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Obesity and aging represent major health burdens to the global adult population. Both

conditions promote the development of associated metabolic diseases such as insulin

resistance. The visceral adipose tissue (VAT) is a site that becomes dysfunctional during

obesity and aging, and plays a significant role during their pathophysiology. The changes

in obese and aging VAT are now recognized to be partly driven by a chronic local

inflammatory state, characterized by immune cells that typically adopt an inflammatory

phenotype during metabolic disease. Here, we summarize the current knowledge on the

immune cell landscape of the VAT during lean, obese, and aged conditions, highlighting

their similarities and differences. We also briefly discuss possible linked mechanisms that

fuel obesity- and age-associated VAT dysfunction.
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INTRODUCTION

Obesity and aging represent two of the largest global health issues of our time. Obesity currently
affects over a third of the world’s population. Alarmingly, 57.8% of the global adult population
are estimated to be overweight or obese by 2030 (1–3). Obesity is part of a condition known
as Metabolic Syndrome (MetS), which is defined as a cluster of metabolic risk factors such
as abdominal obesity, dyslipidemia, hyperglycemia and insulin resistance (IR) (4). MetS is
characterized by a state of low-grade inflammation that is implicated in the development of
chronic diseases such as type 2 diabetes (T2D), non-alcoholic fatty liver disease (NAFLD) and
cardiovascular disease (CVD) (5–7).

The biological processes of aging and senescence are accelerated during MetS and the risk of
developing chronic diseases increases with age (8). In the years to come, aging is expected to
represent an enormous challenge for social and health systems. Without adjusting for the rise in
longevity, the median age of the world’s population is expected to increase from 26.6 to 37.3 years
between 2000 and 2050 and to 45.6 years by 2100 (9). This increase in aging will be likely associated
with an elevated risk of developing chronic diseases that will aggravate the functional abilities and
quality of life of the elderly (10). The changes in the immune system associated with aging are
characterized by an imbalance between inflammatory and anti-inflammatory pathways, leading to
low-grade inflammation and a greater susceptibility to chronic disease (11).
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Obesity and aging contribute to the development of chronic
low-grade inflammation in multiple tissues. This low-grade
inflammation is recognized as an important factor that promotes
downstream consequences of obesity and aging, including the
control of whole-body metabolism. During obesity and aging,
cells of the innate and adaptive systems accumulate inside the
VAT where they alter the local inflammatory environment and
impact insulin sensitivity (12). Indeed, the transition from lean
to obese or aged states is accompanied by distinct and associated
immune cell-driven inflammatory processes. This review will
focus on the immune changes that occur in adipose tissue and
the means by which immune cells shape the progression of
VAT-specific obesity-associated inflammation (OAI) and age-
associated inflammation (AAI).

VAT PLASTICITY AND REMODELING

The adipose tissue is considered an endocrine organ that becomes
remodeled during metabolic diseases and is involved in the
progression of obesity- and aging-associated IR. There are two
distinct types of adipose tissue: white adipose tissue (WAT)
and brown adipose tissue (BAT). WAT acts an energy store by
accumulating free fatty acids whereas BAT has the capacity of
undergoing thermogenesis to dissipate energy (13, 14). WAT
can be further divided into two major depots: subcutaneous and
visceral. Subcutaneous WAT forms a layer under the skin in the
hypodermis while visceral WAT surrounds the inner organs in
the abdominal cavity andmediastinum (14, 15). VAT is deposited
in certain locations such as the mesenteric fat between the
intestines, and the retroperitoneal fat surrounding the kidneys;
each VAT store consists of adipocytes and the stromal vascular
fraction (SVF) (14). The mesenteric fat pads in mice are the
most analogous to human VAT but are not well-studied due to
limitations in surgical access (16). Perigonadal fat pads in mice
are themost accessible and are used in themajority of mouse VAT
studies; however, humans do not have such identical fat depots
as mice and as such, these differences should be considered
when comparing humans and mice (16). While adipocytes are
tightly packed unilocular cells that are supported by a dense
network of capillaries, the SVF consists of extra-cellular matrix
(ECM) that holds together various cells such as pre-adipocytes,
stem cells, fibroblasts, vascular endothelial cells and immune cells
(13, 17–19).

