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Abstract: Obesity and its associated complications are global public health concerns. Metabolic
disturbances and immune dysregulation cause adipose tissue stress and dysfunction in obese indi-
viduals. Immune cell accumulation in the adipose microenvironment is the main cause of insulin
resistance and metabolic dysfunction. Infiltrated immune cells, adipocytes, and stromal cells are all
involved in the production of proinflammatory cytokines and chemokines in adipose tissues and
affect systemic homeostasis. Interferons (IFNs) are a large family of pleiotropic cytokines that play a
pivotal role in host antiviral defenses. IFNs are critical immune modulators in response to pathogens,
dead cells, and several inflammation-mediated diseases. Several studies have indicated that IFNs are
involved in the pathogenesis of obesity. In this review, we discuss the roles of IFN family cytokines in
the development of obesity-induced inflammation and insulin resistance.
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1. Obesity and Metabolic Syndrome

Obesity has become a global epidemic disease. The prevalence of obesity has tripled
globally since 1975 (https://www.who.int/, accessed on 9 June 2021). A body mass index
(BMI, the weight in kilograms divided by the square of the height in meters) equal to
or more than 30 is defined as obese, which is associated with increased morbidity and
mortality [1]. Obesity is a major risk factor for chronic diseases including cardiovascular
disease, diabetes mellitus (DM), chronic kidney disease, cancers, musculoskeletal dis-
orders, and obstructive sleep apnea. More than 80% of obese individuals are prone to
developing insulin resistance during their lifetime. Enlarged adipocytes release free fatty
acids (FFAs), lipopolysaccharide, reactive oxygen species, and proinflammatory cytokines,
causing lipotoxicity in nonadipose organs, including the liver, muscle, and pancreas. Dys-
regulated organelles contribute to systemic inflammation, which causes insulin resistance
by inhibiting the insulin signaling pathways [2,3].

According to the National Cholesterol Education Program Adult Treatment Panel II1
(NCEP-ATP-III), there are several symptoms, including abdominal obesity, hypertension,
dyslipidemia, and insulin resistance or overt type 2 DM, for the diagnosis of metabolic
syndrome. Nonalcoholic fatty liver disease (NAFLD) is characterized by fat accumulation
in the liver and can develop into more severe disease—hepatic steatosis and nonalco-
holic steatohepatitis (NASH) [4,5]. However, there are some limitations to this disease
nomenclature. Fatty liver diseases are also accompanied by metabolic syndrome and
alcohol-associated or other chronic diseases. Therefore, a new term has been proposed:
metabolic dysfunction-associated fatty liver disease (MAFLD). Genetic alterations in lipid
metabolism in the liver, including increased de novo lipogenesis, increased mitochon-
drial fatty acid oxidation (FAO), increased uptake of FFAs, alterations in triglyceride (TG)
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secretion, insulin resistance in adipose tissues and skeletal muscle and gut microbiota,
are involved in the pathogenesis of MAFLD [6]. Adipose tissue macrophages (ATMs)
from obese mice induced hepatic neutrophil recruitment during NASH development [7].
Therefore, there is an urgent need to understand the crosstalk of inflammatory responses
between adipocytes and liver cells.

Obesity, type 2 DM, and cardiovascular diseases are closely linked. The mechanisms
underlying these pathogenic effects include adipokine dysregulation, inflammation, in-
creased circulating FFAs, and altered energy storage causing atherosclerosis, endothelial
cell dysfunction, and cardiometabolic disease [8]. In severe obesity, impaired insulin-
stimulated glucose uptake, oxidative metabolism, and increased lactate production have
been observed in skeletal muscle [9]. Skeletal muscle cells secrete cytokines that increase
immune cell infiltration and promote skeletal muscle inflammation in obesity. IL-6, IL-8,
IL-15, TNF-&, MCP-1 (CCL2) and other molecules, such as fibroblast growth factor 21,
irisin, myonectin, and myostatin, are involved in obesity with insulin resistance or type 2
DM [10-14].

2. Crosstalk between Adipose Tissue and Immune Cells

Adipose tissue is composed of several types of cells, including adipocytes, preadipocytes,
immature adipocyte precursors, endothelial cells, and immune cells. Three different types
of adipocytes that exist in mammals are white adipocytes, brown adipocytes, and beige
adipocytes. White adipocytes are the main source of storage of excess energy. In contrast,
brown adipocytes can transduce energy into heat. When abnormal or excess energy is
stored in the adipose tissue, the expansion of adipose tissue starts from either resident
tissue precursors or existing adipocytes to form new (hyperplasia) or enlarged adipocytes
(hypertrophy). Adipocytes act as endocrine regulators to modulate energy expenditure
and systemic health. They secrete a variety of hormones, proteins, and peptides that
are known as adipocyte-derived adipokines and participate in lipid metabolism, insulin
sensitivity, blood pressure regulation, and inflammation [15]. For example, high levels of
the proinflammatory markers C-reactive protein and IL-6 were found in obese people and
represent risk factors for developing type 2 DM. Moreover, other adipokines, such as leptin,
resistin, RBP4, and TNF-«, also have proinflammatory effects and influence cardiovascular
functions [16].

Under homeostatic conditions, these adipose tissue-resident immune cells produce
anti-inflammatory cytokines and maintain tissue homeostasis in nonobese individuals. Reg-
ulatory invariant natural killer T cells, y8T cells, type 2 innate lymphoid cells, eosinophils,
regulatory T cells (Tregs), and M2-polarized ATMs are enriched in the adipose immune
system. These cells produce IL-4, IL-5, IL-10, IL-13, and TGF-f3 to remodel adipose tissues
and contribute to an anti-inflammatory and insulin-sensitive phenotype.

