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The worldwide epidemic of metabolic diseases, especially obesity and other diseases
caused by it, has shown a dramatic increase in incidence. A great deal of attention has
been focused on the underlying mechanisms of these pathological processes and
potential strategies to solve these problems. Chronic inflammation initiated by
abdominal adipose tissues and immune cell activation in obesity is the major cause of
the consequent development of complications. In addition to adipocytes, macrophages
and monocytes, natural killer (NK) cells have been verified to be vital components involved
in shaping the inflammatory microenvironment, thereby leading to various obesity-related
metabolic diseases. Here, we provide an overview of the roles of NK cells and the
interactions of these cells with other immune and nonimmune cells in the pathological
processes of metabolic diseases. Finally, we also discuss potential therapeutic strategies
targeting NK cells to treat metabolic diseases.

Keywords: natural killer cell, metabolic syndrome, obesity, insulin resistance, type 2 diabetes mellitus, nonalcoholic
fatty liver disease, atherosclerosis
INTRODUCTION

The increase in high calorie-low fiber fast food consumption and the decrease in physical activity
have led to a rapidly increasing incidence of metabolic diseases in most countries throughout the
world (1, 2). Obesity, which is characterized by excessive fat accumulation and diagnosed at a body
mass index (BMI) ≥30 kg/m2, is considered the major risk factor for the development of several
metabolic diseases, such as insulin resistance, diabetes mellitus (DM), nonalcoholic fatty liver
disease (NAFLD), atherosclerosis, and hypertension (3–5). Visceral adipose tissue (VAT) is a main
part of white adipose tissue and acts as a site of adipocyte hyperplasia and hypertrophy during
obesity. VAT is involved in a sequence of detrimental processes in obesity that leads to increased
adipocyte hypoxia, fatty acid flux dysregulation, increased chemokine secretion and extracellular
matrix protein expression, adipocyte cell death, and proinflammatory cell recruitment (6). These
proinflammatory immune cells can release abundant inflammatory cytokines and induce serine
phosphorylation of insulin receptor substrate-1, leading to local and systemic insulin resistance and
dysregulation of glucose and fatty acid metabolism (6).
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Among all of the factors mentioned above, the innate and
adaptive immune systems have received much more attention
recently and are widely accepted as forces that participate in the
development of metabolic diseases. It is well established that the
initiation and progression of obesity-related metabolic diseases
are dependent on low-grade, chronic systemic inflammation
induced by various cellular stress responses in adipose tissues
and immune cell activation (7). During obesity, macrophages,
lymphocytes, dendritic cells (DCs) and many other immune cells
produce inflammatory mediators that interact with each other to
contribute to the disturbance (6). To date, accumulating evidence
has revealed that natural killer (NK) cells play a significant role in
this pathological condition (8–11). In this review, we will
summarize the current knowledge on the alterations in NK cell
effector functions, possible mechanisms and the interactions of
NK cells with regional adjacent tissue cells in metabolic diseases.
A BRIEF INTRODUCTION TO NK CELLS

NK cells are identified as one group of innate lymphoid cells
(ILCs); they are generated from common innate lymphoid
progenitors in the bone marrow and then migrate to various
lymphoid or nonlymphoid tissues, including the thymus, spleen,
lymph nodes, lungs, liver, kidneys and VAT, where they become
resident (12, 13). In the blood, NK cells represent 1–6% of all
leukocytes; however, they are reported to account for
approximately 13% of VAT leukocytes (14).

NK cells mediate cellular cytotoxicity to recognize and kill
infected or cancerous cells rapidly and regulate other cells under
physiological and pathological conditions through receptor-
ligand interactions or cytokine/chemokine production (15). NK
cell functions are mainly regulated by the expression of germline-
encoded activating and inhibitory receptors on the cell surface.
The most dominant inhibitory receptors are killer cell
immunoglobulin-like receptors (KIRs) and killer cell lectin-like
receptors (KLRs), which recognize classical and nonclassical
major histocompatibility complex (MHC) class I molecules on
the surface of target cells (16). In mice, the function that is
performed by killer immunoglobulin-like receptors (KIRs) in
human NK cells is assigned to the Ly49 receptors (17). While
some activating receptors, such as NCRs (NKp46, NKp30,
NKp44, etc.), NKG2D, and DNAM-1, are involved in
triggering NK cell effector functions (16). NK cells also
produce many cytokines and chemokines, such as tumor
necrosis factor (TNF)-a, interferon (IFN)-g, granulocyte
macrophage colony-stimulating factor (GM-CSF), interleukin
(IL)-5, IL-10, IL-13, and CCL3-5, in response to stimulation,
leading to the activation of DCs, macrophages or adjacent cells in
situ (18). In turn, cytokines, including IFN-a/b, IL-12, IL-18, and
IL-15 from activated DCs, macrophages or infected tissues, can
facilitate NK cell cytotoxicity, induce IFN-g production and
promote cell proliferation (19, 20). Thus, through a feedback
loop, NK cells participate in amplifying inflammatory responses
and shaping an inflammatory microenvironment. As
inflammation plays a detrimental role in obesity and related
Frontiers in Immunology | www.frontiersin.org 2
metabolic diseases, the functions of NK cells under these
conditions are worthy of deeper investigation.
NK CELLS IN OBESITY

In view of the fact that not all obese individuals develop obesity-
associated metabolic diseases, these patients are termed
“metabolically healthy obese”, and it has been proposed that
only chronic systematic inflammation induces the initiation and
progression of obesity-associated metabolic diseases (21, 22).
Adipose tissue depots are made up of various components,
including adipocytes, preadipocytes, endothelial cells, and
several immune cell types that shape the immunological
microenvironment (23). In humans, several studies have
revealed an obvious reduction in the NK cell number in the
peripheral blood in obese adults or adolescents (24, 25).
Moreover, murine models of obesity demonstrate NK cell
accumulation in adipose tissue (14, 26).