During obesity, adipose tissue expansion is characterized
by adipocyte hyperplasia (increase in adipocyte numbers) and
hypertrophy (increase in adipocyte size), which results in
increased adipocyte hypoxia, dysregulation of fatty acid fluxes,
increased chemokine secretion, adipocyte cell death, and the
recruitment of pro-inflammatory cells (20–23). In turn, pro-
inflammatory cytokine release mediated by immune cells induces
serine phosphorylation of insulin receptor substrate-1 (IRS-1)
leading to local and systemic insulin resistance, which is thought
to contribute toward whole body glucose and fatty acid metabolic
dysregulation (24, 25) Furthermore, the obese adipose tissue can
exhibit a pro-fibrotic phenotype characterized by an increased
expression of ECM proteins such as collagen, which can impact

adiposity, glucose homeostasis, and susceptibility to metabolic
disease (26–29). On the other hand, aging results in an increase
in body fat percentage, expansion of the VAT due to a shift in
lipid storage from the SAT to the VAT, increased accumulation of
senescent cells, and an altered pre-adipocyte cell phenotype (30).
During aging, the accumulation of senescent preadipocytes in the
adipose tissue leads to increased production of pro-inflammatory
cytokines in a process dependent on the JAK pathway (31). It has
been hypothesized that an elevated presence of senescent cells
and reprogrammed pre-adipocytes in the aged VAT results in
the generation of chemokines, pro-inflammatory cytokines, and
ECMmodifiers which contribute to VAT inflammaging (30).

The innate and adaptive immune systems are now widely
accepted as forces that respond to and participate in the
remodeling processes taking place in the VAT during metabolic
diseases. While inflammatory changes in fat are likely required
for proper adipose tissue remodeling and expansion, it is the
chronic nature of the inflammation which ultimately drives
metabolic disease during obesity and aging (32). In this review,
we will discuss the role of immune cells in these two conditions
with a focus on their function in the VAT.

INNATE IMMUNE CELLS

Macrophages
Homeostasis

Macrophages are a fundamental component of the innate
immune system, with the ability to phagocytose harmful
pathogens and apoptotic/necrotic cells. Historically,
macrophages have been broadly categorized into two categories:
the pro-inflammatory “classically activated”M1-like and the anti-
inflammatory “alternatively activated” M2-like macrophages.
However, macrophages are now thought to exist on a spectrum
of functionalities based on their resident and recruited status
(33). Macrophages were the first immune cell to be characterized
inside VAT during obesity and, until recently, have been the
primary focus of most studies. Under homeostatic conditions,
the VAT is home to a group of macrophages known as Adipose
Tissue Macrophages (ATMs), which represent roughly 5–10%
of the stromal vascular fraction, display an M2-like phenotype,
depend on the expression of peroxisome proliferator activated
receptor γ (PPARγ), and secrete anti-inflammatory IL-10 (34–
36). Fate mapping techniques have revealed that not all tissue
resident macrophages terminally differentiate from monocyte
precursors or emerge from adult hematopoiesis; indeed, some
ATMs may develop from bone marrow (BM)-independent
progenitors in the embryonic yolk sac and possess the ability to
self-renew (37, 38).

OAI

During obesity, the population of ATMs within the VAT
increases up to 40–50% of the stromal vascular fraction,
become metabolically activated, secrete pro-inflammatory
cytokines, and engage in “inflammatory cross-talk” with
other immune cells, notably CD4+ T cells (34, 35, 39–43).
Obesity-associated ATMs accumulate primarily at crown like
structures (CLS), characterized by ATMs surrounding dead
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or dying adipocytes (44). This accumulation of ATMs is the
result of increased infiltration due to chemo-attractive gradients
and higher proliferation, both partly driven by the monocyte
chemoattractant protein 1 (MCP1) (45–47). It is possible
that these mechanisms of ATM accumulation are reflective
of the presence of distinct self-renewing yolk sac-derived
and BM monocyte-derived ATMs. Efforts are in progress
to reconcile these observations. Recent work has implicated
secreted molecules in skewing ATM population phenotypes.
In addition to pro-inflammatory cytokines such as TNFα and
IFNγ, the transmembrane activator and calcium modulator and
cyclophiliin ligand interactor (TACI) has been implicated in the
skewing of macrophages toward an M1-like phenotype. Indeed,
ATMs from TACI−/− mice were biased toward an M2-like
phenotype and their adoptive transfer into obese mice rescue
their dysregulated metabolic parameters (48, 49). Hormones
and/or growth factors, such as insulin growth factor 1 (IGF1), can
also impact the balance between M1- and M2-like phenotypes in
ATMs (50).