In obese conditions, inflammatory immune cell accumulation in the adipose microen-
vironment is critical for causing insulin resistance and metabolic dysfunction. Macrophages
were increased in obese individuals and participated in inflammatory pathways. Macrophage
infiltration is increased in adipose tissues that switch to a proinflammatory microenvi-
ronment [17]. In obesity, adipocytes become hypertrophic and dysregulated, resulting
in inflammatory changes in adipose tissue with the secretion of interferon-y (IFN-y) and
TNF-« [18]. The adipose microenvironment is disturbed and enriched in M1-polarized
ATMs, CD8* T cells, type 1 T helper (Th1) cells, Th17 cells, and neutrophils [19,20]. In-
flammatory cytokines or chemokines such as IL-6, IL-1§3, IL-18, MCP-1, IL-8, and CXCL5
were higher in obese subjects and acted as mediators to activate or recruit immune cells.
In addition, TNF-«, IFN-y, and IL-1$ are all associated with inflammation and insulin
resistance [21]. Therefore, these cytokines or adipokines act as modulators that contribute
to obesity-induced inflammation and metabolic diseases.
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3. Interferons (IFNs)

IFNs are a family of cytokines that play critical roles in inflammation, immunoregula-
tion, and tumor cell recognition [22]. They can be divided into type I, type II, and type III.
Isaacs and Lindenmann discovered a substance that can protect cells from viral infections,
IEN, in 1957 [23]. Type II and III IFNs were found in 1965 and 2003, respectively [24,25].

Type I IENs are produced by plasmacytoid monocytes, dendritic cells (DCs), and
macrophages after viral infection [26-28]. Type I IFNs can also be produced by almost
every cell type, including leukocytes, fibroblasts, and endothelial cells [29]. Some studies
have indicated that type I IFNs can be produced by bacterial stimulation. Mice were
subjected to bacterial challenge with intranasal staphylococcal enterotoxin B, resulting in
the expression of IFN regulatory factors (IRFs), including IRF1, IRF7, and IRF8, which
elicited IFN responses [30,31]. These IFNs cooperate with other cytokines or chemokines to
improve host antitumor effects and participate in immune responses [32,33]. High doses
of type I IFNs exerted profound therapeutic effects in the murine B16 model through a
direct antiangiogenic effect [34]. Further studies also showed that mice deficient in IFN
o/ B receptor (IFNAR) or signal transducer and activator of transcription (STAT) protein 1
failed to induce T-cell priming. IFNAR™/~ or STAT1~/~ mice had a defective ability to
recruit CD8a* DCs to tumors [35]. Another study also demonstrated that mice lacking
IFNAR1 in DCs could not reject highly immunogenic tumor cells and that CD8«x* DCs
could not cross-present antigens to CD8" T cells [36]. The connection between type I IFN
and autoimmune or inflammatory diseases is well known. For example, IFN was found
in patients with systemic lupus erythematosus, rheumatoid arthritis, scleroderma, and
Sjogren’s syndrome [37-39]. It also acts as a trigger for developing autoimmune thyroid
disease [40].

In the human genome, thirteen functional type I IFN genes are located at 9p21.3,
including IFN-oc (IFNA1, IFNA2, IFNA4, IFENA5, IFNA6, IFNA7, IFNAS, IFNA10, IFNA13,
IFNA14, IFNA16, IFNA17, and IFNA21), IFN-w (IFNW1), IFN-¢(IENE), IFN-« (IFNK),
IEN-(, IEN-T (tau), IFN-6 and IFN-f (IFNB1), and 11 IFN pseudogenes [41,42]. They are
recognized by IFNAR and activate Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2).
When activated, these two kinases phosphorylate the receptors and recruit STAT proteins.
The IFN-stimulated gene factor 3 (ISGF3) complex is composed of STAT1, STAT2, and
IRF9, translocates into the nucleus and binds to the promoter region of the IFN-stimulated
response element (ISRE) to activate antiviral responses [43]. In addition, the STAT1 ho-
modimer translocates into the nucleus and binds to gamma-activated sequences to induce
proinflammatory genes, whereas the STAT3 homodimer indirectly inhibits inflammatory
gene expression by being bound by the corepressor complex SIN3 transcription regulator
homolog A, which is a repressor of inflammatory pathways [44]. These are the hallmarks of
canonical pathways involved in type I IFN signaling. The noncanonical type I IFN signaling
pathway is similarly activated by IFNs binding to IFNAR. The main noncanonical IFN
pathways include the mitogen-activated protein kinase (MAPK) and phosphatidylinositol
3-kinase (PI3K)/mammalian target of rapamycin (mTOR) pathways [45].

Type II IFNs consist of only IFN-y, which participates in innate and adaptive immune
responses. For example, in early host immune responses, natural killer (NK) cells, CD4*
Th1 cells, and CD8" T cells produce IFN-y to improve antigen recognition in antigen-
presenting cells such as macrophages and DCs, causing macrophage polarization to the M1
phenotype and increasing the levels of the proinflammatory cytokines IL-1§3, IL-12, IL-23,
and TNF-« [46].

Aberrant production of IFN-y is also involved in autoimmune diseases [37]. NK
cells and natural killer T (NKT) cells are the main producers of IFN-y for innate immune
responses [47]. When NK cells are stimulated to secrete IFN-y, the pathway is receptor-
mediated or cytokine-mediated. Activating receptors transmit signals into the cytoplasm
through phosphorylation of immunoreceptor tyrosine-based activating motifs, resulting in
activation of protein tyrosine kinases of the Src family and leading to activation of down-
stream signaling, including MAPK, PLC-y, and the Son of sevenless/Ras pathways [48].
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Cytokine-mediated NK cell activation is regulated by IL-12, which can enhance NK cell
cytotoxic killing activity [49]. After infection, macrophages secrete IL-12, which interacts
with its receptor on NK cells and then activates STAT4 and NF-«B to promote IFN-y ex-
pression [50]. A previous study indicated that IL-15 acted in concert with IL-18 to stimulate
IEN-y production [51]. Another study also indicated that IL-2, which shares its 3 and
v chains with IL-15, produced IFN-vy in vitro [52].

