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Abstract: Metabolic syndrome results from multiple risk factors that arise from insulin resistance
induced by abnormal fat deposition. Chronic inflammation owing to obesity primarily results from
the recruitment of pro-inflammatory M1 macrophages into the adipose tissue stroma, as the adipo-
cytes within become hypertrophied. During obesity-induced inflammation in adipose tissue, pro-
inflammatory cytokines are produced by macrophages and recruit further pro-inflammatory im-
mune cells into the adipose tissue to boost the immune response. Here, we provide an overview of
the biology of macrophages in adipose tissue and the relationship between other immune cells, such
as CD4+ T cells, natural killer cells, and innate lymphoid cells, and obesity and type 2 diabetes.
Finally, we discuss the link between the human pathology and immune response and metabolism
and further highlight potential therapeutic targets for the treatment of metabolic disorders.
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1. Chronic Inflammation and Obesity

Chronic inflammation owing to obesity primarily results from the recruitment of
pro-inflammatory M1 macrophages into the adipose tissue stroma, as the adipocytes
within become hypertrophied. Adipose tissue is responsible for energy metabolism regu-
lation; it stores excess energy as neutral fat during overnutrition and supplies energy by
lipolysis during nutritional deficiency. However, adipose tissue is not just a storage site,
it is also an endocrine organ that secretes various adipose tissue-derived hormones called
adipokines or adipocytokines. In times of ubiquitous nutritional plenty, as is frequent in
the modern day, the energy storage function of adipose tissue contributes to obesity and
is involved in various pathologies. Obesity negatively affects adipose tissue in many
ways. It impairs its endocrine function, disrupts its regulatory function and adipokine
production, and induces chronic inflammation. In addition, inflammatory adipokines se-
creted from adipose tissue can also act on distant organs, such as the liver and skeletal
muscle, causing insulin resistance. The chronic inflammation caused by obesity is thought
to be the underlying pathology of type 2 diabetes and its complications, such as retinal
diseases, neuropathy, arteriosclerosis, dementia, and vulnerability to infection.

2. Biology of Macrophages in Adipose Tissue
2.1. Adipose Tissue-Resident Macrophages

Various immune cells are present in the adipose tissue of those suffering from obe-
sity. Macrophages were the first immune cells to be discovered within adipose tissue [1].

Macrophages are classified into M1 and M2 macrophages based on their roles. Among
other differences, M1 macrophages have a pro-inflammatory phenotype, whereas M2
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macrophages have an anti-inflammatory phenotype. In non-obese adipose tissue, macro-
phages exhibiting M2-like markers, such as CD206, are the predominant subtype and
highly express anti-inflammatory cytokines, such as IL-10 and TGF-f [2,3]. A study on fat
apoptosis through targeted activation of a caspase-8 mouse model, which results in loss
of adipocytes and reduction of adipose tissue weight, has reported a large influx of mac-
rophages into the adipose tissue [4]. Similarly, studies in mice with (33-adrenergic receptor
agonist treatment have shown that induction of adipogenesis triggers apoptosis in adipo-
cytes, and that M2 macrophages are concentrated at sites undergoing apoptosis [5]. From
these results, M2 macrophages are thought to be involved in the processing of tissue re-
pair, the remodeling of adipose tissue, and the maintenance of insulin sensitivity.

Surprisingly, recent studies have reported contradictory results with respect to me-
diation of insulin resistance by M2 macrophages. Studies in CD206 DTR transgenic mice
that express human diphtheria toxin (DT) receptors under the CD206 gene have demon-
strated that DT administration specifically reduces the number of CD206+ M2-like macro-
phages. It also selectively reduces the expression of M2 markers, but not the expression of
M1 markers [6,7]. Furthermore, M2 macrophage depletion improves both glucose toler-
ance and insulin sensitivity in lean and obese mice and induces the proliferation of adipo-
cyte progenitors in a TGFf3-dependent manner [7,8]. Thus, in addition to their anti-inflam-
matory function in adipose tissue, M2 macrophages may have an adaptive mechanism for
cellular restoration and contribute to the exacerbation of insulin resistance and type 2 di-
abetes.