However, as mentioned earlier, segregating macrophages into
M1-like and M2-like subsets is not reflective of macrophage
heterogeneity and efforts are being made to avoid this
categorization (51). The markers and phenotypes of VAT
monocytes, macrophages and DCs in the context of obesity
have been described (52, 53). Further, macrophage classification
is moving toward a genomics approach to identification in
order to delineate the many heterogeneous cell subsets (54).
Conditions during obesity may produce a “metabolically-
activated’ phenotype in macrophages that is mechanistically
distinct from classical activation, which may explain the
complexity in macrophage phenotypes seen in mice and
humans (55). In light of this consensus, it was recently
reported that the obese VAT contains a heterogenous group
of macrophages, with BM-derived CD9+ and Ly6C+ ATMs
representing the predominant populations (56). CD9+ ATMs
exhibit pro-inflammatory gene signatures, localize in the CLS,
are lipid-laden, secrete pathogenic exosomes, and induce a pro-
inflammatory response in lean adipose tissue upon adoptive
transfer (56). In contrast, Ly6C+ ATMs reside outside the
CLS, express factors that support vascular development and
organization, contain less lipids, and activate gene programs
typical of normal adipocyte physiology upon adoptive transfer
into lean mice (56). An expansion of the monocyte-derived
CD9+ ATM population was recently confirmed via unbiased
single-cell RNA sequencing. This population also displays
a transcriptional signature associated with lipid metabolism
and phagocytosis, consequently being termed lipid-associated
macrophages (LAMs) (54). LAMs express Trem2, depletion of
which resulted in their loss, decreasing the formation of CLSs
observed during diet-induced obesity (54). However, in the
absence of Trem2, mice fed a HFD displayed worsened metabolic
parameters, implicating a role of these CD9+ Trem2+ LAMs
in “buffering” against CLS-associated lipid plaques (54). While
an increase in CLS surrounding lipid metabolizing CD9+ ATMs
was reported in both of these studies, there is a need to reach a
consensus with regards to their inflammatory profiles, their role
in VAT inflammation, and whether lipid metabolism can directly

regulate the inflammatory output of LAMs. Recent reports
also propose the accumulation of sympathetic neuron/nerve-
associated macrophages (NAMs) during diet-induced obesity
which mediate the clearance of norepinephrine, a catecholamine
that has been implicated in lipolysis and fat mass reduction (57).

AAI

In aged mice, the proportion of M2-like ATMs reportedly
decreases, M1-like macrophages remains unchanged, and CD11c
CD206 double negative (DN) ATMs trended to increase,
suggesting that aging also skews ATM phenotypes toward a
pro-inflammatory phenotype (58). These changes contrast to
obesity where a large increase in numbers of VAT macrophages
are seen, though aged macrophages still show an overall
inflammatory shift. Similar to obesity, aged ATMs display an
elevated expression of the chemokine receptor CCR2, possessed
enhance secretion of pro-inflammatory cytokines IL-6, MCP-
1, and TNFα, and a decrease in expression of PPARγ, which
mechanistically accounts for the loss in M2 ATMs. (58). Recent
studies propose that although there is a decrease in the
proportions of ATMs in aged mice, aged ATMs lack M1- or
M2-like polarization and showed a diversity of activation states
(59). Furthermore, NAMs are also detected within the aged VAT,
which were activated in anNLRP3-dependentmanner to regulate
lipolysis and fatty acid release through altering catecholamine
bioavailability, thereby affecting VAT lipolysis (59). NLRP3
activity was further linked to the production of cytokines IL-
1β and IL-18, which contributes to B cell accumulation in the
VAT, as discussed below (60). Notably, NLRP3-deficient mice had
restored proportions of ATMs which was postulated to reflect
an exhausted senescent-like profile driven by chronic activation
of the NLRP3 inflammasome (59). It remains to be determined
whether levels of CD9+ LAMs and Ly6C+ATMs are altered
in the aged VAT; future research in aging should focus on the
heterogeneity of the ATM population within the adipose tissue,
similar to what has been done for studies in obesity.