NKT cells produce IFN-y through the T-cell receptor (TCR) [53]. Some studies have
indicated that macrophages, B cells, CD4"* T cells, and CD8" T cells are involved in
IFN-y signaling to facilitate the immune elimination of tumors and effective immune
responses [46,54-57]. IFN-y production from CD4" T cells or CD8" T cells can be mediated
by receptor- and cytokine-dependent mechanisms that are similar to NK cell stimulation.
After the interaction between TCR and antigen, Src family tyrosine kinases are activated,
leading to MAPK, Jun, and Fos activation that ultimately upregulates IFN-y production [58].
In cytokine-dependent mechanisms, exposure to IL-12 and IL-18 can produce IFN-y in CD4*
T cells or CD8" T cells [59]. Signal transduction is dependent on IFN-y interacting with the
IEN-y o/ receptor and activating the downstream JAK-STAT signaling pathway [60].

Type III IFNs include IFN-lambda 1 (IFN-A1, also known as IL-29), IFN-A2 (also known
as IL-28A), IFN-A3 (also known as IL.-28B), and IFN-A4 [25,61,62]. In humans, the IFN-
A locus is associated with hepatitis C virus infection [63]. Most classes of viruses and
some bacterial products induce IFN-A expression [25,61,64,65]. There are some cell types,
including epithelial cells, hepatocytes, B cells, plasmacytoid DCs (pDCs), and macrophages,
that can express functional IFN-A receptors and respond to IFN-A [66-73]. IFN-As are
found in innate immune defenses at mucosal barriers. In intestinal epithelial cells and
airway epithelial cells, IFN-A mediates antiviral protection to block viral replication and
transmission [74-78]. In addition, Toll-like receptor (TLR) agonists protected vaginal
epithelial cells from herpes simplex virus type 2 infection, and this mechanism is dependent
on IFN-A [79]. Furthermore, after virus infection in the upper airway, IFN-A also regulates
adaptive immunity. IFN-A acts on CD103* DCs and triggers thymic stromal lymphopoietin
expression, thereby greatly enhancing the production of virus-specific CD8* T cells and
antibodies, resulting in improved resistance to infection with influenza viruses [80].

All type III IFNs signal through IFN-A receptor 1 (also termed IL-28R1) and IL-10
receptor subunit-3 (IL-10R2), which leads to JAK1 and TYK2 activation, resulting in STAT1-
STAT2-IRF9 complex (which is known as the ISGF3 complex) translocation into the nucleus
and binding to IFN-stimulated response elements in the promoter regions of ISGs [81].

4. IFN Expression in the Development of Obesity

IFNs are not only associated with host defense but are also related to obesity. Com-
pared with nonobese subjects, peripheral blood mononuclear cells (PBMCs) from obese
subjects showed decreased IFN-a and IFN-{3 production after stimulation with TLR lig-
ands [82]. To investigate whether the level of IFN-f3 is associated with metabolically
unhealthy abdominal obesity (MUAO) due to obesity or metabolic state, we examined the
correlation between the serum levels of lipoprotein binding protein and IFN-{ in 65 abdom-
inally obese subjects with a waist circumference > 95 cm. However, there was no difference
in these two parameters between the MUAO and metabolically healthy abdominally obese
(MHAO) groups. This suggests that serum IFN-f and abdominal obesity are more closely
related [83]. Similarly, waist circumference significantly correlated with CD3 and IFN-y
mRNA expression in type 2 DM patients, suggesting an association between insulin re-
sistance and lymphocyte infiltration in adipose tissue [84]. A recent study indicated that
insulin peptide-specific IFN-y-related immune responses play a key role in ketosis-prone
type 2 DM [85]. High-fat diet (HFD) feeding in a murine model of obesity-related insulin
resistance and NAFLD increased the number of pathogenic intrahepatic CD8" T cells.
Diet-induced obesity (DIO) promoted intrahepatic type I IFN responses activating T-cell
pathogenicity, which resulted in NAFLD progression and glucose dysregulation [86].
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HFD-induced mouse models can also activate the cGAS-cGAMP-STING pathway. This
pathway not only mediates type I IFN responses but also contributes to increased insulin
resistance and the development of NAFLD [87]. In addition, a previous study showed that
influenza infection in obese mice caused higher mortality rates due to impaired induction
of both type I and type III IFN responses [88]. Moreover, COVID-19 infection of obese
individuals also resulted in delayed and attenuated type I and III IFN responses [89].

The overexpression of proinflammatory cytokines in obesity is associated not only with
local immune responses in visceral adipose tissues (VAT) but also with chronic systemic
inflammation. A study demonstrated that serum levels of IFN-y from obese subjects were
significantly related to general obesity (determined by BMI) and central obesity (determined
by waist-hip ratio) [90]. Similarly, higher levels of IFN-y were found in adipose tissue from
obese animals [21]. However, one study showed that prenatal dexamethasone and postnatal
HFD decreased IFN-y production and caused aberrant site-specific and age-dependent
histone modification in male Sprague Dawley rat offspring [91]. In obese children, increased
production of IFN-y secreted from CD4* T cells was associated with insulin resistance and
NASH [92]. A higher percentage of CD4" and CD8* T cells in VAT was observed in DIO
mice than in lean mice. Moreover, T cells secreted more IFN-y in obese adipose tissues.
Greater IFN-y secretion from PMA /ionophore-stimulated epididymal adipose tissue was
also observed at week 6 and week 12 in HFD-treated C57BL/6 mice [21,93].

Fat accumulation in the liver can lead to the development of more severe hepatic
steatosis and NASH from NAFLD. A study showed that IFN-A3 levels were associated with
the development of NASH in SD rats [94]. Another study demonstrated that serum IFN-A1
levels were higher in obese patients than in healthy individuals. IFN-A1 was expressed in
VAT isolated from obese patients [95,96]. We summarized the association between the IFN
family and obesity as well as insulin sensitivity (Figure 1).
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Figure 1. Adipocytes and immune cells act cooperatively to produce cytokines, chemokines, and
interferons, contributing to obesity-related inflammation and metabolic dysregulation in human
adipose tissue.