On the other hand, M1 macrophages, which are derived from bone marrow and have
increased expression in obesity, secrete inflammatory cytokines to induce insulin re-
sistance. This recruitment of M1 macrophages into adipose tissue, and the resulting hy-
pertrophy, are responsible for obesity-induced chronic inflammation [9]. M1 macrophage-
derived tumor necrosis factor alpha (TNF-a) induces inflammatory cytokine production
in adipocytes and promotes lipolysis in hypertrophied adipocytes [10]. As a result, free
fatty acids (FFAs), especially saturated fatty acids (SFAs), are released locally in adipose
tissue and have been reported to activate the toll-like receptor TLR4 on macrophages,
which leads to the activation of the NF-kB pathway and further expression of pro-inflam-
matory cytokines. However, recent studies have argued against conventional mechanisms
by which SFAs can bind to and activate TLR4 [11]. Instead, long-chain SFA palmitate is
implicated as a direct TLR4 agonist. TLR4 does, however, indirectly regulate SEA-induced
inflammation by altering macrophage lipid metabolism [12-14].

As mentioned above, it is well known that macrophage populations display pheno-
typic heterogeneity and high plasticity according to extracellular environmental condi-
tions and intracellular signaling [15-17]. When enhancing aerobic glycolysis mediated by
mTOR/HIF-1 signaling, M1 macrophages are polarized and activated by pro-inflamma-
tory stimuli such as lipopolysaccharide (LPS) and IFN-y, and exhibit increased aerobic
glycolysis through mTOR/HIF-1 signaling [18,19]. In contrast, M2 macrophages are often
polarized and enhanced by T-helper 2 (Th2) cytokines such as IL-4 and IL-13 and exhibit
an increased mitochondrial metabolism through oxidative phosphorylation (OXPHOS)-
and STAT6/PPARy-mediated fatty acid oxidation [20-22]. Thus, mitochondrial metabo-
lism regulates immune cell function. In particular, the transition between aerobic glycol-
ysis and OXPHOS plays a fundamental role in macrophage polarization.

2.2. Adipose Tissue-Derived Mesenchymal Stem Cells

Recently, the crosstalk between mesenchymal stem cells (MSCs) and macrophages
has attracted attention because of its potential therapeutic benefits [23]. Interestingly, hu-
man MSCs and primary macrophage co-culture experiments have demonstrated that
MSC-secreted PGE2 mediates macrophage polarization by modulating metabolism
[24,25]. Furthermore, adipose tissue-derived MSCs also promote lipid droplet biogenesis
in macrophages and activate the mTOR/PPARy pathway [26,27], which leads to COX-2
expression and, consequently, PGE2 production [28,29]. The binding of PGE2 to the G-
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protein-coupled receptors EP1-EP4, leads to the activation of different downstream sig-
naling pathways: among them, PGE2/EP2 signaling. This pathway, via transcription of
NF-«B, has a pro-inflammatory effect [30-32]. In aged mice, PGE2/EP2 signaling has a
specific suppressive effect on both aerobic glycolysis and OXPHOS in glucose metabo-
lism, leading to immunometabolic dysfunction and chronic inflammation [33]. These find-
ings are consistent with the positive feedback PGE2/EP2 signaling hypothesis, in which
the PGE2-mediated activation of the EP2 receptor induces additional COX-2 expression,
further amplifying downstream PGE2 generation (Figure 1) [31,34]. Inhibition of

PGE2/EP2 signaling has, therefore, become a new drug target for the development of anti-
aging therapies.
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Figure 1. Schematic representation of the crosstalk between mesenchymal stem cells (MSCs) and macrophages. Pro-in-
flammatory cytokines such as TNF-a secreted by macrophages stimulate MSCs to produce and secrete prostaglandin E2
(PGE2). MSC-secreted PGE2 promotes lipid droplet biogenesis in macrophages and mediates macrophage polarization.
PGE-2-mediated activation of the EP2 receptor induces additional COX-2 expression, further amplifying downstream
PGE2 generation. The figure was created using BioRender.com (accessed on 16 September 2021).

It is known that adipose tissue-derived MSCs produce angiogenic molecules [35].
The vascular endothelial growth factor (VEGF) plays a role in the formation of blood ves-
sels and the remodeling of the vasculature. Systemic lupus erythematosus (SLE) patients
have the highest serum VEGF levels [36], and the serum VEGF level was significantly
increased in diabetic patients, especially in those with vascular complications [37]. More-
over, recent findings suggest that exsomes from human adipose tissue-derived MSCs pos-
sess a higher capacity to enhance angiogenesis via VEGF/VEGF-R signaling [38].
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3. Adipose Tissue-Resident Lymphocytes

During obesity-induced inflammation in adipose tissue, pro-inflammatory cytokines
such as TNF-a are produced by macrophages and recruit further pro-inflammatory im-
mune cells, such as CD4+ T cells, natural killer (NK) cells, and innate lymphoid cells, into
the adipose tissue to boost the immune response.

