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ABSTRACT

Obesity-induced adipose tissue inflammation is regulated by various immune cells for innate and
adaptive immunity. Among adipose tissue immune cells, it has been proposed that invariant
Natural Killer T (iNKT) cells play crucial roles in anti-inflammatory responses in obesity. iNKT cells
recognize ‘lipid’ antigens loaded on CD1d of antigen presenting cells and modulate immune
responses by secreting Th1 or Th2 type cytokines depending on species of lipid antigens, antigen
presenting cell types, and environmental cytokine milieu. However, the regulatory mechanisms of
antigen presenting cells for adipose iNKT cell stimulation have not been clearly elucidated. Recently,
we have reported that CD1d expressing adipocytes could act as an antigen presenting cell for
adipose iNKT cells by characterization of adipocyte-specific CD1d knockout (CD1d”P*°) mice. Upon
high-fat diet (HFD) feeding, CD1d*°X° mice aggravated adipose tissue inflammation and insulin
resistance compared with CD1d”" mice. In this commentary, we provide the additional data of
adipocyte CD1d-dependent regulation of adipose iNKT cell responses as well as systemic insulin
sensitivity. In addition, we discuss how the interaction between adipocytes and iNKT cells would be
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regulated with the progression of obesity.

Obesity is closely associated with numerous metabolic
diseases such as type 2 diabetes, hyperlipidemia, hyperten-
sion, and cardiovascular diseases [34]. In obesity, adipose
tissue suffers from low-grade and chronic inflammation
which are characterized by elevated expression of inflamma-
tory genes such as TNF-« and IL-6 [11,19]. Furthermore,
accumulating evidence has suggested that obesity-induced
inflammation is one of the important causal factors that
promote systemic health complications including insulin
resistance and dysregulation of glucose and lipid metabo-
lism [37,45]. Importantly, crosstalk between adipocytes and
other cells residing in adipose tissue is critical for determin-
ing tones of adipose tissue inflammation in obesity
[5,9,14,24]. Among various cells comprising stromal vascu-
lar cell (SVC) fraction of adipose tissues, immune cells sensi-
tively respond to changes in nutritional status through
modulating their compositions and characters which conse-
quently lead to alteration of inflammatory tones in adipose
tissue [14,46]. For instance, numerous anti-inflammatory
immune cells such as M2 (alternatively activated macro-
phage), eosinophils, and regulatory T (Treg) cells are present
in lean adipose tissues. On the contrary, the pro-inflamma-
tory immune cells such as M1 (classically activated)

macrophages, Th1 T cells, and CD8 T cells are significantly
elevated in obese adipose tissue, concomitantly with the
reduced number of anti-inflammatory immune cells
[6,26,36,40,49]. In particular, macrophages compose pre-
dominant proportion of adipose leukocytes, and they are
one of the decisive cell types to control adipose tissue
inflammation [46]. Not only a total number of macrophages
but also M1 polarized macrophages are increased in obese
adipose tissues [26]. Although the binary switch model for
adipose tissue macrophages into M1 and M2 has been chal-
lenged due to their mixed marker profiles, adipose tissue
macrophages are largely categorized into M1 as pro-inflam-
matory cytokine (TNF-« and IL-1) secreting CD11c" mac-
rophages and M2 as anti-inflammatory and arginase-1
expressing CD11¢~ CD206™8" macrophages [4,29].

The key signaling components for M1/M2 macro-
phage polarization are Thl (IFN-y)/Th2 (IL-4, IL-5,
IL-13) cytokines which are produced mostly by T cells
[4,37]. Thus, it is likely that the balance between Thl
and Th2 responses plays a decisive role in the regulation
of obese adipose tissue inflammation. Concomitant with
increased M1 polarization, the predominance of Thl
response over Th2 response is one of the well-known
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characters of obesity-induced systemic inflammation as
well as adipose tissue inflammation [8,14]. For example,
increased IFN-y secreting T helper cells in blood and
adipose tissue support skewed Th1/Th2 response in obe-
sity [39,40]. Additionally, C57BL6 mouse strain that
exhibits Th1-biased response is more susceptible to obe-
sity-induced inflammation compared with BALB/c
mouse strain that exhibits Th2-biased response [33,35].
While IFN-y is produced by Thl cells, CD8 T cells, and
NK cells in adipose tissue [23,36,48], IL-4, one of the rep-
resentative Th2 cytokines, is released from Th2 cells and
eosinophils [48,49]. Furthermore, recent studies have
demonstrated that adipose invariant Natural Killer T
(iNKT) cells would be a significant contributor for Th2
type cytokines including IL-4 and IL-10 in adipose tis-
sues [12,15,16,28,29,44].