Adipocytes play a significant role in NK cell activation. When
obesity occurs, the excessive nutrient load causes obvious cellular
stresses, including hypoxia, mechanical stress, ER stress and lipid
accumulation, in adipocytes (9). Cellular stresses promote
preferential secretion of MCP-1 (C-C motif chemokine ligand
2, also called as CCL-2) by adipocytes, a potent chemoattractant
for monocytes and macrophages, which are important in
initiating adipose tissue inflammation (27). MCP-1 drives
recruitment of peripheral NK cells into the adipose tissue (28).
These NK cells are reported to express higher levels of activation
receptors, including NKG2D, CD158 and NKp46, when
compared to peripheral blood NK cells. Adipose tissue NK
cells in obese subjects also showed an increased expression of
NKG2D than that in lean subjects (29). In addition, obesity also
drives the upregulation of an unidentified ligand of the NK cell
activating receptor NKp46 on adipocytes, which promotes NK
cell proliferation and activation (14) (Figure 1).

Under lean conditions, macrophages are the most dominant
immune cells in adipose tissue, and most of them maintain an
M2-like phenotype, which regulates anti-inflammatory factors.
However, obesity introduces a phenotypic transition in
macrophages from an M2-like phenotype to an M1-like
phenotype, a proinflammatory transition (30). Under these
conditions, adipose tissue-resident macrophages (ATMs)
secrete more chemokines, including MCP-1, CCL3 and CCL4,
recruiting NK cells into the adipose tissue from the circulation
(26). Moreover, these macrophages tend to generate more IL-15
or IL-12, promoting NK cell activation and proliferation in situ
(26). In response to obesity, ATMs also upregulate the expression
of Rae-1 (also known as RAET-1 in humans), a kind of NKG2D
ligand that potentially triggers NK cell activation (31) (Figure 1).

The activated NK cells in adipose tissue in the context of
obesity will in turn participate in shaping the inflammatory
microenvironment, especially the activation status of ATMs. In
fact, NK cells are reported to account for ~43% of the IFN-g-
producing population in adipose tissue, which promotes and
maintains the M1 polarization of macrophages and
February 2021 | Volume 12 | Article 614429
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inflammatory gene expression in adipocytes (14, 26). Depletion
of NK cells directly reduces the number of infiltrated ATMs and
their expression of inflammatory genes, including Tnf and Il1b,
while promoting anti-inflammatory IL-10 and Arg1 expression
(26). In addition, the absence of NK cells in obesity will also
reduce adipocyte expression of MCP-1, which is a chemokine
that attracts monocytes into adipose tissue (26). Moreover, the
frequency of NKG2D+ NK cells in the peripheral blood of
patients with type 2 diabetes mellitus (T2DM) is significantly
higher than that in the peripheral blood of controls and has
been demonstrated to be correlated with BMI values (32).
However, the effect of this subtype has not yet been reported,
and unlike in NAFLD and atherosclerosis, which are discussed
below, obesity-induced inflammation and insulin resistance
development seem to exhibit an absence of the NKG2D-
NKG2D ligand interaction in ATMs (33). However, in
contrast, the normal cytotoxic potential of NK cells seems to
be impaired, with lower expression of cytolytic granules,
including granzymes and perforin, or a damaged ability to
kill cancer cells in vitro (24).

Intriguingly, it has been reported that the influence of
obesity on NK cells, as well as the interaction between NK
and ATMs mentioned above, occurs only in epididymal, not
subcutaneous, adipose tissue of C57BL/6 mice (26). Using anti-
Frontiers in Immunology | www.frontiersin.org 3
asialo-glycolipid asialoganglioside M1 (GM1) antibody, anti-
NK1.1 antibody (PK-136), or E4bp4 knockout mice to deplete
NK cells could improve high-fat diet-induced insulin resistance
in parallel with decreases in both ATM numbers and adipose
tissue inflammation (26). It is not clear why NK cells have
selectivity for the location of adipose tissue, but the distinct
components and microenvironment of the adipose tissue may
matter. Moreover, dysregulated NK cells from obese rats were
shown to be ameliorated by being transferred into normal-
weight rats (34). The weight loss induced by surgery or exercise
training can also modify the production of cytokines and
cytotoxicity of NK cells (35, 36). This phenomenon may be
explained by the decrease of leptin, increase of adiponectin or
reduced lipid accumulation in NK after weight loss in obese
individuals (28, 37–39). Previous studies have revealed that in
vitro 100 ng/ml leptin treatment, which indicates obesity in
vivo, led to increased expression of IFN-g, perforin, granzyme B,
and CD69, together with increased direct cytotoxicity by human
NK cell lines, including NK92 and YT cells (40, 41). Short-term
treatment (24 h) of leptin on human primary NK cells treated
with leptin in vitro also showed increased direct cytotoxicity
and IFN-g; however, long-term leptin treatment showed the
opposite results (42). In addition, adiponectin negatively
regulates NK cell IFN-g production and cytotoxicity (43, 44).
Xavier Michelet et al. reveals that obesity results in peroxisome
proliferator-activated receptor (PPAR) signal-driven lipid
accumulation in NK cells, causing blunted anti-tumor
responses, while blocking lipid transportation into NK
mitochondria could significantly reverse the cytotoxic
paralysis (39). All of this evidence suggests that in the early
stage of obesity, increased leptin levels and/or decreased
adiponectin levels enhance NK cell activation and contribute
to developing or exacerbating the inflammatory response in
adipose tissue. However, when obesity is persistent, leptin or
intra-cellular lipid accumulation leads to the immune paralysis
of NK cells, which might be an explanation for the higher
cancer incidence in individuals with obesity (39, 45).
NK CELLS IN INSULIN RESISTANCE
AND T2DM

As one of the well-known complications of obesity, insulin
resistance can further lead to T2DM. Obesity-induced
inflammation is generally considered one of the major causes
of the development of insulin resistance and T2DM (46).
Proinflammatory cytokines, especially IFN-g, TNF-a and IL-
1b, can impair insulin signaling in peripheral tissues or induce b-
cell dysfunction and subsequent insulin deficiency. In particular,
IL-1b is generated from saturated fatty acids through the reactive
oxygen species (ROS)-NOD-like receptor family pyrin domain-
containing 3 (NLRP3) signaling pathway, which decreases the
insulin signaling and results in T2DM (47).