3.1. CD4+ T Cells

The vast majority of studies on CD4+ T cells has been conducted on cells in the pri-
mary and secondary lymphoid tissues, and the biology of these cells has been well under-
stood. However, recent studies have revealed unique features of the biology of adipose
tissue-resident CD4+ cells [39]. Studies in mouse adipose tissue showed that the CD4+
CD25+ Foxp3+ T regulatory cell (Treg) population resides in normal lean adipose tissue
and mediates the induction of alternatively activated macrophages to maintain an anti-
inflammatory state. Surprisingly, the proportion of Tregs expressing Foxp3 reached high
frequencies of up to 30-40% of the total CD4+ T cell population in lean adipose tissue, and
this accumulation continued with increasing age until maturity, peaking at an age of
above 20-25 weeks [40,41]. Loss of function experiments using mice expressing the diph-
theria toxin receptor (DTR) under the Foxp3 regulatory elements revealed that the deple-
tion of Tregs results in impaired metabolic parameters such as increased fasting blood
glucose levels and insulin resistance [42]. This result identifies an important role of these
cells and provides deeper insight into the reason behind the strong accumulation of Tregs
in adipose tissue. The unique features and roles of Tregs have significance for further
study of metabolic health.

To examine the physiological function of adipose tissue-resident immune cells in hu-
mans, many studies have begun to compare biopsy samples from lean and obese subjects.
Focusing on T cells, the proportion of CD4+ or CD8+ T cells in subcutaneous adipose tissue
samples ranges from 0.5 to 5% of the stromal vascular fraction (SVF), but no correlation
has been found between the population and the degree of obesity [43,44]. Rather, when
assessing the level of T lymphocyte activation, positive correlations were found instead
between waist circumference and the expression levels of CD69 and CD25 on activated
adipose tissue-resident CD4+ and CD8+ T cells [43]. In line with these findings, Foxp3
mRNA expression levels in adipose tissue-resident CD4+ T cells were found to be elevated
and correlated with the degree of obesity. In addition, CD4+ helper T cells isolated from
human peripheral blood mononuclear cells (PBMCs) cultured in conditioned medium
from human adipose tissue-derived MSCs, were found to have an increased expression of
Foxp3 and IL-10 [45]. Recent studies have also reported that co-culture with human adi-
pose-derived MSCs increases the proportion of CD4+ CD25+ Foxp3+ Tregs in PBMCs in a
dose-dependent manner [46]. These findings suggest that, during obesity, adipose tissue-
resident immune cells could limit pro-inflammatory processes within adipocytes and in-
duce anti-inflammatory effects in adipose tissue.

3.2. Natural Killer Cells

NK cells are a subset of innate lymphoid cells that respond to virus-infected cells and
play an important role in anti-tumor immunity. Several recent studies have highlighted
the important role of NK cells in adipose tissue homeostasis and insulin resistance; how-
ever, the initial experimental models and assumptions of the relationship between NK
cells and adipose tissue in those studies have been previously described. O’'Rourke re-
ported that NK cells in human subcutaneous adipose tissue (SAT) showed more activation
features than NK cells from the blood, and consequently, the first evidence that NK cells
could regulate adipose tissue macrophages [47]. Recent studies have suggested that NK
cells play a potential role in the inflammatory cascade in adipose tissue. This cascade is
mediated by adipocyte-derived IL-15 and includes inflammatory cytokine secretion in NK
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cells, promoting macrophage polarization to a pro-inflammatory phenotype, and conse-
quently, the inducing insulin resistance [48] (Figure 2). NK cell development, homeostasis,
and function require IL-15 and its complex with IL-15 receptor alpha (IL-15Ra). Investi-
gations of IL-15 and IL-15Ra in human adipose tissue found that both SAT and visceral
adipose tissue (VAT) produced IL-15 and IL-15Ra RNA, and SAT IL-15 levels were higher
in obese patients than in healthy patients and correlated with SAT lipolysis. The VAT
stromal vascular fraction (SVF), which could be more associated with inflammation by
macrophages than SAT, expressed more RNA than adipocytes [49,50]. These findings sug-
gest that IL-15 and IL-15Ra derived adipose tissue-resident immune cells may support
NK cell function via paracrine and autocrine mechanisms.