5. IFN Expression in the Regulation of Insulin Sensitivity

A previous study demonstrated that long-term incubation of IFN-x at low concentra-
tions increases the high-affinity binding of insulin and modulates insulin sensitivity and
glucose transport in human adipocytes [97]. In contrast, long-term HFD feeding reduced
the numbers of Tregs in VAT and elevated levels of IFN-, resulting in insulin resistance [98].
After type I and type II IFNs bind to their receptors to activate STAT through the JAK family,
cytoplasmic STAT translocates to the nucleus and promotes the transcription of SOCS [99].
Increased SOCS1 expression has been observed in the liver, muscle, and adipose tissues of
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obese db/db mice. Moreover, SOCS is associated not only with the JAK-STAT pathway but
also with insulin signaling [100]. For example, IFN-f3 induces SOCS1 expression, which
suppresses insulin-induced tyrosine phosphorylation of insulin receptor substrate 1 (IRS-1).
IFN-y stimulates SOCS3 expression, which results in the degradation of IRS-1. In addition,
IEN-B-induced SOCS1 expression and IFN-y-induced SOCS3 expression are mediated by
STAT1 and STAT3. Moreover, IFN- and IFN-y induce SOCS isoforms leading to insulin
resistance in 3T3-L1 adipocytes [101]. IRF7 is a major regulator of type I IFN-dependent im-
mune responses [102]. A previous study indicated that increased levels of IRF7 were found
in white adipose tissue (WAT), liver tissue, and gastrocnemius muscle of HFD-treated mice
and ob/ob mice. Another study also indicated that induction of IFN-« from pDCs induced
more transcription of ISG in VAT, which is positively associated with adipose tissue and
systemic insulin resistance [103].

The causal relationship between IFN-« and insulin resistance was elucidated in healthy
individuals treated with natural human leukocytes IFN-« by impairing glucose tolerance
and insulin sensitivity [104]. In addition, type I IFNs were found to play a vital role in
the diabetic microenvironment by impairing insulin secretion and mitochondrial bioen-
ergetics and enhancing autoimmune attacks on pancreatic 3 cells [105]. Another study
also showed that IFN-o treatment in human islets and human EndoC-H1 cells triggered
endoplasmic reticulum stress, decreased insulin production and altered the functional
state of 3 cells [106]. Some studies have been conducted to investigate the association
between insulin resistance and IFN-y. For example, there was an association between
IFN-y, insulin resistance, and MetS in obese children [92,107]. In HFD mice, hyperglycemia
with a reduction in adiponectin increased T-cell glycolysis, resulting in increased IFN-y
and IL-17 and insulin resistance [108]. Ablation of NLR family pyrin domain containing
3 (NLRP3) inflammasomes in obesity reduced inflammation and adipose tissue IFN-y and
improved insulin sensitivity [109].

IFN-y-induced protein 10 (IP-10) is a proinflammatory chemokine. The level of IP-10
was higher in NAFLD patients and in those with incident diabetes. Moreover, IP-10 levels
were associated with MCP-1, TNF-«, and insulin resistance. Therefore, IP-10 can be an
independent predictor of liver injury, incident diabetes and insulin resistance [110]. One
study showed that TNF-o and IFN-y could also induce nitric oxide formation, leading to
partially impaired glucose-stimulated insulin secretion and causing DNA damage [111]. In
addition, one study showed an association between insulin-dependent diabetes mellitus
(IDDM) and the expression of IFN-y in pancreatic (3 cells. IFN-y transgenic mice suffered
inflammatory destruction of the islets [112]. IFN-y expression in insulitis lesions was
reduced in insulin immunization of nonobese diabetic (NOD) mice [113]. According to
the abovementioned findings, IFN-a could be mediated by immune cells and induce ISG
transcription during HFD feeding. However, the mechanism by which local pDCs regulate
IFN-« is still under investigation. Moreover, the mechanism by which IFN-f and IFN-y
induce SOCS isoforms needs to be further investigated, which is a potential target to inhibit
or prevent SOCS signaling. The effects of IFN-y on insulin sensitivity are dependent on the
stimulation of SOCS3 expression or the induction of nitric oxide formation and should be
further confirmed.

6. Impact of IFNs on AT Metabolism and Remodeling during Obesity

Glyceroneogenesis is a metabolic pathway that synthesizes glycerol 3-phosphate from
noncarbohydrate precursors. The key enzyme that regulates this metabolic pathway is the
cytosolic isoform of phosphoenolpyruvate carboxykinase (PEPCK-C), which is considered a
regulator of fatty acid efflux. In addition, one study demonstrated that PEPCK-C decreased
in adipose tissues in IFN-y-treated mice. IFN-y-induced overproduction of fatty acids
resulted in increased plasma fatty acids, which may correspond to the onset of insulin
resistance [114]. Moreover, the production of IFN-y is dominated by CD4* T cells, which
are prone to Th1 cytokine profiles and related to leptin, insulin resistance, and NASH [92].
Another study also suggested that pathogenic IFN-y-secreting CD4* Th1 cells accumulated
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in the VAT of DIO mice, overwhelming the high proportion of CD4*Foxp3* T cells. There-
fore, pathological T cells are involved in worsening metabolic regulation. Proinflammatory
T-cell-derived IFN-y was also found to induce insulin resistance, downregulate the levels
of adipogenic genes and reduce lipid storage in human Simpson-Golabi-Behmel syndrome
(SGBS) cells through the JAK-STAT pathway. These findings suggested that IFN-y played a
pivotal role in mediating T-cell activation in obesity and insulin resistance via the JAK-STAT
pathway [115]. Furthermore, 3T3-L1 adipocytes could present endogenous ligands to NKT
cells through CD1d, which leads to IFN-y production. Depletion of adipocyte-specific
CD1d reduced VAT mass and enhanced insulin sensitivity in DIO mice. Therefore, the
interactions between NKT cells and CD1d-expressing adipocytes may play important roles
in regulating adipose tissue metabolism [116].