Previous studies have confirmed that the polarization of
adipose macrophages from anti-inflammatory (M2)
macrophages into proinflammatory (M1) macrophages is
FIGURE 1 | NK cells participate in the inflammatory initiation of obesity-
related diseases. In obesity, adipocytes tend to secrete MCP-1, recruiting
more NK cells and monocyte/macrophages to infiltrate adipose tissues.
Adipocytes also express ligands of NKp46 and NKG2D, which have not been
specifically defined, to activate NK cells through signaling of surface-
expressed activating receptors. Moreover, obesity promotes ATM polarization
from an M2-like phenotype to an M1-like phenotype, which is a
proinflammatory phenotype. M1-like ATMs secrete the chemokines MCP-1,
CCL3, and CCL4 or cytokines IL-12 and IL-15, which also recruit NK cells
and promote NK cell activation and proliferation. ATMs also express the
NKG2D-specific ligand Rae-1. Activated NK cells in adipose tissue secrete
inflammatory cytokines, such as IFN-g and TNF-a, which also promote ATM
polarization and activation. Finally, the large amounts of inflammatory
cytokines produced by activated NK cells and ATMs in adipose tissue are
released into the circulation, causing systemic inflammation and various
metabolic diseases.
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pivotal for obesity-induced insulin resistance (48–50).
However, it is now generally agreed that the proliferation and
activation of NK cells in VAT in the context of obesity also play
important roles in insulin resistance and T2DM (14, 51). As
discussed above, NK cells in obesity are involved in a feedback
loop through an interaction with ATMs, triggering and
amplifying the secretion of inflammatory cytokines, such as
IL-6 and TNF-a, by these macrophages (9). Cytokines
influence IkB kinase-b (IKKb) and JUN N-terminal kinase
(JNK) in adjacent cells, which can phosphorylate insulin
receptor (IR)/insulin receptor substrate (IRS), hindering
phosphatidylinositol 3-kinase (PI3K) and the protein kinase B
(PKB)/Akt pathway downstream (52–54). These changes
reduce the intake of glucose into cells by blocking the
translocation of the glucose transporter GLUT4 to the cell
membrane and promote free fatty acid production by
inhibiting hormone-sensitive lipase (47). Furthermore,
activated IKKb also promotes NF-kB signaling, which is a
well-known proinflammatory pathway that transcriptionally
induces the production of more IL-6 and TNF-a for secretion
by adipocytes (55, 56). Ultimately, the extensive secretion of
cytokines and release of free fatty acids into the circulation from
adipose tissue in an endocrine manner results in insulin
resistance in other tissues, such as the muscles and liver,
leading to an elevated blood glucose level (57).

Therefore, several studies have revealed a protective effect
limiting insulin resistance and T2DMwhen NK cells are depleted
in the context of obesity (26, 58). For example, Lee, B. C et al.
blocked murine NK cells in vivo with a neutralizing antibody,
which obviously improved obesity-induced insulin resistance
and glucose tolerance (26). The same results were also
observed in E4bp4+/- and NKp46CreStopcodonfl/fl-huDTR mice,
which were genetically depleted of NK cells (26, 58). ATMs may
be the key point during this process because their infiltration
rather than that of T cells into adipose tissue significantly
decreases when NK cells are depleted (26, 52, 53, 58).
NK CELLS IN NAFLD

Although NK cells account for only 2–18% of the lymphocytes in
human peripheral blood, they compose up to 30% of the
lymphocytes in the liver, consisting of half CD56bright and half
CD56dim cells with unique phenotypes and functions (59–61).
Accompanied by obesity, NAFLD is the most common chronic
liver disease worldwide and can progress from simple steatosis to
nonalcoholic steatohepatitis (NASH), which is one of the major
complications of NAFLD (62). Consistent with other metabolic
diseases, inflammation is a major contributor to NAFLD and can
be induced by toxicity caused by the influx of lipids, responses to
hepatocyte death and bacterial products due to increased
intestinal permeability in the context of obesity (11). It is clear
that activated immune cells are vital components in the
inflammatory microenvironment, and many studies have
revealed that NK cells also participate in this process (11, 61,
63). In NAFLD, the recruitment and activation of NK cells by
Frontiers in Immunology | www.frontiersin.org 4
several NK cell-activating cytokines and ligands can be observed
in the inflamed liver. For example, the IL-15-mediated
accumulation of lipids and expression of the chemokines
MCP-1, CCL5 and CXCL10 in NAFLD (64) can regulate NK
cell and/or mononuclear cell recruitment upon inflammation. In
addition, the gene expression of IL-18 is also upregulated in the
NAFLD liver, along with the levels of IFN-g and TNF-a.
Although the source of the cytokines is not clear, the activated
NK cells may be one of the major sources (65, 66).

However, in some studies, NK cells seem to play a protective
role in the development of fibrosis caused by different
etiologies through killing hepatic stellate cell-derived
myofibroblasts or stressed hepatocytes with the engagement
of NKG2D, NKp46, NKp30, and/or TNF-related apoptosis-
inducing ligand (TRAIL), as well as the release of IFN-g and IL-
22 (61). Under NAFLD conditions, NK cells seem to be
beneficial in obese livers. This beneficial effect is likely
achieved at the cost of reduced cytotoxicity, as NK cell
cytotoxicity-deficient mice suffer from less severe NAFLD,
which is partially mediated by the higher TGF-b level in
obese liver tissue (67).