NCR1 (natural cytotoxicity triggering receptor), known as NKp46 in humans, is an
activating receptor expressed almost entirely on NK cells that functions as a detector of
virally infected and cancerous cells. Moreover, NCR1 and other NK cell activating recep-
tors (such as NKG2D) could contribute to protection against auto-immunity or to tumor
immune escape [51]. In line with this, a reduction of these inhibitory NK receptors is ob-
served in HIV-infected patients treated by highly active anti-retroviral therapy (HAART)
[52]. In addition to these well-established functions, a study using high-fat diet (HFD)-fed
and NCR1 deficient mice demonstrated that obesity induced the upregulation of NCR1
ligand expression in the VAT, which activates adipose tissue-resident NK cells to rapidly
increase IFN-y production, thereby promoting the accumulation of pro-inflammatory M1
macrophages and insulin resistance [53] (Figure 2).
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Figure 2. Schematic representation of the function of NK cells in adipose tissue homeostasis. Both SAT and VAT express
IL-15 and IL-15Ra, and IL-15 levels are higher in obese patients than in healthy patients. Obesity induces the upregulation
of NKp46 (NCR1) ligand expression in adipocytes, which activates adipose tissue-resident NK cells to rapidly increase
IFN-y production, thereby promoting the accumulation of pro-inflammatory M1 macrophages and insulin resistance.
Macrophages increase the production of chemokines and let them further enhance NK cells recruitment. The figure was
created using BioRender.com (accessed on 16 September 2021).
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In addition, NK cell suppression using either neutralizing antibodies or E4bp4 heter-
ozygous knockout mice was found to improve adipose tissue macrophage inflammation
and obesity-induced insulin resistance as well as to decrease the expression of pro-inflam-
matory cytokines such as IL-6 and TNF, which are elevated in the VAT of HFD-fed mice
[54]. With elevated pro-inflammatory cytokines, HFD also induced the macrophage chem-
okine Ccl2 expression in VAT and sorted adipose tissue macrophages from HFD mice
increased the production of CCL3, CCL4, and CXCL10, known chemoattractants for NK
cells, and let them further enhance their recruitment. These findings show that adipose
tissue-resident NK cells produce IL-6, TNF, and IFN-y, which are characteristic cytokines
of NK cells, and regulate adipose tissue inflammation by macrophage recruitment. Con-
versely, inflamed macrophages secrete chemoattractants for NK cells and promote NK
cell activation and recruitment [55,56]. This suggestion is consistent with the human find-
ings of IL-15 and IL-15R« [51,52].

Adipocytes are the main constituent cells of adipose tissue and play an important
role in innate responses through the secretion of a variety of a adipokines such as adi-
ponectin and leptin [57,58]. Adiponectin and leptin have dual roles as hormones and cy-
tokines; as hormones, they regulate glucose levels, lipid metabolism, and energy homeo-
stasis; as cytokines, they regulate inflammatory responses [59]. Investigation on the serum
adiponectin levels in patients with T2DM who were overweight or non-overweight
showed that patients with T2DM had lower levels of adiponectin and IL-10 and higher
levels of TNF-a and IL-13. Moreover, the adiponectin levels were correlated with cytokine
levels and the clinical parameters of overweight and T2DM [60]. Leptin plays a prominent
role in innate responses, such as the activation of granulocytes and macrophages, M1/M2
polarization, and especially, the activation of NK cell cytotoxicity [61]. Leptin treatment
for isolated human NK cells increases cytotoxicity against the K562 erythroleukemia cell
line and IFN-y production [62]. Furthermore, investigation of the effect of exercise train-
ing and nutritional intervention for healthy adults with obesity demonstrated that IFN-y
expression in NK cells increased after weight loss and plasma leptin decreased after inter-
vention [63].

3.3. Innate Lymphoid Cells

Innate lymphoid cells (ILC) are tissue-resident cells that contribute to tissue repair
and react early to defend against invading pathogens. Conventionally, NK cells are cate-
gorized as group 1 innate lymphoid cells (ILC1) with phenotypic and functional similari-
ties [64]. However, a recent study has suggested that adipose tissue-resident ILCls are
phenotypically and functionally distinct from adipose NK cells, where adipose tissue-res-
ident ILC1 proliferates and accumulates within the SAT of HFD-fed mice in an IL-
12R/STAT4-dependent manner and drives obesity-associated insulin resistance through
pro-inflammatory M1 macrophage polarization [65].