IFN-vy released from omental adipose tissues obtained from obese individuals altered
the adipocyte phenotype, which is characterized by fewer lipid droplets of increased size,
impaired insulin sensitivity, and adiponectin release [117]. Moreover, IFN has been found
to exert inhibitory effects on the differentiation of mouse 3T3-L1 adipocytes and decrease
de novo lipid biosynthesis [118]. Virus-derived IFN-y can also downregulate insulin
receptor expression in skeletal muscle, causing systemic insulin resistance and promoting
compensatory hyperinsulinemia to induce antiviral CD8" T-cell responses in humans
and mice, which suggests a circulating loop between the endocrine system and immune
system [119]. In addition, pDCs, the main producers of type I IFNs, are among the immune
cell populations involved in innate and adaptive immune responses. In lean individuals,
Treg cells regulate local and systemic inflammation and metabolism in adipose tissues. Two
studies indicated that Tregs were reduced and pDCs were recruited to the adipose tissue,
which signaled through type I IFN signaling or secreted IFN-«, causing insulin resistance
in DIO mice. This result suggested that blocking the pDC-IFN-« axis could restore insulin
sensitivity and Tregs in VAT [98,120]. Therefore, IFN-y could be induced by CD4* T cells
and the NKT/CD1d cell axis, leading to more pathogenic T cells and overproduction of
fatty acids. However, how and why these immune responses trigger IFN-y production and
affect local and systemic metabolic responses still need to be investigated.

Glycolysis is the pathway that generates pyruvate/lactate after glucose uptake, which
regulates insulin secretion and the metabolic functions of cells. Previous studies have shown
that type I IFNs produced by pDCs induce an increase in FAO and glycolysis [121]. Fur-
thermore, IFN-(3 treatment in adipocytes enhanced the expression of glycolysis-associated
enzymes and promoted the basal extracellular acidification rate and oxygen consumption
rate [122]. IFN-{3 also regulates metabolic events that are important for the induction of a
rapid antiviral response [123]. Taken together, the type I IFN axis not only alters adipocyte
metabolism but also enhances antiviral responses by modulating glucose metabolism.
Therefore, therapeutic induction of type I IEN selectively in ATMs may provide a novel
approach for treating obesity.

WAT expansion and remodeling are risk factors for developing metabolic syndrome
in obesity. One study showed that IFN-31 treatment restored insulin sensitivity and
improved glucose homeostasis in the DIO mouse model. In addition, IFN-f1 blocked
adipose tissue expansion and body weight gain and was linked to increased adipose tissue
thermogenesis [124]. Therefore, these findings reveal that this immune-modulating IFN-
1 treatment can attenuate adipose tissue inflammation and protect against obesity and
its related complications. Although IFN-A1 has been found to play a critical role in host
defense against microbes and virus infection, one study showed that IFN-A1 downregulated
adipogenic markers, including peroxisome proliferator-activated receptor-y (PPAR-y),
FABP-4, and lipoprotein lipase, in mature SGBS adipocytes. Moreover, IFN-A1 decreased
glucose uptake and insulin sensitivity in SGBS adipocytes by reducing glucose transporter 4
(GLUT4) and phosphorylation of protein kinase B (AKT) signals. In vivo, IFN-A1l treatment
also worsened glucose homeostasis and insulin sensitivity as determined through glucose
and insulin tolerance tests (ITTs) in HFD mice [95]. We summarized the signal pathways of
the IFNs in 3T3-L1 adipocytes and SGBS adipocytes (Figure 2).
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Figure 2. Schematic model of different mechanisms of insulin sensitivity and resistance by IFNs in
3T3-L1 adipocytes and SGBS adipocytes.

7. Proposed Mechanisms of IFNs in Obesity-Associated Inflammation

In excess nutrient conditions, adipose tissues release inflammatory medjiators, includ-
ing TNF-oc and IL-6, decrease adiponectin expression, and recruit and activate immune
cells in adipose tissues, resulting in a proinflammatory state and oxidative stress. People
with obesity have been associated with impaired immune responses, leading to increased
susceptibility to infection and mortality. Type I IFNs have been found to be involved in early
immune responses after viral infections and are regulated by SOCS1 and SOCS3 [23,125].
For example, COVID-19 patients had high levels of proinflammatory cytokines resulting in
the induction of SOCS1 and SOCS3, impairing type I and III IFN responses [89]. A study
showed that obesity contributed to impaired IFN-« and IFN-f3 responses, which made
people respond inadequately to viral infections [82]. Another study also indicated that
impaired IFN-«, IFN-f3, and IFN-A were caused by attenuated IRF7 in influenza infection
of obese mice [88]. These findings have drawn more attention to the effects of IFN produc-
tion and IRF7 in obese individuals and individuals with other metabolic disorders. IRF7
mediates obesity-associated MCP-1 transcription in 3T3-L1 adipocytes. IRF7~/~ mice had
lower MCP-1 expression in epididymal WAT during HFD feeding [126].

The cGAS-cGAMP-STING pathway has been described as a cytosolic DNA sensor to
detect pathogen-derived DNA and activate type I IFN responses. A study demonstrated
that obesity induced mtDNA release and activated the cGAS-cGAMP-STING pathway,
resulting in chronic inflammation in adipose tissues. In addition, the findings revealed
that the lack of DsbA-L, a chaperone-like protein originally identified in the mitochondrial
matrix, greatly increased the mRNA expression of IFN-« and inflammatory genes such as
TNF-«, IL-18, and MCP-1. Therefore, overexpression of DsbA-L can prevent chronic inflam-
mation, insulin resistance, and metabolic dysfunction resulting from mtDNA-induced acti-
vation of the cGAS-cGAMP-STING signaling pathway. Targeting the cGAS-cGAMP-STING
pathway in adipose tissue may provide another approach to ameliorate obesity-associated
inflammation and metabolic disorders by downregulating the levels of proinflammatory
genes, including IFN-o [127].