Stiglund N and his colleagues reported retained NK cell
functions and increased activating receptor expression in obese
NAFLD patients (63). They found that in NAFLD patients,
circulating NK cells upregulate expression of the activating
receptor NKG2D but there was no difference in NK cell
functions or phenotypes between these patients and healthy
individuals. They attributed these phenomena to the
hypothesis that alterations in NK cell function or phenotype
became evident only in patients with morbid obesity, not those
with less severe obesity (63). Accordingly, the number of
hepatic NK cells, their expression of NKG2D and the
levels of the corresponding ligand of NKG2D, Major
histocompatibility complex class I chain-related (MIC) A/B
transcripts, are all increased in NASH patients with morbid
obesity, being higher than those in patients with a nonalcoholic
fatty liver (68). In a clinical case-control study, Iorio et al.
showed that children with obesity-related liver disease had
significantly higher peripheral NK cell levels than isolated
obese children without liver diseases (69). Indeed, it is widely
accepted that immune cell responses usually vary at different
stages of pathology (70). This evidence indicates that the roles
of NK cells become increasingly important during disease
progression, and this undoubtedly increases the significance
of studies in this field.
NK CELLS IN ATHEROSCLEROSIS

Atherosclerotic lesions contain NK cells even if the person is
not obese. The presence of NK cells in both human and mouse
atherosclerotic lesions, especially at the necrotic cores in
advanced atherosclerotic plaques, was confirmed more than
ten years ago (71, 72). NK cells are believed to compose only
approximately 0.1–0.5% of the total lymphocytes present in
atherosclerotic plaques and are frequently found in regions
February 2021 | Volume 12 | Article 614429
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near necrotic cores deep within plaques and in the shoulder
regions (71, 73). NK cells are recruited to the lesions via a
possible chemokine-chemokine receptor gradient, such as
MCP-1 and fractalkine (CX3CL1) gradients (74). Initial
studies using the beige-mutant (total NK cell defective mice)
and Ly49A-transgenic mouse models (functional NK cell
defective mice) to deplete NK cells showed decreased
atherosclerosis (72, 75). In addition, by depleting NK cells by
anti–GM1 antibodies or transferring NK cells in atherosclerosis-
prone ApoE-deficient mice, NK cells were demonstrated to play a
protective role in the development of atherosclerosis, possibly via
secretion of the cytotoxicmolecules perforin and granzyme B (76).
However, these strategies could not exclude the role of other
lymphocytes in the development of atherosclerosis (76). For
example, beige mutant mice also include defects in neutrophils,
macrophages, or smooth muscle cells (77); in Ly49A transgenic
mice, the role of natural killer T cells (NKT) and CD8 subsets,
whose functions are influenced by Ly49A, were not considered
(78, 79); GM1 is also expressed by myeloid cells, epithelial cells,
and T cell subsets, and so on (80–83). A recent study, by using
Ncr1iCre/+R26lsl−DTA/+ mice that specially deplete NK cells and
Noé mice in which NK cells are hyperresponsive, demonstrated
that NK cells showed no direct effect on the natural development
of hypercholesterolemia-induced atherosclerosis. However, NK
cells play a pro-atherogenic role when an additional systemic
NK cell overactivation occurs, such as systemic inflammation
challenge (84).

As a strong activator of NK cells, IL-15 has been indicated to
be atherogenic (85). It was found to be expressed in human and
murine atherosclerotic lesions, and blockade of IL-15 using oral
vaccination in hypercholesterolemic diet-fed Ldlr-/- mice
induced a 75% reduction in lesion size (86–88). However, the
question of whether, or to what extent, IL-15 has a downstream
effect on NK cells in this context has not been addressed.

NK cells in the circulatory system or other inflamed tissues
also influence the formation and progression of atherosclerosis.
CD160 is an essential NK cell activating receptor that can
induce cytolytic responses and high production of cytokines
(89). The expression of CD160 on circulating NK cells in
atherosclerosis patients is significantly increased, correlating
with the augmented production of proinflammatory cytokines,
including IFN-g, TNF-a and IL-6 (90). As TNF-a has been
reported to induce NK cell apoptosis, a higher level of TNF-a
could be a possible explanation for the decreased NK cell
numbers found in the peripheral blood (90, 91). The
NKG2D/ligand interaction is likely to contribute to the
rec iproca l e ff ec t s o f NK ce l l s and other ce l l s in
atherosclerosis, as it has been demonstrated that NKG2D
ligand levels are upregulated in multiple organs in mouse
models, particularly atherosclerotic aortae and inflamed
livers, where accumulated abnormal metabolites and
increased NK cell numbers could also be observed (92). Since
several other types of immune cells, such as NKT cells and T
lymphocytes, also express NKG2D and participate in the
progression of atherosclerosis, the role of NK cells in this
process needs to be further investigated (93).
Frontiers in Immunology | www.frontiersin.org 5
ThedysregulatedNKcells functions observed in atherosclerosis
maybe attributable to abnormal lipidmetabolism,which is also the
major cause of plaque formation. Sterol regulatory element-
binding proteins (SREBPs) are transcription factors that have
central roles in lipid metabolism (94). A recent study revealed
that SREBPs positively regulate NK cell growth, proliferation,
granzyme B expression, and especially IFN-g secretion in
combination with glucose metabolism (95). Accordingly, it is
possible that the increased lipid metabolism that occurs in
obesity passively promotes the SREBP signaling pathway,
resulting in the initiation of inflammation mediated by NK cells,
which ultimately induces plaque formation in vascular walls.
Additionally, the roles of NK cells in the initiation and
development of atherosclerotic plaques have started to receive
attention recently; however, the conclusions seem to be conflicting.
NK CELLS IN HYPERTENSION