Notably, a recent human study was performed to test whether ILC contributes to the
development of obese T2D, where the number of circulating and adipose tissue ILC1 was
compared among obese patients who underwent gastric bypass surgery and non-obese
non-T2D controls who underwent elective abdominal surgery [66]. Herein, adipose ILC1,
which was identified as Lin—- CD45+ CD127+ CD117- CRTH2- NKP44- lymphocytes, cor-
related with the development of obesity and obese T2D and also correlated with trichrome
C staining areas indicating adipose tissue fibrosis. Furthermore, SVF from controls were
co-cultured in vitro with ILC1 or ILC-depleted CD45+ cells sorted from the SVF of obese
T2D patients, and the mRNA expression of Tgfb1, Mincle, inducible nitric oxide synthase
(iNOS), and collagen genes, Colla and Col3a, was increased in the SVF of the ILC non-
depleted group. These findings suggest that human adipose tissue-resident ILC1 pro-
motes macrophage activation and adipose fibrosis and may, therefore, be a novel thera-
peutic target for the treatment of obesity-induced type 2 diabetes (Figure 3).

Group 2 innate lymphoid cells (ILC2) respond to epithelial cell-derived cytokine IL-
33, activate and accumulate in various organs and tissues, and then secrete IL-5 and IL-13
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to initiate type 2 innate and adaptive immune responses. ILC2 has been identified in the
white adipose tissue (WAT) of mice, which plays a role in the maintenance of M2-like
macrophage and eosinophils to regulate metabolic homeostasis [67]. In human subcuta-
neous WAT, ILC2 was identified as a lineage negative, CD25 (IL-2Ra)-positive and CD127
(IL-7Ra)-positive cell populations, which expressed GATA-3 and IL-33R consistent with
ILC2 in other tissues, and their frequencies in obese subjects were decreased compared
with non-obese controls as well as in subcutaneous WAT of mice [68]. IL-33 plays a critical
role in the maintenance and activation of ILC2 in WAT [68,69]. Activated ILC2 enhances
the proliferation and commitment of beige adipocyte precursors, where IL-13 and eosin-
ophil-derived IL-4 promote the growth of beige fat via IL-4 receptor signaling. Finally, the
browning or beiging of WAT and white adipocytes stimulates thermogenesis and in-
creases energy expenditure; thus, ILC2 in WAT has been implicated in the regulation of
obesity and metabolic dysfunction [70] (Figure 3).
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Figure 3. Schematic representation of the link between innate lymphoid cells and the regulation of adipocyte thermogen-
esis and obesity in WAT. Tissue-resident ILC1 promotes macrophage activation and adipose fibrosis. ILC2 respond to
epithelial cell-derived cytokine IL-33. Activated ILC2 enhances proliferation and commitment of beige adipocyte precur-
sors, where IL-13 and eosinophil-derived IL-4 promote the growth of beige fat via IL-4 receptor signaling. Eosinophils are
a major source of IL-4, and they migrate into adipose tissue and play a role in the maintenance of adipose M2 macrophages.
The figure was created using BioRender.com (accessed on 16 September 2021).

4. Adipocyte Thermogenesis and Browning

In contrast to white adipocytes, which store lipid depots of excess energy in the major
form of triglycerides, brown and beige adipocytes are now recognized to play a potential
role in anti-obesity function, which contributes to energy expenditure through diet- and
cold-induced thermogenesis [71,72]. Several studies have highlighted the importance of
anti-inflammatory cytokines, such as IL-4 and the closely related cytokine, IL-13, in regu-
lating adipocyte thermogenesis [73,74]. For instance, genetic disruption of IL-4/13 signal-
ing or eosinophils impairs cold-inducible beige adipocytes, and conversely, administra-
tion of IL-4 increases beige adipocytes to recover obesity in thermoneutral mice; that is,
eosinophils and type 2 cytokine signaling in macrophages require thermogenic activation
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[73]. Furthermore, loss of IL-10 signaling increases energy expenditure and thermogenesis
in adipocytes, which induces the formation of brown-like features in white adipocytes
[75]. This is in contradiction to the well-known biology of IL-10 in adipose tissue, where
M2 macrophages are predominant in non-obese adipose tissue and highly express anti-
inflammatory cytokines [2,3]. Given that IL-10 plays an important role in the attenuation
of inflammation, this result suggests that IL-10 signaling in adipocytes might contribute
to promote lipid storage and maintain energy demand in the case of acute responses such
as infection.

Thermogenesis is the main function of brown adipose tissue (BAT) and cellular dis-
sipation of energy via the production of heat [76]. Using rodent models, it was demon-
strated that deficient BAT thermogenesis is committed to the development of obesity, and
activation of BAT thermogenesis reduces weight gain [77-79]. It is generally accepted that
BAT thermogenesis is primarily mediated by the action of mitochondrial uncoupling pro-
tein 1 (UCP1) to protect against obesity and diabetes [80,81], which is a major focus in
human obesity research [82-84]. Furthermore, eosinophils are a major source of IL-4, and
they migrate into adipose tissue and play a role in the maintenance of adipose M2 macro-
phages associated with the correction of glucose metabolism [85] (Figure 3).