In obesity, increased FFAs cause metabolic stress, which induces endothelial inflam-
mation and dysfunction [128]. Increasing evidence has shown that STING plays a critical
role in immunity and inflammation. After activation, STING recruits TANK-binding kinase
1 and IRF3, resulting in IRF3 phosphorylation and activation. Then, IRF3 dimerizes and
translocates into the nucleus, promoting the transcription of inflammatory factors such
as IFNs [129]. A study suggested that palmitic acid, one type of FFA involved in obesity,
induced the activation of the STING-IRF3 pathway and the expression of inflammatory
proteins, including VCAM-1, MCP-1, IEN-vy, IL-1, and ICAM-1. In addition, STING activa-
tion in adipose tissues from DIO mouse models is involved in adipose tissue inflammation
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and insulin resistance. Therefore, targeting STING signaling not only has an impact on
cardiovascular disease, but also on metabolic syndrome in obese individuals [130].

Type 1 IENs are mediators that orchestrate both innate and adaptive immune responses.
The type I IFN/IFNAR axis regulates inflammatory vigor in both adipocytes and myeloid
cells and contributes to obesity-associated pathogenesis in mice. Therefore, targeting
the type I IFN/IFNAR axis may be a possible intervention in dampening obesity-driven
metabolic derangements [122]. A previous study showed that overexpression of IFN-31,
an immune-modulating cytokine, attenuated HFD-induced adipose inflammation and
improved insulin sensitivity and glucose homeostasis [124]. Therefore, immune regulation
in obesity-associated adipose inflammation may protect against obesity and its related
pathologies.

In obese children, CD4* T cells secreted more IFN-y and were prone to shift to the Thl
phenotype [92]. Accumulating evidence indicates that increased T cells in adipose tissues
are among the main causes of obesity-related metabolic syndrome. Adipose-resident T
cells (ARTs) from DIO mice had a high frequency of IFN-y expression and increased in-
flammatory mediators. In addition, the elimination of ARTs in visceral fat enhanced insulin
sensitivity during early-stage obesity and reduced the epididymal adipose tissue expression
of T-cell-derived IFN-y [131]. Development of T-cell depletion specific to visceral fat may
help reduce comorbidities of obesity. In addition, a study showed that T-cell priming in
epididymal adipose tissues induced IFN-y production in response to PMA /ionophore
stimulation by week 6 of HFD feeding. IFN-y release is accompanied by CD11c* ATM re-
cruitment, leading to inflammation and insulin resistance [93]. Moreover, 3T3-L1 adipocytes
could present endogenous ligands to NKT cells, which promoted IFN-y production, re-
sulting in enhanced CD1d and CCL2 expression by stimulated adipocytes. Additionally,
adipocyte-specific CD1d deletion inhibited the infiltration of M1 macrophages into adipose
tissues [116]. Adipocytic 3T3-L1 cells stimulated with murine recombinant IFN-y increased
the levels of the T-cell chemoattractants IP-10, MIG, CC and CXC chemokine families,
IFN-inducible T-cell &« chemoattractants, MCP-1, and MCP-2. Moreover, media from IFN-
v-treated adipose tissues included higher levels of TNF-«. These results demonstrated
that IFN-y could regulate inflammatory gene expression specifically in adipose tissues [21].
Similarly, treatment of SGBS preadipocytes with IFN-y significantly increased the release
of MCP-1 [84].

To compare the difference between VAT and subcutaneous adipose tissue, stromovas-
cular cell fractions were extracted from obese individuals. The results showed that IFN-y-
expressing NK cells were increased in VAT compared with subcutaneous adipose tissue.
NK cell-derived IFN-y regulated the macrophage phenotype in human VAT: in other
words, IFN-y upregulated the expression of TNF-o, an M1 cytokine, and downregulated
the expression of IL-10, an M2 cytokine. These findings suggest that NK cells and IFN-y
regulate ATM-mediated inflammation in human obesity [18]. Chronic inflammation during
obesity is regarded as a contributor to diseases such as type 2 DM, atherosclerosis, and
certain cancers. Innate immune cells can recognize pathogen-associated molecular patterns
through the expression of pattern-recognition receptors such as TLRs and NLRs. Among
the NLR family members, the NLRP3 inflammasome can recognize nonmicrobial origin
danger signals and activate caspase-1 as well as IL-13 and IL-18 secretion. In obese type 2
DM patients, NLRP3 expression is reduced in adipose tissues along with decreased inflam-
mation and improved insulin sensitivity. Moreover, ablation of the NLRP3 inflammasome
lowered the expression of IL-18 and IFN-y and macrophage-T-cell interactions during
obesity [109].

8. Modulation of IFNs in Animal Models of Obesity

According to the abovementioned findings, IFN-«, IFN-f3, IFN-y, and IFN-A1 have
been associated not only with immune responses during infection but also with obesity
and its related metabolic syndrome. Therefore, transgenic animal models have been
generated to study the underlying mechanisms of obesity development. There were higher
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numbers of CD4" and CDS8" T cells in VAT in DIO obese C57BL/6 mice. Moreover, T
cells from obese adipose tissues produced more IEN-y than controls. IFN-y~/~ mice fed a
HFD improved insulin sensitivity, reduced the expression of MCP-1 and STAT-1, reduced
leptin and cholesterol levels, and limited inflammatory cell infiltration and accumulation.
However, IFN-y participates in innate and adaptive immune responses and improves
antigen recognition in antigen-presenting cells. Conditional ablation of IFN-y in immune
cells such as T cells requires further investigation [21]. Another study indicated that
reduced body weight was associated with reduced food intake, increased physical activity,
decreased NPY and AgRP (suppressed hunger-stimulating neuropeptides), and increased
POMC (appetite-suppressing neuropeptide) in IFN-y~/~ C57BL/6] mice compared with
control mice fed a standard chow diet. In addition, IFN-y~/~ mice had lower blood
glucose levels during the ITT, suggesting that improved glucose tolerance was associated
with increased insulin sensitivity. Increased whole-body insulin sensitivity and glucose
tolerance resulted from decreased G6Pase activity associated with hepatic insulin sensitivity.
Therefore, IFN-y plays a crucial role in regulating energy balance [132].