Innate Lymphoid Cells
Homeostasis

Innate lymphoid cells (ILCs) play a crucial role in providing
defense against a wide array of pathogens such as parasites,
microbes, and viruses as well as demonstrating cytotoxic activity
toward tumors (61). ILCs are widely categorized into three
groups based on their functional differences: group 1 ILCs (ILC-
1), group 2 ILCs (ILC-2), and group 3 ILCs (ILC-3). Inmice, ILC2
and ILC3 are the most abundant ILC subsets, and often residing
in WAT and the intestine, respectively. In humans, however,
ILC1 and ILC3 subsets are the predominant ILC subsets which
are found in higher frequencies in mucosal and lymphoid sites
such as the colon and ileum (62).

ILC-1s are defined by their ability to produce the pro-
inflammatory cytokine IFNγ and have been widely studied
in natural killer (NK) cells and mixed ILC-1 cells, which
develop from different progenitors and possess unique tissue
distribution (63). Under homeostatic conditions, ILC-1s are
present in lean VAT, where they are resident cells and rely less
on infiltration from the periphery, unlike splenic ILC-1s that
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constantly recirculate (64, 65). Interestingly, compared to their
peripheral counterparts, murine NK1.1+ NKp46+ VAT ILC-1s
express low levels of Ly49 and consist primarily of three major
populations: immature NK (iNK cells), mature NK (mNK) cells,
and mixed ILC-1s (64, 65). Parabiosis studies have revealed that
while mNK cells recirculate, mixed ILC-1s and iNK cells are
mostly resident within the VAT (64, 65). Under homeostatic
conditions, VAT ILC-1s were observed to surround ATMs and
regulate their numbers by killing both M1-like and M2-like
ATMs (65).

ILC-2s are known for producing T helper 2 (Th2) cytokines
such as IL-5 and IL-13, and a large body of work conducted
on ILC-2s has focused on their role in promoting “beiging”
within the adipose tissue (61). Beiging is a process whereby
fat-accumulating white adipose tissue is converted into energy-
dissipating brown-like adipose tissue (66, 67). Under homeostatic
conditions, the presence of ILC-2s in the VAT is maintained by
IL-33. ILC-2s have been implicated in promoting the beiging
of adipocytes and the accumulation of eosinophils and M2-
like macrophages in an IL-4/IL-13-dependent manner (68–70).
Additionally, ILC-2s promote beiging of white adipose tissue
through the production and release of methionine-enkephalin
peptides that upregulate UCP1 expression in adipocytes (71).

ILC-3s contain various populations of RORγt-expressing ILCs
that can produce T helper 17 (Th17) cytokines such as IL-17 and
IL-22 (61). It remains to be determined whether ILC-3s are found
within the adipose tissue, whether they are tissue resident or
recruited from the periphery, and finally, what their role is in the
context of diet-induced obesity, aging, and chronic inflammation
in the VAT.

OAI

In mice, during the early stage of diet-induced obesity, there is
a transient increase in VAT ILC-1s, although their proportion
decreases within the VAT during chronic obesity (64, 65). ILC-
1s from chronically obese VAT show a reduced ability to regulate
ATMs which may contribute to their uncontrolled expansion
(65). Additionally, IFNγ secretion by VAT ILC-1s is also
elevated during short-term HFD feeding in an IL-12/STAT-4-
dependent manner, which further contributes to the polarization
of macrophages to anM1-like phenotype (65). Furthermore, VAT
ILC-1s, and potentially their IFNγ, have been shown to promote
adipose fibrogenesis by activating pro-inflammatory CD11c+

macrophages and the TGF-β1 pathway in adipocytes. These
changes may serve to impair adipose function and glycemic
tolerance in both mice and humans (72).