NKT cells are innate-like lymphocytes which could
connect innate and adaptive immune responses by rec-
ognition of lipid antigens [1,3]. NKT cells are largely
classified into three types; invariant NKT (iNKT) cells
(type 1), diverse NKT (type II) cells, and NKT-like cells
[7]. Although both type I and type II NKT cells can rec-
ognize lipid antigens loaded on CD1d molecule, which is
an MHC class I-like family protein, they recognize differ-
ent species of lipid antigens [1,7]. iNKT cells have been
identified as a predominant subset that is reactive to a
marine sponge-derived glycolipid «-galactosylceramide
(a-GC) [20]. Upon activation signaling, iNKT cells can
rapidly secrete a large amount of cytokines. Particularly,
iNKT cells are able to differentially secrete either Thl-
type or Th2-type cytokines depending on the species of
lipid antigens, antigen presenting cell (APC) types, and
cytokines [3]. Along with these complex characters of
iINKT cells, there are controversies for the role of
iNKT cells in the regulation of obesity-related
inflammation as well as adipose tissue inflammation
[12,15,16,21,29,41,42,44,50]. Whereas it has been
reported that adipose iNKT cells might have pro-inflam-
matory roles or no significant roles for adipose tissue
inflammation [21,41,42,50], many studies including our
previous papers have shown that adipose iNKT cells har-
bor the anti-inflammatory functions in the regulation of
obesity-related inflammation [12,15,16,28,29,44]. Of
course, we can’t exclude the possibility that several differ-
ences in high-fat diet composition, animal facility-related
microbiota, and control group mice could affect different
phenotypes of a-GC-treated mice or iNKT cell-deficient
mice [12,13,29]. These issues need to be clarified in the
future study. Nonetheless, there are several pieces of evi-
dence for the beneficial role of iNKT cells in obesity.
Firstly, the number of adipose iNKT cells is decreased in
obese adipose tissues of human and mouse models
[12,16,29]. Similar to iNKT cells, other anti-

inflammatory cell types such as M2 macrophages, eosi-
nophils, and Treg cells are also reduced in obese adipose
tissues [6,26,49]. Secondly, this numerical reduction in
adipose iNKT cell population is one of the causal factors
for obesity-related adipose tissue inflammation, which
has been supported by the findings that increased sus-
ceptibility to obesity and its related metabolic complica-
tions in iNKT cell-deficient model mice (Jor18 KO mice)
[12,29,44]. It has been reported that HFD-fed Ja18 KO
mice gain more body weight and fat mass as well as
exhibit enhanced adipose tissue inflammatory responses
including increased M1 macrophage number and pro-
inflammatory gene expression [12,29]. Lastly, it has been
shown that the adoptive transfer of iNKT cells and «-GC
injection into obese mice improve insulin sensitivity and
inflammation [16,29]. Moreover, IL-2, IL-4, and IL-10
have been suggested as the candidate mediators for anti-
inflammatory roles of iNKT cells [13,15,16,28,29].

Despite of these findings, the regulatory mechanisms
for adipose iNKT cells in obesity have not been clearly
elucidated. Very recently, we have reported that adipo-
cytes could act as a crucial lipid APC for adipose iNKT
cells in vivo [13]. This idea has been evolved with follow-
ing findings. Firstly, we discovered that CD1d, which is a
lipid antigen-presenting molecule for iNKT cells, is
highly expressed in adipocytes than any other cell types
including adipose tissue macrophages [12,13]. Secondly,
it has been shown that o-GC-loaded adipocytes are able
to activate iNKT cells in cell culture system [12]. Thirdly,
adipocytes are professional cells to sense and handle the
alteration of dynamic lipid metabolism for whole body
energy homeostasis [24,30]. Moreover, the level of pro-
inflammatory gene expression is gradually and signifi-
cantly elevated in adipocyte fraction as well as SVCs
upon HED feeding periods [24]. These findings led us to
hypothesize that adipocytes would be an effective APC
to present lipid antigens for the fine-tuning of adipose
iNKT cell responses depending on nutritional status.