Hypertension results from vascular dysfunction, and
inflammation derived from perivascular adipose tissue seems
to play a critical role in pathogenesis. Kossmann et al. first
revealed that NK cells participate in vascular injury in
hypertension (96). They found that angiotensin II induced NK
cell recruitment into the aortic walls, which triggered vascular
oxidative stress and other inflammatory cell recruitment and
activation in situ through IFN-g secretion. Some indirect
evidence also suggested critical roles for NK cells in
hypertension by introducing the NK cell gene complex derived
from C57BL/6 mice into the genome of BALB/C mice. These
chimeric BALB/C mice showed the same sensitivity to vascular
injury as C57BL/6 mice in a hypertension model (97). The
involvement of NK cells in hypertension may mainly depend
on their interactions with monocytes/macrophages (98). In the
vascular walls, NK cell-derived IFN-g plays a major role in
activating monocytes/macrophages and driving them toward
inflammatory phenotypes, resulting in vascular dysfunction
(99, 100). In turn, activated monocytes produce IL-12, which
promotes generation of IFN-g by NK cells. Interestingly, this
feedback loop is highly dependent on the transcription factor T-
bet, which is essential in NK cell secretion of IFN-g and
monocyte secretion of IL-12 (101). However, a key question
regarding how the feedback loop is initiated when obesity occurs
remains to be solved.
FUTURE CHALLENGES AND PROSPECTS
FOR TARGETING NK CELLS IN
METABOLIC DISEASES

Although some progress has been made in fully understanding
the unique phenotype and functions of NK cells in obesity and its
comorbidities, multiple key questions remain unanswered and
need to be addressed. First, many other immune and nonimmune
cells coexist in adipose tissue and constantly interact with each
February 2021 | Volume 12 | Article 614429
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other to induce local and systemic inflammation and the
development of obesity and its related metabolic diseases (70,
102, 103). Therefore, to what extent NK cells contribute to these
pathological processes and whether drugs targeting certain points
in signaling pathways are efficient enough to reverse disorders in
these situations need to be explored. Second, NK cells are a
heterogeneous population and express unique proteins
depending on the resident tissue and pathology (104, 105). In
addition, the number and activation status of NK cells change in
the diverse stages of the development of specific diseases, especially
NAFLD.Considering these facts, the studies that have attempted to
accurately elucidate the phenotypes and functions of NK cells in
different pathological stages and diseases are far from sufficient.
Third, immuno-metabolism is a young but promisingfield focused
on understanding the important roles of immunity in metabolic
regulation and metabolism in immune regulation. Defects in the
metabolism of NK cells can contribute to the generation of NK cell
dysfunction, but the field of immunotherapeutic strategies based
on this transformational metabolism is still in its infancy (106). In
summary, all of these difficulties reflect the complexity of the
regulatory network in obesity, which may be one potential reason
accounting for the disappointing clinical trials of anti-
inflammatory agents utilized for metabolic disease treatment.
Therefore, to advance this field, the questions mentioned above
need to be further investigated.

NK cells are considered to be heterogeneous, which can partly
be attributed to the multiple KIR haplotype genotypes in
different subtypes (107). There are two basic groups of KIR
haplotypes, termed A and B. Haplotype A encodes
predominantly inhibitory receptors, while haplotype B consists
of more genes and mainly encodes activating KIRs (108). The
identification of KIR haplotypes is receiving increasing attention,
since certain haplotypes have been verified to be related to the
diagnosis or prognosis of some diseases. For example, with
regard to hematological diseases, haplotype A has been
reported to independently predict a high risk of disease
progression in myelodysplastic syndrome patients, and
haplotype B is believed to be associated with poor inducible
responses in pediatric acute lymphoblastic leukemia (105, 107).
Using the PCR-SSP method, Chinniah R et al. revealed the
existence of different KIR genotypes and KIR-HLA receptor
combinations between T2DM patients and healthy controls
(109). Considering that KIR diversity in diseases is of
significance and that this field is still in its infancy, to fully
understand its heterogeneity and convert these results into
clinical applications, more research needs to be done.

Precise immunotherapies based on targeting NK cells and
their signaling pathways have been explored for a long time, and
the most studied field is cancer. In this condition, major
therapeutic strategies include (1) adoptive transfer of NK cells
into patients (2); mobilization of NK cells with antibodies, small-
molecule drugs, cytokines and adjuvants; and (3) modulation of
adjacent cells related to NK cells through ligands or soluble
factors present in the microenvironment (110). As discussed
above, the interactions between NKG2D, NKp46 and their
Frontiers in Immunology | www.frontiersin.org 6
ligands are involved in obesity-related metabolic diseases to
various degrees. Addressing the specific ligands for NKG2D or
NKp46 in obese individuals may provide promising references
for the treatment of metabolic diseases.

The crosstalk between ATMs and NK cells is pivotal in the
initiation of obesity-induced inflammation. Therefore, it may be
possible to block the crosstalk by targeting macrophages because
they are easier to be artificially modified with the help of various
strategies, especially the drug-delivery system (111, 112),
including nanoparticles, liposomes, glucan shell microparticles
or oligopeptide complexes (113), which utilize the high
phagocytic capability of macrophages. For example,
considering the reported CD163 antibody-coated liposomes to
target M2-like macrophages (114), it may be possible to design
Rae-1 blocking-antibody-coated liposomes that contain
macrophage apoptosis-induced agents. Thus, once injected in
vivo, the liposomes will specifically recognize and bind to Rae-1
that is expressed on ATMs, promoting phagocytosis of the
carried apoptosis-induced agents into macrophages. In this
way, the Rae-1+ ATMs might be cleaned specifically, thus
blocking their crosstalk with NKG2D on NK cells.
CONCLUSION

Although NK cells were previously considered to be a less
prominent immune component in obes i ty and its
comorbidities, the roles played by NK cells in these diseases
have attracted a great deal of attention recently. Understanding
the connections among the altered functions of NK cells, chronic
inflammation initiated and maintained by adipose tissue and the
influences of these events on obesity and its related metabolic
diseases will provide a new alternative strategy to solve these
problems. Although some achievements have been made to date,
there is still a long way to go to achieve translation from
laboratory results to clinical application.
AUTHOR CONTRIBUTIONS

The work presented was performed in collaboration by all
authors. YL and FW analyzed the data and wrote the
manuscript. SI and LT discussed and revised the manuscript.
YD and YC devised the concept and revised the paper. All
authors contributed to the article and approved the
submitted version.
FUNDING