The early stage expansion of ILC-1s is primarily a
consequence of the recruitment of mNK cells from the periphery
followed by a smaller contribution of local proliferation (64, 65).
A pathogenic role for the accumulation of mNK cells is likely, as
their depletion improved metabolic parameters and decreased
macrophage infiltration in obese mice (73–75). During obesity,
adipocytes increase their expression of NK cell activating
receptor (NCR1) which may be responsible for the expansion
of local VAT NK cells and their IFNγ production (74, 76, 77).
While increased IFNγ secretion by NK cells drives metabolic
dysfunction during early-stage obesity, TNFα secretion by

NK cells may play a larger role in driving inflammation and
metabolic dysfunction during chronic obesity (78). During
chronic obesity, NK cells have been shown to have an impaired
capacity to degranulate or produce pro-inflammatory cytokines,
which is linked to their uptake of lipids and subsequent metabolic
reprogramming (79).

Chronic obesity also promotes the expansion of a distinct
IL-6 receptor (IL-6R)- and colony-stimulating factor 1
receptor (csf1r)-expressing myeloid-signature NK cell (myNK)
subpopulation in the perigonadal adipose tissue (PGAT) and
blood circulation (80). Specific depletion of myNK cells led to
reduced inflammation, obesity, and systemic insulin resistance,
which could also be recapitulated through abrogation of IL-6
and STAT-3 signaling that is required for the formation of these
unique cells (80). Future research should focus on determining
the factors responsible for the change in ILC-1 functionality in
the transition between early and late chronic obesity. Identifying
the factors involved in NK cell recruitment early in obesity is
needed as inhibiting NK cell accumulation within the VAT may
serve as a therapeutic avenue to prevent elevated IFNγ levels
within the adipose tissue; as well, understanding mechanisms to
spare NK cells from becoming metabolically dysfunctional due
to the lipid-laden adipose environment during chronic obesity.

ILC-2s have been shown to decrease in frequency and
numbers in the obese WAT of humans and mice, which may
impair the thermogenic ability of fat (68). As such, ILC-2s, along
with eosinophils, discussed below, represent potential targets that
can be manipulated to promote beiging and thermogenesis of
white adipose tissue.

AAI

The role of VAT ILCs in aging is largely unknown. As myNK
cells are among the cell types that potently respond to IL-6,
a cytokine that is elevated in the VAT and circulation during
aging, it is possible that aging affects the number and function
of these cells (81). However, a large study in humans recently
cataloged the different ILC subsets in humans with obesity and
age (62). While age showed only marginal mixed up and down
correlations of ILC-1/2/3s in abdominal and mesenteric fat, there
was a significant correlative decrease in the presence of intestinal
ILC-3s with age, highlighting tissue specific changes of these cells
during aging (62). More work is needed to tease out how aging
impacts VAT ILC accumulation and their inflammatory potential
in mice and humans.

Neutrophils
Homeostasis

Neutrophils are responsible for providing protection against
pathogens through the release of secretory granules containing
a diverse array of antimicrobial proteins and pro-inflammatory
mediators (82). Neutrophils can release reactive oxygen species
(ROS) and cytokines to kill extracellular bacteria and recruit
additional leukocytes to the region of inflammation (82, 83).
Neutrophils can also kill extracellular bacteria through the
generation of a web of extracellular fibers known as neutrophil
extracellular traps (NETs), which are composed of DNA,
histones, and antimicrobial proteins (82–84). Much of the work
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that has been conducted on VAT neutrophils has focused on
their role in obesity. Their frequency inside VAT is very low
(<1% of non-adipocyte cells) in the lean state and their role in
homeostatic functions in fat is unclear (85).