We have observed that suppression of CD1d expres-
sion in 3T3-L1 adipocytes and primary adipocytes inhib-
its a-GC-induced INKT cell activation [12]. However,
the in vivo role of adipocyte CD1d had not been clearly
established because there are other classical APCs such
as dendritic cells, macrophages, and B cells in adipose
tissues [2,26,47]. In addition, given that adipocytes
actively process lipid metabolites which could stimulate
iNKT cells, it is plausible to speculate that adipocyte
could play important roles as an APC for adipose iNKT
cells. To address these issues, we decided to generate adi-
pocyte-specific CD1d KO (CD1d*"*°) mice and have
investigated adipose iNKT cells, HFD-induced inflam-
matory responses in adipose tissue, and systemic insulin
sensitivity [13]. Compared to control CD1d”" mice,



CD1d*P*® mice showed the decrement in adipose iNKT
cells as well as in a-GC-induced iNKT cell activation in
adipose tissue. Moreover, HFD-induced insulin resis-
tance was further aggravated in CD1d“P*° mice. In
addition, the ratio of M1 to M2 macrophage number was
significantly increased in long-term (8 weeks) as well as
in short-term (1 week) HFD-fed CD1d*PX° mice. Along
with decreased proportion of M2 macrophages, the level
of IL-4 was also down-regulated in adipose tissue of
HFD-fed CD1d*"*° mice. This reduction of IL-4 was
attributable, at least in part, to decreased number of
CD4" iNKT cells which have more potency to produce
IL-4 than CD4™ iNKT cells in adipose tissue of HFD-fed
CD1d*P*° mice. Interestingly, one week of IL-4 supple-
mentation improved insulin sensitivity and reduced adi-
pose tissue inflammation in CD1d*”* mice, implying
that reduced level of IL-4 production could be one of the
key mediators of augmented insulin resistance and adi-
pose tissue inflammation in HFD-fed CD1d*P*°
Taken together, our finding suggests that adipocyte
CD1d would play the defensive roles against HFD-
induced adipose tissue inflammation by IL-4 production
from adipose iNKT cell.

Notably, we also found that CD1d deletion in adipo-
cytes reduced the number of iNKT cells in adipose tissue
of normal chow diet (NCD)-fed mice. The levels of apo-
ptosis and proliferation in adipose iNKT cells were not
substantially altered by adipocyte CD1d deletion, indi-
cating that reduced number of adipose iNKT cells in
CD1d*P*® mice might not be due to changes in apopto-
sis or proliferation. As CD1d knockdown in 3T3-L1 adi-
pocytes significantly diminished the physical contact
between iNKT cells and differentiated adipocytes [12], it
is possible that adipocyte CD1d would be involved in the
retention signal for adipose iNKT cells. While LFA-1
and ICAM-1 are known as retention signals for iNKT
cells in the liver, blocking of ICAM-1 and LFA-1 by neu-
tralizing antibodies or ICAM-1 KO mice have shown the
similar number of adipose iNKT cells compared to con-
trol mice [28]. Collectively, our findings suggest that adi-
pocyte CD1d would have distinct roles for the
maintenance of iNKT cell numbers in adipose tissue and
potentially could act as a retention signal.

We have proposed that defective IL-4 production
in adipose iNKT cells would be one of the crucial
factors to deteriorate metabolic phenotypes in HFD-fed
CD1d”*PX© mice [13]. However, we also observed that IL-
2 production was altered in adipose iINKT cells of HFD-
fed CD1d*"*° mice. IL-2 is a key cytokine for the genera-
tion, maintenance, and function of Treg cells [25]. NKT
cells can produce not only IFN-y and IL-4 but also IL-2
upon TCR stimulation [31]. Also, it has been shown that
human CD4" NKT cells promote moderate proliferation