Stromal vascular fraction (SVF) is a dominant inflammatory component of adipose
tissues. SVF from obese WT mice and obese IFN-y~/~ mice showed that the expression of
TNF-« was increased, while IL-10 was decreased in response to IFN-y treatment. Compared
with obese WT mice, ATM from obese IFN-y~/~ mice exhibited reduced TNF-« expression,
and the relative frequency of CD11c* cells was decreased, which has been shown to desig-
nate an obesity-specific M1 inflammatory ATM subpopulation. Moreover, the numbers of
NK cells were decreased in VAT from obese IFN-y~/~ mice compared to obese WT mice.
Insulin sensitivity was modestly increased, and adipocyte size was modestly decreased in
obese IFN-y~/~ mice. According to these results, IFN-y could regulate cytokine expression
and predispose SVF cells toward M2-ATM. In addition, HFD-fed IFNAR™/~ mice were
protected against diet-induced weight gain compared with B6 HFD control mice, which
was associated with smaller subcutaneous fat depots and lower total fat mass. Further-
more, after 18 weeks of HFD feeding, the accumulation of proinflammatory macrophages
in VAT was decreased in IFNAR ™/~ mice. Another study also demonstrated that obese
IFNAR~/~ mice exhibited improved glucose metabolism, based on improving glucose
tolerance tests (GTTs) and ITTs and reduced hepatic CD4* T cells. AdipoqcreIFNARﬂ/ fl
mice that specifically depleted IFNAR expression in adipocytes and littermate controls
(Cre—TFNARY/) fed a long-term HFD exhibited improved glucose metabolism without
influencing liver TG levels and hepatocellular damage [122].

IFNaR1-deficient (IFNoaR1~/~) mice fed a HFD showed reduced liver weight, TG
content, and lipid content compared to WT HFD-fed controls. Moreover, IFNaR1~/~ mice
prevented DIO-induced insulin resistance by improving GTTs, ITTs, and pyruvate tolerance
tests and reducing plasma fasting glucose and insulin levels. However, these effects were
dependent on HFD feeding, while NCD-fed IFNaR1~/~ mice displayed no differences
in metabolic tests. HFD-fed IFNaR1~/~ mice also exhibited lower levels of intrahepatic
CDS8" and CD4" T cells, Ki67t*CD8* and Ki67"CD4" T cells, and TNF-a*CD8* T cells.
Overall, these findings indicated that type I IFN promoted the proliferation and activation
of intrahepatic T cells, resulting in proinflammatory cytokine expression during DIO, and
was involved in the pathology of metabolic diseases, including insulin resistance [86]. On
the other hand, IFNaR1~/~ mice exhibited resistance to weight gain and were dependent
on type I IFN responses originating in macrophages, which indicates that the selective
induction of type I IFN in ATMs may provide a new strategy for treating obesity [133].
Although IFN-y~/~ or IFN&R1~/~ mice displayed metabolic improvement and decreased
proinflammatory responses, the impact of IFN ablation must be considered due to increased
susceptibility to infection.

There are nine IRFs (IRF1-IRF9) in mammals. IRFs can regulate type I IFN expres-
sion. IRF1~/~ mice have been found to suppress spontaneous insulitis and DM in NOD
mouse models by increasing CD4" and Mac-1* splenic cells and decreasing CD3* and CD8*
cells and the IFN-y/IL-10 ratio. Although IRF3 expression was higher in HFD-treated
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mice, IRF3 overexpression improved the HFD-induced dysfunction of insulin sensitivity.
IRF3~/~ mice exhibited hepatic steatosis and insulin resistance. Therefore, IRF3 may
be a promising target for treating metabolic diseases. IRF4 has been found to regulate
macrophage polarization in adipose tissues during HFD-induced obesity. Deletion of IRF4
in macrophages increased proinflammatory cytokines and impaired insulin sensitivity in
cocultured adipocytes. Global or myeloid cell-specific IRF5 deficiency improved insulin sen-
sitivity, remodeled adipose tissue and recruited alternatively activated macrophages [134].
IRF9 expression was lower in livers from both DIO and genetically (ob/ob) obese mice.
After consuming an HFD, IRF9~/~ mice were more obese and displayed impaired insulin
sensitivity and glucose tolerance versus WT controls. In addition, the levels of tyrosine
phosphorylation of IRS1 and serine phosphorylation of AKT were lower in the livers of
IRF9~/~ mice than in those of WT mice. TG, total cholesterol, low-density lipoprotein,
FFA, and B-hydroxybutyrate levels were higher in the sera of IRF9~/~ mice, while the
level of high-density lipoprotein was lower. Serum levels of leptin and resistin were also
higher and adiponectin was also lower in IRF9~/~ mice compared to WT controls. These
findings suggest that IRF9 is involved in immune responses and metabolic regulation.
Liver-specific IRF9 overexpression ameliorated these phenotypes in both DIO and geneti-
cally (ob/ob) obese mice. Importantly, IRF9 could upregulate the expression of PPAR-«
target genes. Hepatic PPAR-o overexpression rescued obesity-induced metabolic disorders
and inflammation in IRF9~/~ mice. These results shed light on the role of IRF9 in metabolic
dysfunction [135]. Meanwhile, another study showed that IRF7~/~ mice gained less weight
and had improved glucose and lipid homeostasis as well as insulin sensitivity. In addition,
IRF7~/~ mice exhibited ameliorated diet-induced hepatic steatosis and decreased local and
systemic inflammation. Therefore, IRF7 is believed to be involved in energy metabolism
and insulin sensitivity [136]. However, another study indicated that IRFs play versatile
roles in the pathogenesis of type 1 DM by affecting 3 cells, immune cells such as DCs, T
cells and macrophages and type I and II IFN [137]. In summary, IRFs are a double-edged
sword that can be identified as targets for both pathogenic and protective mechanisms in
metabolic diseases.