Fas, also known as CD95 or APO-1, is a death receptor that belongs to the TNF re-
ceptor family member. Fas expression was increased in adipocytes isolated from insulin-
resistant mice and in the adipose tissues of obese and diabetic patients [86]. Fas mutant
mice show a lean phenotype and prevent HFD-induced obesity by upregulating the ex-
pression levels of UCP1, IL-4, and IL-10 in WAT [87]. Thus, FAS/FAS ligand-mediated
signaling appears to be more involved in controlling local inflammation in adipose tissue
and promoting WAT browning, that is, TNF is associated with obesity via deactivation of
thermogenesis [88,89].

5. Liver-Resident Natural Killer Cells

NK cell populations represent a small fraction of circulating lymphoid cells, but a
large fraction of lymphoid cells in the liver (10-20% in mice and 40-50% in humans). NK
cells also play an important role in liver disease and control. Non-alcoholic fatty liver dis-
ease (NAFLD) is the most common chronic liver disorder and is closely linked to obesity,
in which excess depot fat accumulates in the liver. NAFLD ranges from simple steatosis
to low-grade inflammatory stage known as non-alcoholic steatohepatitis (NASH), which
has been observed in 20-30% of NAFLD cases. Diet-induced obesity leads to a reduction
in NK cell cytotoxic function, which is followed by lipid accumulation in NK cells [90,91].
Metabolic reprogramming, especially glycolysis downregulation, impairs anti-tumor im-
munity in the liver, which is a potentially important role of NK cells against liver disease
[92]. Consequently, in patients with advanced fibrosis and later stages of NASH, reduced
cytotoxic activity in NK cells contributes to tumor cell growth. Recent studies have shown
that NK cells in the liver of human NAFLD patients reduced degranulation as a marker
of cytotoxicity [93]. In obese mice, hepatic NK cells showed a reduction in CD107a degran-
ulation and cytotoxic immune function. In human NAFLD patients, NK cells isolated from
the liver displayed a negative correlation with disease severity.

IL-15 is a key cytokine essential for innate immune cell homeostasis during obesity-
induced liver inflammation and NASH development [94]. Most recently, an observational
study in middle-aged adults showed that the serum IL-15 levels of obese patients with
NAFLD were higher than those of healthy subjects and associated with the levels of mon-
ocyte chemoattractant protein-1 (Mcp-1) and the granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), which are well-known inflammatory biomarkers. Moreover, IL-
15 levels appeared to be predictive factors for the disease progression in NAFLD patients
[95]. The cellular source of IL-15 in the liver is hepatocytes. Hepatocytes constitute 60-80%
of the total cell population in the liver and play many important roles in metabolism, de-
toxification, and protein synthesis [96]. Orthotopic liver transplantation experiments us-
ing IRF-1 knockout mice revealed that hepatocytes are major producers of soluble IL-15
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and IL-15Ra complexes among liver cell populations [97]. A study using IL-15 knockout
mice and IL-15Ra conditional knockout mice showed that hepatocyte-mediated IL-15 sig-
naling by IL-15Ra expression is required to maintain the homeostasis of NK and NKT
cells in the liver [98]. In turn, activated NK and NKT cells produce inflammatory cytokines
such as IL-6, TNF, and IFN-vy. In particular, TNF-a was an important determinant for the
pathogenesis of NAFLD, but on the other hand, IL-10 decreased by the progression of
NAFLD [99]. The balance between pro- and anti-inflammatory cytokines is an important
function and risk factor in the development of liver disease and NAFLD.