mice.
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of Treg cells via IL-2 production [17,22]. Notably, when
gene expression profiles have been compared between adi-
pose iNKT cells and splenic iNKT cells, it has been
revealed that adipose iNKT cells express higher level of
IL-2 [28]. It has been suggested that the low level of PLZF
(Zbtb16) would be attributable to enhanced production of
IL-2 in adipose iNKT cells [28]. PLZF is a transcription
factor known to be expressed by all iNKT cells [43] but
its expression in adipose iNKT cells is lower compared
with iNKT cells in thymus and liver. Also, PLZF-deficient
iNKT cells shows enhanced IL-2 production [43]. In
HFD-fed CD1d*PX° mice, adipose iNKT cells expressed
a lower level of IL-2 mRNA than those from HFD-fed
CD1d” mice (Figure 1A). Also, short-term (1 week)
HFD-fed CD1d*"° mice impaired increment of Treg
cell numbers (Figure 1B). Although it has been reported
that the number of Treg cells is reduced in adipose tissue
of long-term (29 weeks) HFD-fed mice or genetically
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Figure 1. Analysis of iNKT cells and Treg cells after 1 week of HFD
feeding. A: The mRNA level of IL-2 in sorted iNKT cells
(TCRB™PBS57/CD1d tetramer™) from EATs of HFD-fed CDId"f and
CDId"PK° mice. EATs were pooled from 15 mice per group. B: The
percentage of Treg cells (TCRB*CD4"Foxp3*) among CD4 T cells
in EATs. n = 5. C: The percentage of Treg cells in EATs during
NCD and HFD feeding period. N = 4-5. *p < 0.05 and **p < 0.0l.
8-week-old mice were fed NCD or 60% HFD for the indicated
time periods.
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obese mice such as ob/ob [6], we repeatedly observed that
frequency of Treg cells was slightly but substantially
increased in short-term HFD-fed mice (Figure 1C). Thus,
these data propose that adipocyte CD1d could modulate
IL-2 expression from adipose iNKT cells, which would
influence Treg cell-mediated anti-inflammatory responses
upon excessive energy intake. On the other hand, given
that IL-2 could act as an important regulator for type 2
cytokine production [10,38], it is possible that IL-2 might
mediate the Treg -cell-independent anti-inflammatory
responses. Collectively, we observed that CD1d*PX© mice
impaired cytokine (IL-4 and IL-2) expression in adipose
iNKT cells and downregulated anti-inflammatory
responses including M2 macrophages and Treg cells in
obese adipose tissue. Therefore, these data propose that
adipocyte CD1d would play a pivotal role in the defensive
process against excess nutrient-induced inflammatory
responses by stimulating adipose iNKT cells.

It has been proposed that the interaction between
adipocyte CD1d and adipose iNKT cells is critical in
the regulation of anti-inflammatory responses, espe-
cially, in the early phase of obesity [12,13,15]. For
instance, many anti-inflammatory responses in adi-
pose tissues are also further activated to inhibit excess
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nutrient-induced inflammation in the early stage of
obesity rather than in the late stage of severe obesity.
At the early stage of obesity, adipose iNKT cells are
activated and produce anti-inflammatory cytokines
including IL-4 and IL-2 by interacting with adipocyte
CD1d even after one week of HFD feeding [13]
(Figure 2). These cytokines contribute to the stimula-
tion of anti-inflammatory immune cells including M2
macrophages and Treg cells. Concurrently, a subset of
activated iNKT cells undergoes activation-induced cell
death (AICD), which leads to the reduction of adi-
pose iNKT cells [12]. In the late stage of obesity,
both mRNA and protein levels of adipocyte CD1d
expression are considerably decreased [12,13]. The
reduced CDI1d expression in adipocytes could be
mediated by PPARy whose activity is significantly
downregulated in adipocytes by enhanced inflamma-
tory signaling cues such as TNF-o [12,13,32]. In
severely obese adipose tissue, adipocytes expressing
reduced level of CD1d could not adequately mediate
iNKT cell stimulation, resulting in enhanced adipose
tissue inflammation and adipose tissue dysfunction
(Figure 2). The systemic effect of diminished iNKT
cell responses induced by adipocyte CD1d deficiency

Severely-obese adipose tissue
(ex. > 16 w HFD)

Anti-inflammatory @
cytokine (IL-4, IL-2)

secretion

The low expression of CD1d
impairs iNKT cell stimulation

Increased FFA release from fat

Ectopic fat accumulation in liver

Figure 2. Proposed model for the interaction between adipocyte CDId and adipose iNKT cells in the regulation of adipose tissue inflam-
mation with progressive obesity. In lean adipose tissue, adipocytes highly express CDId molecules which play a crucial role in the main-
tenance of adipose iNKT cell population. Upon HFD feeding, adipocytes present obesity-related lipid antigens via CDId molecules,
which leads to iNKT cell activation and stimulates anti-inflammatory cytokine secretion from adipose iNKT cells. Concurrently, activa-
tion-induced cell death (AICD) is occurred in part of activated iNKT cells, which results in reduced number of iNKT cells in adipose tis-
sues. On the other hand, the significantly reduced CDId expression on adipocytes from severely obese adipose tissues weakens adipose
iNKT cell stimulation. Elevated inflammatory responses which are associated with the impairment of anti-inflammatory responses accel-
erate adipose tissue dysfunction including FFA release. Increased circulating FFAs could accumulate in the liver.