This study was supported by grants from the National Natural
Science Foundation of China (No. 81922068 to YD; No.
81970383 to YC), and the National Key Research and
Development Project (No. 2020YFA0113500 to YD).
February 2021 | Volume 12 | Article 614429

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Li et al. NK Cell and Metabolic Diseases
REFERENCES

1. Saklayen MG. The Global Epidemic of the Metabolic Syndrome. Curr
Hypertens Rep (2018) 20:12. doi: 10.1007/s11906-018-0812-z

2. Zinocker MK, Lindseth IA. TheWestern Diet-Microbiome-Host Interaction
and Its Role in Metabolic Disease. Nutrients (2018) 10(3):365. doi: 10.3390/
nu10030365

3. Brunt EM, Wong VW, Nobili V, Day CP, Sookoian S, Maher JJ, et al.
Nonalcoholic fatty liver disease. Nat Rev Dis Primers (2015) 1:15080.
doi: 10.1038/nrdp.2015.80

4. Guilherme A, Virbasius JV, Puri V, Czech MP. Adipocyte dysfunctions
linking obesity to insulin resistance and type 2 diabetes. Nat Rev Mol Cell
Biol (2008) 9:367–77. doi: 10.1038/nrm2391

5. Ortega FB, Lavie CJ, Blair SN. Obesity and Cardiovascular Disease. Circ Res
(2016) 118:1752–70. doi: 10.1161/CIRCRESAHA.115.306883

6. Khan S, Chan YT, Revelo XS, Winer DA. The Immune Landscape of
Visceral Adipose Tissue During Obesity and Aging. Front Endocrinol
(Lausanne) (2020) 11:267. doi: 10.3389/fendo.2020.00267

7. Reilly SM, Saltiel AR. Adapting to obesity with adipose tissue inflammation.
Nat Rev Endocrinol (2017) 13:633–43. doi: 10.1038/nrendo.2017.90

8. O’Shea D, Hogan AE. Dysregulation of Natural Killer Cells in Obesity.
Cancers (Basel) (2019) 11(4):573. doi: 10.3390/cancers11040573

9. Ferno J, Strand K, Mellgren G, Stiglund N, Bjorkstrom NK. Natural Killer
Cells as Sensors of Adipose Tissue Stress. Trends Endocrinol Metab (2020)
31:3–12. doi: 10.1016/j.tem.2019.08.011

10. Marca V, Gianchecchi E, Fierabracci A. Type 1 Diabetes and Its Multi-
Factorial Pathogenesis: The Putative Role of NK Cells. Int J Mol Sci (2018) 19
(3):794. doi: 10.3390/ijms19030794

11. Luci C, Vieira E, Perchet T, Gual P, Golub R. Natural Killer Cells and Type 1
Innate Lymphoid Cells Are New Actors in Non-alcoholic Fatty Liver Disease.
Front Immunol (2019) 10:1192. doi: 10.3389/fimmu.2019.01192

12. Sun JC, Lanier LL. NK cell development, homeostasis and function: parallels
with CD8(+) T cells. Nat Rev Immunol (2011) 11:645–57. doi: 10.1038/
nri3044

13. Gregoire C, Chasson L, Luci C, Tomasello E, Geissmann F, Vivier E, et al.
The trafficking of natural killer cells. Immunol Rev (2007) 220:169–82.
doi: 10.1111/j.1600-065X.2007.00563.x

14. Wensveen FM, Jelencic V, Valentic S, Sestan M, Wensveen TT, Theurich S,
et al. NK cells link obesity-induced adipose stress to inflammation and
insulin resistance. Nat Immunol (2015) 16:376–85. doi: 10.1038/ni.3120

15. Caligiuri MA. Human natural killer cells. Blood (2008) 112:461–9.
doi: 10.1182/blood-2007-09-077438

16. Long EO, Kim HS, Liu D, Peterson ME, Rajagopalan S. Controlling natural
killer cell responses: integration of signals for activation and inhibition.
Annu Rev Immunol (2013) 31:227–58. doi: 10.1146/annurev-immunol-
020711-075005

17. Rahim MM, Makrigiannis AP. Ly49 receptors: evolution, genetic diversity,
and impact on immunity. Immunol Rev (2015) 267:137–47. doi: 10.1111/
imr.12318

18. Zitti B, Bryceson YT. Natural killer cells in inflammation and autoimmunity.
Cytokine Growth Factor Rev (2018) 42:37–46. doi: 10.1016/j.cytogfr.2018.08.001

19. Abel AM, Yang C, Thakar MS, Malarkannan S. Natural Killer Cells:
Development, Maturation, and Clinical Utilization. Front Immunol (2018)
9:1869. doi: 10.3389/fimmu.2018.01869

20. Chiossone L, Dumas PY, Vienne M, Vivier E. Natural killer cells and other
innate lymphoid cells in cancer. Nat Rev Immunol (2018) 18:671–88.
doi: 10.1038/s41577-018-0061-z

21. Saxton SN, Clark BJ, Withers SB, Eringa EC, Heagerty AM. Mechanistic Links
Between Obesity, Diabetes, and Blood Pressure: Role of Perivascular Adipose
Tissue. Physiol Rev (2019) 99:1701–63. doi: 10.1152/physrev.00034.2018

22. Rocha VZ, Libby P. Obesity, inflammation, and atherosclerosis. Nat Rev
Cardiol (2009) 6:399–409. doi: 10.1038/nrcardio.2009.55

23. Zwick RK, Guerrero-Juarez CF, Horsley V, Plikus MV. Anatomical,
Physiological, and Functional Diversity of Adipose Tissue. Cell Metab
(2018) 27:68–83. doi: 10.1016/j.cmet.2017.12.002