OAI

Neutrophils have been shown to enter the adipose tissue during
early high fat diet (HFD) feeding in mice. The frequency of VAT
neutrophils increase from <1% of non-adipocyte cells in lean
mice to ∼2% within 1 week after initiating HFD feeding (85).
Their crosstalk with adipocytes is sustained through neutrophil
CD11b and adipocyte ICAM-1 interactions (85, 86). VAT
neutrophils show increased production of the serine protease,
elastase, which promotes inflammation in a toll like receptor
(TLR)-dependent manner, and deletion of elastase in vivo in
mice results in improved metabolic parameters (85). It has also
been shown that elastase can decrease the amounts of proteins
involved in the insulin signaling pathway such as IRS-1 (87, 88).
In humans, clinical evidence points toward increased numbers
and activation of neutrophils in obese patients. Neutrophils
from obese patients possessed enhanced chemotactic activity and
produced elevated amounts of superoxide molecules (87, 89, 90).

HFD-fed mice showed increased release and decreased
clearance of NETs and increased autoantibodies against nuclear
antigens (86). The excess nucleic acids and related protein
antigens worsened metabolic parameters through the activation
of VAT macrophages and plasmacytoid dendritic cells in the
liver through a TLR-dependent manner while treatment of HFD-
fed mice with inhibitors against TLR7/9 or NET formation
improved metabolic parameters (86). Future work should aim to
understand mechanisms and subsequently design therapies that
can be used to reduce the accumulation of these cells within the
adipose tissue or inhibit their ability to secrete NETs or elastase
during obesity and metabolic disease.

AAI

There are no data regarding the role for neutrophils in the
adipose tissue during the aging process, though few studies
have explored the effect of aging in neutrophils. Neutrophils
show age-related impairments in phagocytosis, degranulation,
ROS generation, migration, and neutrophil microbicidal activity,
which can contribute to the poor resolution of infections in
the elderly (91–97). Future research should aim to address what
factors contribute to the dysregulation of neutrophils in aged
individuals, and whether these changes manifest inside fat.

Dendritic Cells
Homeostasis

Dendritic cells (DCs) are considered the bridge between the
innate and adaptive immune system due to their antigen
presentation role to prime T cells (98). There are two main
subsets of DCs that have been well-studied: antigen presenting
classical or conventional DCs (cDCs) and plasmacytoid DCs
(pDCs) (98). pDCs are significantly less efficient at presenting
antigen and stimulating T cells as compared to cDCs but can
secrete copious amounts of type 1 interferon (IFN-1) when
activated (98). Recently, it was suggested that pDCs emerge from

lymphoid progenitors that are distinct from the myeloid lineage
and hence share a different ontogeny from cDCs (99).

Two main populations of cDCs are found under homeostatic
conditions in murine VAT, namely CD103+ cDC-1s and
CD11b+ cDC-2s, both of which promote a tolerogenic, anti-
inflammatory environment in the VAT (100). cDC-1s primarily
activate the Wnt/β-catenin pathway whereas VAT cDC-2s
upregulate the PPARγ pathway. Depletion of β-catenin and
PPARγ in VAT cDCs stimulates a pro-inflammatory response in
a mouse model of obesity, suggesting a role of these pathways in
cDCs in delaying the onset of metabolic disease (100).

OAI

Chronic obesity and expansion of the VAT interfere with
β-catenin and PPARγ pathways and abrogate the anti-
inflammatory function of cDCs, furthering meta-inflammation
(100). Earlier studies in humans and mice demonstrated that
obesity is associated with an expansion of VAT DCs, mainly
cDCs that accumulate in the VAT in a CCR7-dependent and
CCR2-independent manner (101, 102). Another study showed
that VAT cDCs have the ability to promote pro-inflammatory
Th17 responses (53). pDCs have also been implicated in the
pathogenesis of VAT meta-inflammation as they are recruited
to the tissue due to elevated levels of the adipokine chemerin,
and subsequently activated to promote IFN-1 signals in VAT,
resulting in the polarization of ATMs to an M1-like state (103).
Furthermore, depletion of IFN signaling by genetic deletion
of IFNAR or genetic ablation of pDCs resulted in improved
metabolic parameters in HFD-fed mice, strongly indicating
the role for this subset in contributing to meta-inflammation
(104, 105).