could be explained by increased levels of circulating
free fatty acids and hepatic triglyceride accumulation
in long-term HFD-fed CD1d*°*° mice (Figure 3)
[13]. These findings propose that adipocyte CD1d
deletion-dependent adipose tissue dysfunction could
increase free fatty acid release, which leads to ectopic
lipid accumulation in liver and consequently aug-
ments systemic insulin resistance in obesity.

On the contrary, Iwabuchi’s group has reported that
the interaction between adipocyte CD1d and NKT cells
would mediate pro-inflammatory response upon HFD
feeding [42]. This report is consistent with their previous
findings that adipose NKT cells would aggravate adipose
tissue inflammation and insulin resistance in obesity [41].
They have suggested that impaired IFN-y secretion from
adipose NKT cells in the absence of adipocyte CD1d
might mediate the protective effects on diet-induced obe-
sity. However, as we described in our research article, the
expression of IL-4 rather than IFN-y was induced in adi-
pose iNKT cells upon HFD feeding [13]. The contradic-
tions between Iwabuchi’s group and our group would
result from several factors. For instance, two groups used
different types of control mice (adiponectin cre/CD1d™*
mice vs. littermate CD1d"* mice). Furthermore, the
composition of HFD (tallow and safflower oil of high
oleic type vs. lard) and environments of the animal facili-
ties were different between Iwabuchi’s group and our
group. The precise causal factor(s) leading to different
phenotypes need to be clarified. Although most pheno-
types of HFD-fed CD1d*”*° mice from Iwabuchi’s group
are opposite of our findings, there is one consistent con-
clusion that the activation marker (CD69) expression was
reduced in adipose NKT cells in the absence of adipocyte
CD1d. Such findings from both groups support the role
of adipocyte as APC for adipose NKT cells.

A

NCD

HFD

Figure 3. Increased hepatic triglyceride accumulation in HFD-fed CDt
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We suggest that adipocytes, as an important ‘atypical’
APC type for adipose iNKT cells, would play pivotal roles in
the regulation of adipose tissue inflammation. It has been
known that not only professional APCs such as dendritic
cells, macrophages, and B cells but also various ‘atypical’
APCs such as epithelial cells and stromal cells can present
antigens to CD4" T cells [18]. Our findings from adipocyte-
specific CD1d KO mice propose that excess nutrient-
induced lipid metabolites could directly send a signal to
iNKT cells for resolving pro-inflammatory responses. In
other words, adipose iNKT cells patrol around the adipo-
cytes and recognize altered lipid antigen(s) loaded on adipo-
cyte CD1d, which could trigger anti-inflammatory
responses to modulate adipose tissue homeostasis.

IL-4 has been known as one of the important cyto-
kines to mediate thermogenic responses. More impor-
tantly, recent report indicated that o-GC induced-iNKT
cell activation induces thermogenic browning of white
fat [27]. As we have demonstrated that adipocytes
promptly drive functional changes of iNKT cells into IL-
4 secreting cells, it would be interesting to investigate
whether such interplay could be involved in iNKT cell-
mediated thermogenesis and energy expenditure.

In obesity, a Th1 response is higher than a Th2 response.
Thus, it has been considered that obesity-related inflamma-
tion would be resulted from a Thl-skewed imbalance.
However, certain metabolic organs including adipose tissue
appear to have a resolving process against this pro-inflam-
matory stress by induction of Th2 responses. The anti-
inflammatory response which is mediated by the interac-
tion between adipocytes and adipose iNKT cells is one of
potential resolving processes. To understand the regulatory
mechanism for adipose iNKT cell activation, the excess
nutrient-induced lipid antigens as well as adipose iNKT
cell-specific characters need to be figured out in the further
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study. Therefore, it seems that understanding regulatory
mechanisms for anti-inflammatory response would be cru-
cial to identify effective therapeutic targets for maintaining
metabolic and immune homeostasis against obesity-related
metabolic complications.
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