24. Viel S, Besson L, Charrier E, Marcais A, Disse E, Bienvenu J, et al. Alteration
of Natural Killer cell phenotype and function in obese individuals. Clin
Immunol (2017) 177:12–7. doi: 10.1016/j.clim.2016.01.007
Frontiers in Immunology | www.frontiersin.org 7
25. Tobin LM, Mavinkurve M, Carolan E, Kinlen D, O’Brien EC, Little MA, et al.
NK cells in childhood obesity are activated, metabolically stressed, and
functionally deficient. JCI Insight (2017) 2(24):e94939. doi: 10.1172/
jci.insight.94939

26. Lee BC, Kim MS, Pae M, Yamamoto Y, Eberle D, Shimada T, et al. Adipose
Natural Killer Cells Regulate Adipose Tissue Macrophages to Promote
Insulin Resistance in Obesity. Cell Metab (2016) 23:685–98. doi: 10.1016/
j.cmet.2016.03.002

27. Kanda H, Tateya S, Tamori Y, Kotani K, Hiasa K, Kitazawa R, et al. MCP-1
contributes to macrophage infiltration into adipose tissue, insulin resistance,
and hepatic steatosis in obesity. J Clin Invest (2006) 116:1494–505.
doi: 10.1172/JCI26498

28. Bahr I, Spielmann J, Quandt D, Kielstein H. Obesity-Associated Alterations
of Natural Killer Cells and Immunosurveillance of Cancer. Front Immunol
(2020) 11:245:245. doi: 10.3389/fimmu.2020.00245

29. O’Rourke RW, Gaston GD, Meyer KA, White AE, Marks DL. Adipose tissue
NK cells manifest an activated phenotype in human obesity. Metabolism
(2013) 62:1557–61. doi: 10.1016/j.metabol.2013.07.011

30. Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in
adipose tissue macrophage polarization. J Clin Invest (2007) 117:175–84.
doi: 10.1172/JCI29881

31. Boulenouar S, Michelet X, Duquette D, Alvarez D, Hogan AE, Dold C, et al.
Adipose Type One Innate Lymphoid Cells Regulate Macrophage
Homeostasis through Targeted Cytotoxicity. Immunity (2017) 46:273–86.
doi: 10.1016/j.immuni.2017.01.008

32. Guo H, Xu B, Gao L, Sun X, Qu X, Li X, et al. High frequency of activated
natural killer and natural killer T-cells in patients with new onset of type 2
diabetes mellitus. Exp Biol Med (Maywood) (2012) 237:556–62. doi: 10.1258/
ebm.2012.011272

33. Chung JJ, Markiewicz MA, Polic B, Shaw AS. Role of NKG2D in obesity-
induced adipose tissue inflammation and insulin resistance. PloS One (2014)
9:e110108. doi: 10.1371/journal.pone.0110108

34. Lautenbach A, Wrann CD, Jacobs R, Muller G, Brabant G, Nave H. Altered
phenotype of NK cells from obese rats can be normalized by transfer into
lean animals. Obes (Silver Spring) (2009) 17:1848–55. doi: 10.1038/oby.
2009.140

35. Moulin CM, Marguti I, Peron JP, Halpern A, Rizzo LV. Bariatric surgery
reverses natural killer (NK) cell activity and NK-related cytokine synthesis
impairment induced by morbid obesity. Obes Surg (2011) 21:112–8.
doi: 10.1007/s11695-010-0250-8

36. Jahn J, Spielau M, Brandsch C, Stangl GI, Delank KS, Bahr I, et al. Decreased
NK cell functions in obesity can be reactivated by fat mass reduction. Obes
(Silver Spring) (2015) 23:2233–41. doi: 10.1002/oby.21229

37. Shah NR, Braverman ER. Measuring adiposity in patients: the utility of body
mass index (BMI), percent body fat, and leptin. PloS One (2012) 7:e33308.
doi: 10.1371/journal.pone.0033308

38. Matsubara M, Maruoka S, Katayose S. Inverse relationship between plasma
adiponectin and leptin concentrations in normal-weight and obese women.
Eur J Endocrinol (2002) 147:173–80. doi: 10.1530/eje.0.1470173

39. Michelet X, Dyck L, Hogan A, Loftus RM, Duquette D, Wei K, et al. Metabolic
reprogramming of natural killer cells in obesity limits antitumor responses. Nat
Immunol (2018) 19:1330–40. doi: 10.1038/s41590-018-0251-7

40. Lamas B, Goncalves-Mendes N, Nachat-Kappes R, Rossary A, Caldefie-
Chezet F, Vasson MP, et al. Leptin modulates dose-dependently the
metabolic and cytolytic activities of NK-92 cells. J Cell Physiol (2013)
228:1202–9. doi: 10.1002/jcp.24273

41. Zhao Y, Sun R, You L, Gao C, Tian Z. Expression of leptin receptors and
response to leptin stimulation of human natural killer cell lines. Biochem
Biophys Res Commun (2003) 300:247–52. doi: 10.1016/s0006-291x(02)02838-3

42. Wrann CD, Laue T, Hubner L, Kuhlmann S, Jacobs R, Goudeva L, et al.
Short-term and long-term leptin exposure differentially affect human natural
killer cell immune functions. Am J Physiol Endocrinol Metab (2012) 302:
E108–16. doi: 10.1152/ajpendo.00057.2011

43. Wilk S, Jenke A, Stehr J, Yang CA, Bauer S, Goldner K, et al. Adiponectin
modulates NK-cell function. Eur J Immunol (2013) 43:1024–33.
doi: 10.1002/eji.201242382