6. Links with Human Pathology
6.1. Metabolically Healthy Obesity

Approximately 30-40% of people with obesity are metabolically healthy obese indi-
viduals (MHO), when healthy is defined as the absence of metabolic disorders [100]. Re-
search in MHO has provided insights into the complexity of the crosstalk between meta-
bolic syndrome and chronic inflammation [101]. Studies in adipose tissue from MHO have
demonstrated that the expression and secretion levels of TGF-p were increased, and in
addition, the circulating level of IL-10 was higher in serum [102]. TGF-$ and IL-10 are
major anti-inflammatory cytokines and were previously shown to be required to suppress
inflammation in adipose tissue. Furthermore, the expression of FOXP3, the central regu-
lator of Treg cell development and function, was also greater in adipose tissue from MHO,
which is consistent with other studies [102]. FOXP3+ Treg cells secrete IL-13 to stimulate
IL-10 production in macrophages, which might be mediated by TGF-f3 [103,104]. Thus,
MHO may be associated with an increased expression of FOXP3, IL-10, and TGEF-f3 [105].
A recent study illustrated the possibility of activating the TGF-3/BMP signaling pathway
in obese individuals without type 2 diabetes, as well as MHO, through the transcription
analysis comparing metabolically unhealthy individuals by RNA-seq [106]. Here, RNA-
seq of mRNA and microRNA was performed in adipose tissue from obese patients; there-
fore, SMAD4 and RUNX2 genes, which are components of TGFp signals, and miRNAs
associated with these genes increased their expression in obese individuals without type
2 diabetes. In turn, RUNX2 is a master regulator of osteogenic differentiation of MSCs,
and SMAD4 is a pivotal regulator of the TGF-f3 pathway and is known as a tumor sup-
pressor gene [107]. Elucidation of the regulator of adipocyte differentiation of MSCs is
important for developing therapeutic strategies for both obesity and type 2 diabetes. Re-
cent genetic approaches, such as this transcription analysis, will help in diagnostic pur-
poses.

6.2. Non-Obese Metabolic Disorder

It is widely known that Asians are at an increased risk of developing diabetes even
with mild obesity. A U.S. study reported that Asian Americans have a higher risk to de-
velop T2DM than Caucasians with the same body mass index (BMI) [108]. In addition, a
survey of non-obese individuals in Japan has revealed that insulin resistance in skeletal
muscle increases when the risk of heart disease, such as hypertension and dyslipidemia,
is also present [109], and non-obese Japanese men with a fatty liver alone had a lower
insulin sensitivity than those with visceral fat accumulation alone, suggesting that insulin
resistance may develop without fat accumulation in adipose tissue [110]. Elucidation of
the pathophysiology of non-obese insulin resistance and type 2 diabetes is extremely im-
portant in the prevention of intervention in metabolic syndrome. However, in high-fat
diet load and obesity models in laboratory animals, ectopic fat accumulation induces sys-
temic lipotoxicity; consequently, systemic lipotoxicity causes further insulin dysfunction,
making it difficult to unravel the inherent abnormalities. Thus, studies using experimental
models or subjects with non-obese insulin resistance and type 2 diabetes may be the key
to preventing or delaying diabetes-related complications.
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5-Aminolevulinic acid (5-ALA) is a natural amino acid and the first precursor of
heme biosynthesis. Notably, two recent cohort studies suggest that oral 5-ALA supple-
mentation can protect against mild hyperglycemia and help prevent type-2 diabetes
[111,112]; 5-ALA or heme is associated with glucose metabolism in vivo. To clarify the
relationship between heme and glucose metabolism in vivo, we previously examined glu-
cose metabolism in 5-ALA deficient mice, which had been obtained with 5-ALA synthase
ALASI heterozygous (Alas1*-) mice. Here, we showed that Alas1*- mice displayed insulin
resistance, which was cured by 5-ALA administration. Despite the onset of insulin re-
sistance, Alas1*- mice were not obese [113,114]. These results indicate that Alas1*- mice
can be considered a non-obese diabetic model. Our earlier study, which reported the gen-
eration of Alas1*- mice, revealed that ALAS1 is moderately expressed in monocytes and
scarcely expressed in lymphocytes among peripheral blood leukocytes; in particular,
Alasl is highly expressed in granulocytes, and this high expression has been observed
until they fully differentiated into mature neutrophils [115]. To test whether Alasl and 5-
ALA have any potential effect on neutrophil function, we measured reactive oxygen spe-
cies (ROS) production and phagocytosis in neutrophils from Alas1*- mice and mice after
5-ALA administration. Alas1*- mice exhibited decreased levels of ROS generated through
the activation of NADPH oxidase, and 5-ALA administration increased ROS production
in neutrophils; similar results were observed in phagocytosis [Saitoh, unpublished]. In
line with this, in vitro analysis using the mouse macrophage cell line RAW264.7 showed
that the addition of 5-ALA reduced the expression of pro-inflammatory cytokines with
HO-1 induction [116], since the exogenous addition of 5-ALA induces HO-1 expression
[117]. These findings demonstrate that AlasI*- mice are a novel model for non-obese dia-
betes, and 5-ALA is a potential therapeutic target against inflammation-induced insulin
resistance.