9. Therapeutic Perspective of IFN in Obesity and Insulin Sensitivity

Cytokines are among the key regulators in mediating normal immune responses,
representing a double-edged sword that is involved in the pathology of several diseases,
but can also be used as a treatment for metabolic diseases [138,139]. Thus, there is a critical
need to identify the actions of cytokines for novel therapeutic candidates. IFN-« is pro-
duced in response to viral infection and is a therapeutic target in some cancers and viral
infections. Human IFN-« A /D treatment reduced body weight and adipocyte cell size in
DIO C57BL/6 mice. In addition, IFN-« A /D treatment increased the number of apoptotic
cells in 3T3-F422A adipocytes. Therefore, IFN-« therapy may affect weight change partly
by increasing apoptosis of adipocytes [140]. IFN-« plays a key role in patients with type 1
DM. Targeting IFN-« or its receptor or pDCs may provide a potential therapeutic strategy
against the development of type 1 DM. For example, one study showed that blocking IFN-o
signaling prevented 3 cell death in mice [141]. Overexpression of IFN-f1 in HFD-treated
mice resulted in less immune cell infiltration and lower inflammatory responses in adipose
tissue. IFN-{31 could also systemically prevent adipose tissue expansion and body weight
gain without impacting food intake. Moreover, IFN-f31 could improve insulin sensitivity
and maintain glucose homeostasis. Consequently, IFN-1 may be used as a potential
target in immune-driven diseases [124]. A previous study also indicated that IFN-x-2b
treatment could attenuate obesity development by decreasing body weight and improv-
ing dyslipidemia, which involved FAO and cholesterol decrement [142]. IFN-t exhibits
anti-inflammatory effects and low cell cytotoxicity even in high-dose treatment. In the
DIO mouse model, IFN-T treatment increased insulin sensitivity, which was accompanied
by reduced proinflammatory cytokines and increased anti-inflammatory macrophages.
Furthermore, IFN-T could regulate macrophage polarization, cytokine profiles, and insulin
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signaling. As a result, IFN-t may have the potential to provide a new therapeutic strategy
for inhibiting the development of obesity and insulin resistance [143]. Cyclophosphamide
(CYP)-induced NOD/Wehi mice treated with anti-IFN-y antibody exhibited decreased
incidence of diabetes and severity of insulitis. This suggests that [IFN-y may participate
in the pathogenesis of IDDM [144]. A study demonstrated that type I IFN-based pre-BM
transplant conditioning was applicable to the treatment of congenital metabolic disorder-
Sly syndrome [145]. IFN-A1 has been demonstrated to play an important role in regulating
metabolic disease. IFN-A1 expression in adipose tissue was higher in obese individuals. In
addition, IFN-A1 promoted inflammation and insulin resistance in both SGBS adipocytes
and HFD-induced obese mice [95,96]. Consequently, these findings may provide new
insights for IFN-A1 targeting in treating obesity-induced inflammation and insulin resis-
tance. The administration of different IFNs affected obesity-associated systemic insulin
resistance and tissue inflammation (Table 1). Although overexpression of IFN-f31 or IFN-o
A/D, IEN-«-2b, and IFN-t treatment in HFD-treated mice resulted in body weight change,
improvement of glucose metabolism, and reduced inflammatory responses, the side effects
can vary between individuals. Furthermore, the dose, duration and timing of IFN treatment
need to be further investigated.

Table 1. The effects of interferon treatment in obese mice.

Treatment
IFN-«
A/D IFN-«x-2b IFN-31 IFN-t IFN-A1
Treatment route SC P v Oral 1P
Mouse strain B6 B6/Male B6/Male B6/Male B6/Male
Body weight change + i 1 — T
Adipocyte size + - - - -
FA oxidation - T — - -
Glucose homeostasis — T T - 4
Inflammatory
cytokine B + + + T
Macrophage M1 [/ M21T M1/M2ratio T
Insulin sensitivity - - {
Reference [140] [142] [124] [143] [95]

Abbreviations: FA, fatty acid; M1, type I macrophages; M2, type II macrophages; SC, subcutaneous; IP,
intraperitoneal.

10. Conclusions

Obesity is associated with immunity and is accompanied by imbalanced immune
responses resulting from activated proinflammatory cells and cytokines. After the adipose
microenvironment is perturbed, systemic homeostasis cannot be maintained, which is
a risk factor for the development of insulin resistance. We summarized the association
between the IFN family and obesity as well as insulin sensitivity. First, IFN-«, IFN-f3,
IFN-v, and IFN-A1 were associated with obesity and insulin sensitivity. Second, the type I
IFN/IFNAR axis was found to regulate inflammatory vigor in adipocytes and contribute
to obesity-associated pathogenesis in mice. Type I IFNs produced from pDCs induced
increases in FAO and glycolysis. The pDC-IFN-« axis could restore insulin sensitivity and
Tregs in VAT. IFN-y can mediate the overproduction of fatty acids, T-cell activation, CD11c*
ATM recruitment, and inflammatory gene expression to impair insulin resistance. IFN-A1
was higher in obese individuals, downregulated adipogenic markers, decreased glucose
uptake, and reduced insulin sensitivity. Third, IFN-y_/ ~ mice, IENAR/~ mice, IRF
deficiency mice (IRF1~/~,IRF3~/~,IRF5~/~, IRF7~/~, and IRF9~/~) validated the crucial
roles of IFN and IRF in metabolism and inflammation in adipose tissues. Finally, human
IFN-a A/D, IEN-«-2b, IFN-T treatment, and overexpression of IFN-f1 in DIO mice could
reduce body weight, glucose levels, and insulin sensitivity and support anti-inflammation.
Therefore, the use of prescription medications to treat obesity and metabolic diseases, such
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as metformin in combination with IFNs, may cause a synergistic effect. This review will
guide future research regarding the IFN family in obesity and insulin sensitivity.
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