
i+ = 100 o
25 1 DIO 2 5
= —e—Lean 0 <
20 T 0 15 30 60 90 120 150 180
0123456789101112 Time (min) 04 '
Time (week)
G 50 -
D Time (min) E al
0 30 45 60 90 120 30 4 ean 45 -
0 aDIo HLean T
= 10 T & 25 4 40 oDIO
3 —e—Lean 1 S
5_20 - ] *
g £ 20 35
5 -30 g
S -40 315 4 &
= g 1
5 -50 £, 2 %
) =10 A
3 60 S % 25
m -70 Z 5| 2
-80 52 20 A
0 - 5]
F ) \ » z g 15 |
i ~
Lean - e «  DIO
& ’ : LE S ' 10
h) i »
R SRR o | | [ |
1 / N ) Ve \ 0 - , . .
- A 3 ; ‘ VB 2 7 8.1,82
T 7
H Lean DIO

Hoechst BODIPY 1310)0)1:2%

E
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than those in the spleen and peripheral blood. It is well-
known that the activation via TCR signaling, for ex-
ample, by treatment with anti-CD3¢ antibody, down-
regulates CD3¢ expression in T cells [14], and that
stimulation by an exogenous antigen also induced down-
regulation of cell-surface receptors on iNKT cells [3,
31]. Therefore, we thought that this result may suggest
the functions of NKT cells in adipose tissue were sup-
pressed in comparison with peripheral NKT cells. How-
ever, NKT cells in adipose tissue were unpredictably
potent with regard to secretion of large amounts of Th1
cytokines compared with NKT cells in the spleen, and
in fact, the expression of CD69, an activation marker,
was high in NKT cells in adipose tissue in comparison
with NKT cells in the spleen. These data suggests that
NKT cells were physiologically activated in adipose tis-
sues even in the absence of inflammation. In lean mice,
adipose and other tissues are thought to be maintained
in an anti-inflammatory and insulin-sensitive state [28].
NKT cells are stimulated by the proinflammatory cyto-
kines IL-12 and IL-18 and by TCR signaling. It is like-
ly that in lean mice, these proinflammatory cytokines are
produced at very low concentrations in adipose tissues
[30]. Hence, antigen recognition via CD1d may be as-
sociated with the activation of NKT cells in normal
adipose tissue. Recently, it has been reported that gram-
positive-bacteria-derived antigens can activate NKT
cells, but that adipose tissue presents a sanctuary from
infectious diseases, since to date, few infectious organ-
isms have been reported in adipose tissues [18]. There-
fore, the probability of exogenous antigens being pre-
sented to NKT cells without inflammation of the adipose
tissue is extremely slim. Our findings suggest the pre-
sentation of novel endogenous antigens to NKT cells
situated in normal adipose tissue. Endogenous antigens
of NKT cells are also present in the thymus, and one is
known to promote production of IL-4 [9]. Endogenous
antigens in adipose tissues, as well as in the thymus, also
regulate NKT cells in the anti-inflammatory state. In this
study, the activated NKT cells we described were stim-
ulated by an unknown endogenous antigen and contrib-
uted to maintenance of adipose tissue homeostasis.
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