AAI

Current research on peripheral DCs suggests that aging alters DC
function in humans, including defective phagocytosis of antigen,
migratory capacity, and enhanced secretion of pro-inflammatory
cytokines upon stimulation with TLR agonists (106). While this
change in functionmay contribute to DCmediated inflammatory
change inside VAT with age, the roles of cDCs and pDCs in aged
VAT remains to be determined.

Eosinophils
Homeostasis

Eosinophils are major producers of IL-4 and IL-13 and play
a significant role in host defense, notably against helminth
infections (107). Under homeostatic conditions, eosinophils
are abundant in the adipose tissue and participate in the
beiging process through their production of IL-4 and IL-13 and
subsequent activation and accumulation of M2-like ATMs. The
activation of M2-like ATMs may be one factor that regulates
the expression of tyrosine hydroxylase and production of
catecholamines inside VAT, enhancing thermogenesis. However,
the details surrounding the cells involved, including NAMs,
and the mechanisms of action, such as altering catecholamine
bioavailability, require further study (59, 108, 109). Furthermore,
IL-5 within the VAT is believed to be responsible for recruiting
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eosinophils via IL-5 producing cells, which are predominantly
ILC-2s (70, 108).

OAI

As a consequence of obesity, there is a decline in eosinophils
in the VAT; eosinophil-deficient mice are more susceptible
to weight gain and show impaired glucose tolerance, greater
insulin resistance, and fewer anti-inflammatory M2-like ATMs
(108). Treating obese mice with recombinant IL-5 for 8 weeks
successfully restored eosinophil numbers within the VAT but did
not reduce weight gain, glucose intolerance, insulin resistance,
or alter energy expenditure and beiging capacity, implying that
rescuing this immune population is not sufficient in the context
of VAT dysfunction; thus, the mechanism of eosinophils in
regulating VAT health and function therefore appears to be
more complex than initially understood and must be further
studied (110).

AAI

Knowledge on the role of VAT eosinophils during aging is very
limited and requires additional work. In mice, aging has been
associated with only a modest change in VAT eosinophils, in
contrast with obesity where eosinophils decrease in numbers
(111). It has also been indicated that aged human eosinophils
possess altered degranulation abilities though with regular
adhesive and chemotactic properties (112). Aging also has been
recently described to prevent formation of cold-induced beige
adipocytes in mice and humans and it remains to be determined
whether eosinophils are implicated in this defect, along with
other beiging-inducing immune cells (112, 113).

Mast Cells
Homeostasis

Mast cells play important roles during allergy and inflammation,
and are components of the myeloid cell population in mouse
VAT under homeostatic conditions. Mast cells have been shown
to facilitate the preadipocyte to adipocyte transition in VAT
(114, 115).

OAI

The VAT mast cell population increases during obesity, although
they initially decrease slightly in the intermediate stages of
HFD feeding in WT mice (12 weeks) but rebound in the later
stages (114, 116). In humans, mast cell proportions positively
correlated with the typical features of expanded obese VAT such
as inflammation of endothelium, ATM build-up, and formation
of fibrous tissue (117).

Mast cells can contribute to VAT dysfunction through
degranulation and release of proteases such as tryptase, chymase,
cathepsins, and matrix metalloprotease-9. These enzymes
regulate adiponectin action and catabolize ECM collagens and
fibronectin to promote adipogenesis and infiltration of pro-
inflammatory cells into the tissue (117–120). Furthermore, mast
cell-derived IL-6 and IFNγ contribute to adipose tissue cysteine
cathepsin expression, which promotes VAT angiogenesis and
growth in obese mice (118, 121). Mast cell-derived cathepsins
can also degrade adipocyte insulin receptor and the glucose

transporter Glut-4, leading to impaired glucose physiology in
adipocytes (122).