44. Han S, Jeong AL, Lee S, Park JS, Kim KD, Choi I, et al. Adiponectin
deficiency suppresses lymphoma growth in mice by modulating NK cells,
February 2021 | Volume 12 | Article 614429

https://doi.org/10.1007/s11906-018-0812-z
https://doi.org/10.3390/nu10030365
https://doi.org/10.3390/nu10030365
https://doi.org/10.1038/nrdp.2015.80
https://doi.org/10.1038/nrm2391
https://doi.org/10.1161/CIRCRESAHA.115.306883
https://doi.org/10.3389/fendo.2020.00267
https://doi.org/10.1038/nrendo.2017.90
https://doi.org/10.3390/cancers11040573
https://doi.org/10.1016/j.tem.2019.08.011
https://doi.org/10.3390/ijms19030794
https://doi.org/10.3389/fimmu.2019.01192
https://doi.org/10.1038/nri3044
https://doi.org/10.1038/nri3044
https://doi.org/10.1111/j.1600-065X.2007.00563.x
https://doi.org/10.1038/ni.3120
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.1146/annurev-immunol-020711-075005
https://doi.org/10.1146/annurev-immunol-020711-075005
https://doi.org/10.1111/imr.12318
https://doi.org/10.1111/imr.12318
https://doi.org/10.1016/j.cytogfr.2018.08.001
https://doi.org/10.3389/fimmu.2018.01869
https://doi.org/10.1038/s41577-018-0061-z
https://doi.org/10.1152/physrev.00034.2018
https://doi.org/10.1038/nrcardio.2009.55
https://doi.org/10.1016/j.cmet.2017.12.002
https://doi.org/10.1016/j.clim.2016.01.007
https://doi.org/10.1172/jci.insight.94939
https://doi.org/10.1172/jci.insight.94939
https://doi.org/10.1016/j.cmet.2016.03.002
https://doi.org/10.1016/j.cmet.2016.03.002
https://doi.org/10.1172/JCI26498
https://doi.org/10.3389/fimmu.2020.00245
https://doi.org/10.1016/j.metabol.2013.07.011
https://doi.org/10.1172/JCI29881
https://doi.org/10.1016/j.immuni.2017.01.008
https://doi.org/10.1258/ebm.2012.011272
https://doi.org/10.1258/ebm.2012.011272
https://doi.org/10.1371/journal.pone.0110108
https://doi.org/10.1038/oby.2009.140
https://doi.org/10.1038/oby.2009.140
https://doi.org/10.1007/s11695-010-0250-8
https://doi.org/10.1002/oby.21229
https://doi.org/10.1371/journal.pone.0033308
https://doi.org/10.1530/eje.0.1470173
https://doi.org/10.1038/s41590-018-0251-7
https://doi.org/10.1002/jcp.24273
https://doi.org/10.1016/s0006-291x(02)02838-3
https://doi.org/10.1152/ajpendo.00057.2011
https://doi.org/10.1002/eji.201242382
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Li et al. NK Cell and Metabolic Diseases
CD8 T cells, and myeloid-derived suppressor cells. J Immunol (2013)
190:4877–86. doi: 10.4049/jimmunol.1202487

45. RenehanAG,ZwahlenM,EggerM.Adiposity andcancer risk: newmechanistic
insights from epidemiology. Nat Rev Cancer (2015) 15:484–98. doi: 10.1038/
nrc3967

46. Saltiel AR, Olefsky JM. Inflammatory mechanisms linking obesity and
metabolic disease. J Clin Invest (2017) 127:1–4. doi: 10.1172/JCI92035

47. Glass CK, Olefsky JM. Inflammation and lipid signaling in the etiology of
insulin resistance. Cell Metab (2012) 15:635–45. doi: 10.1016/
j.cmet.2012.04.001

48. Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, et al. Chronic
inflammation in fat plays a crucial role in the development of obesity-related
insulin resistance. J Clin Invest (2003) 112:1821–30. doi: 10.1172/JCI19451

49. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW
Jr. Obesity is associated with macrophage accumulation in adipose tissue.
J Clin Invest (2003) 112:1796–808. doi: 10.1172/JCI19246

50. Patsouris D, Li PP, Thapar D, Chapman J, Olefsky JM, Neels JG. Ablation of
CD11c-positive cells normalizes insulin sensitivity in obese insulin resistant
animals. Cell Metab (2008) 8:301–9. doi: 10.1016/j.cmet.2008.08.015

51. Bonamichi B, Lee J. Unusual Suspects in the Development of Obesity-
Induced Inflammation and Insulin Resistance: NK cells, iNKT cells, and
ILCs. Diabetes Metab J (2017) 41:229–50. doi: 10.4093/dmj.2017.41.4.229

52. Lumeng CN, Deyoung SM, Saltiel AR. Macrophages block insulin action in
adipocytes by altering expression of signaling and glucose transport proteins.
Am J Physiol Endocrinol Metab (2007) 292:E166–74. doi: 10.1152/
ajpendo.00284.2006

53. McNelis JC, Olefsky JM. Macrophages, immunity, and metabolic disease.
Immunity (2014) 41:36–48. doi: 10.1016/j.immuni.2014.05.010

54. Gao Z, Hwang D, Bataille F, Lefevre M, York D, Quon MJ, et al. Serine
phosphorylation of insulin receptor substrate 1 by inhibitor kappa B kinase
complex. J Biol Chem (2002) 277:48115–21. doi: 10.1074/jbc.M209459200

55. Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflammation and
metabolic disease. Nat Rev Immunol (2011) 11:85–97. doi: 10.1038/nri2921

56. Maurizi G, Della Guardia L, Maurizi A, Poloni A. Adipocytes properties and
crosstalk with immune system in obesity-related inflammation. J Cell Physiol
(2018) 233:88–97. doi: 10.1002/jcp.25855

57. Keane KN, Calton EK, Carlessi R, Hart PH, Newsholme P. The bioenergetics
of inflammation: insights into obesity and type 2 diabetes. Eur J Clin Nutr
(2017) 71:904–12. doi: 10.1038/ejcn.2017.45

58. O’Rourke RW, Meyer KA, Neeley CK, Gaston GD, Sekhri P, Szumowski M,
et al. Systemic NK cell ablation attenuates intra-abdominal adipose tissue
macrophage infiltration in murine obesity. Obes (Silver Spring) (2014)
22:2109–14. doi: 10.1002/oby.20823

59. Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions of natural
killer cells. Nat Immunol (2008) 9:503–10. doi: 10.1038/ni1582
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