6.3. Cytokine for Type 2 Diabetes Treatments

Interleukin-6 (IL-6) family is a group of cytokines consisting of IL-6, IL-11, oncostatin
M, ciliary neurotrophic factor (CNTF), and leukemia inhibitory factor (LIF) and is defined
by the requirement of glycoprotein 130 (gp130) as a signal-transducing subunit in the re-
ceptor complex cytokines [118]. Many studies have helped elucidate IL-6 function in adi-
pose tissue, and it is now well known that IL-6 is one of the most important cytokines and
a marker for inflammation, secreted from both adipose tissue-resident macrophages and
adipocytes. However, the effect of IL-6 on metabolic disorders has been debated for sev-
eral decades. Nonetheless, it is possible that IL-6 and IL-6 receptor (IL-6R) signaling in
adipose tissue-resident macrophages may induce clinical inflammation and mediate in-
sulin resistance.

Axokine, the recombinant human variant of CNTF, initially entered human clinical
trials for the treatment of amyotrophic lateral sclerosis (ALS) but was repurposed to treat
obesity and type 2 diabetes when treated patients were observed to lose body weight.
After its initial clinical trials, in which treatment resulted in more weight loss than the
placebo, some treated patients developed auto-antibodies, raising safety concerns [119],
and the clinical development of axokines was discontinued. Although IL-6 protects
against obesity and insulin resistance, it can also be pro-inflammatory owing to its trans
signaling, in which IL-6 binds soluble IL-6R and then forms a heterotrimer with gp130
expressed on the cell surface. Since gp130 has an almost ubiquitous expression, almost all
cells are responsive to trans signaling. Thus, the selectively blocking of IL-6 trans signaling
is needed to prevent the pro-inflammatory effects of IL-6 signaling and develop drugs for
inflammation-induced insulin resistance [120].

Treatment with soluble gp130Fc, in which Fc fusion is an established method used to
prolong the half-life by fusing the fragment crystallizable region (Fc) of IgG to recombi-
nant or therapeutic proteins, has demonstrated the blocking of IL-6 trans signaling, unlike
complete ablation of IL-6 signaling, and efficacy against HFD-induced macrophage accu-
mulation but no improvement of insulin resistance [121]. Most recently, the chimeric
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gp130 receptor ligand IC7Fc, which is structurally similar to IL-6 and contains three dif-
ferent binding sites against IL-6R, gp130, and the LIF receptor from CNTF, was designed
and generated [122]. As treatment with IC7 did not involve signs of inflammation, IC7Fc
is more likely to be an effective drug against type 2 diabetes. Here, IC7Fc injection in diet-
induced obese mice reduced fat mass and fasting glucose and improved glucose tolerance,
while maintaining lean mass through activation of YAP1 in skeletal muscles. Importantly,
experiments in non-human primates, crab-eating macaques, mimicking a phase I human
clinical trial, demonstrated that IC7Fc is safe with no adverse outcomes and a suite of
markers of inflammation. These findings show that inflammatory cytokines, especially
the IL-6 family, may be novel biological therapeutic targets for the treatment of type 2
diabetes and metabolic disorders, even when its safety for inflammation is guaranteed.

7. Conclusions

Metabolic syndrome involves a group of multiple risk factors that arise from insulin
resistance induced by abnormal fat deposition. It comprises a combination of risk factors
for cardiovascular disease and stroke, as well as diabetes, fatty liver, and several cancers.
According to the World Health Organization, approximately 2 billion adults are over-
weight, of which 650 million are considered to be affected by obesity with a BMI over 30,
which equates to 39% of adults aged 18 or above who are overweight, and 13% are obese.
Currently, treatment of obesity is recognized as one of the most important public health
tasks worldwide.

Since the crosstalk between metabolic disorders and immune cells originates from
initial evidence for adipose tissue-resident macrophages, it is well known that obesity in-
duces the accumulation of pro-inflammatory macrophages and chronic inflammation; in
contrast, health and a normal metabolic state provide the physiological and adaptive plas-
ticity of M1/M2 polarization. Over the past two decades, because almost all types of im-
mune cells have become discriminable and sortable, the biology of tissue-resident lym-
phocytes has been revealed. Surprisingly, the central players in adaptive and innate im-
mune responses, such as CD4+ T and NK cells, are strongly associated with obesity-in-
duced inflammation and thermogenesis. Thermogenesis is a hallmark feature of adipose
tissue and is fundamental to whole-body energy metabolism. Many recent studies of adi-
pocyte progenitor cells have demonstrated that differentiation into brown and beige adi-
pocyte and WAT browning have been regulated by anti-inflammatory cytokines from: tis-
sue-resident immune cells, and so could be potential therapeutic targets for the treatment
of metabolic disorders [123,124].
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