Earlier reports indicated that mice deficient in mast cells fed a
HFD displayed improvedmetabolic parameters and reduced pro-
inflammatory cytokines in the VAT (118). It was further shown
that mast cells regulate metabolism through IL-6 and IFNγ (118).
Additionally, KitW−sh/W−sh mice, which are deficient in mast
cells, reconstituted withmast cells from Il6 or Ifng knockout mice
were protected from metabolic dysregulation (118). However,
other models of mast cell deficiency reported no differences in
weight gain, glucose physiology, or VAT inflammation (123, 124).
The differences observed between studies are likely due to the
use of different models of mast cells deficiency such as the
KitW−sh/W−sh mast cell-deficient mice (which are not specific to
mast cells), Kit-independent Cpa3Cre/+ and Mcpt5-Cre R-DTA
mice, and mast cell stabilizer disodium cromoglycate treated
mice (118, 123, 124).

AAI

To our knowledge, no studies have explored the presence of
mast cells in the aged VAT and whether they contribute to tissue
specific inflammaging. In mice, aging has been shown to promote
the degranulation of mast cells upon exposure to prostaglandin E
(PGE), which is not observed in mast cells from young animals
(125). Furthermore, aged adipocytes secrete more PGE than
young adipocytes and thus this warrants the examination of mast
cell degranulation within the adipose tissue and the potential role
of various proteases released, in the context of inflammaging and
age associated IR (126).

Myeloid Derived Suppressor Cells
Homeostasis

Myeloid derived suppressor cells (MDSCs) are a heterogenous
population of immature myeloid cells with anti-inflammatory
functions including suppression of adaptive immunity,
modulation of macrophage cytokine production, and elevated
expression of immunosuppressive factors such as arginase 1
(Arg1) and inducible nitric oxide synthase (iNOS) (127). MDSCs
tend to typically develop during a variety of inflammatory
conditions such as sepsis, cancer, and instances of autoimmunity
but little is known about their presence and/or role in the lean
adipose tissue.

OAI

MDSCs have been shown to increase in the adipose tissue
of leptin-deficient obese mice, while transferring MDSCs into
obese mice improves parameters associated with metabolic
disease (128). Accordingly, tumor-bearing mice fed a HFD
display an enhanced accumulation of MDSCs. While MDSCs
protected against metabolic disease and VAT inflammation, they
have a detrimental effect on tumor progression and overall
reduced animal survival time (129). Several factors have been
implicated in the increased accumulation of MDSCs, including
the adipokine leptin, polyunsaturated fats, and exogenous lipids,
which could potentially be harnessed to boost MDSC activity and
deter inflammation (129–131).
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AAI

In mice, MDSCs have been shown to accumulate in the
spleen, lymph nodes, and bone marrow of aged mice and
also possess greater suppressive activity in T cell proliferation,
which is associated with defective PI3K-Akt signaling pathway
(132). Furthermore, MDSCs have been linked to limiting B
lymphopoiesis during aging, which is driven via their production
of IL-1 (133). Whether MDSCs accumulate in the aged VAT
to suppress inflammatory cells or to impact insulin resistance
remains to be evaluated.

ADAPTIVE IMMUNE CELLS

B Cells
Homeostasis

B cells are a crucial component of the adaptive immune response
that achieve their functions via cytokine secretion, antibody
secretion, and modulation of the function of other cells (134).
The majority of B cells can be categorized into B1 and B2 cells. B1
cells are enriched in the pleural and peritoneal cavities, while B2
cells are found abundantly in secondary lymphoid organs such
as the spleen (134). Regulatory B cells (Bregs) are a collection
of heterogenous IL-10 producing B cells that can ameliorate
inflammation. Inside VAT, a subset of these Bregs are maintained
by CXCL12 and free fatty acids and Breg deletion of IL-10 results
in aggravated VAT inflammation, insulin resistance, and loss of
metabolic homeostasis (135). However, the majority of B cell-
derived IL-10 in VAT at steady state is derived from B1 cells,
the B cell population that is also predominantly abundant within
fat-associated lymphoid clusters in the VAT (136, 137).

OAI

Obesity induces an accumulation of total B cells in the VAT,
including the proportion and absolute number of class switched
mature IgM– IgD– IgG+ B2 cells (138). IgG isolated from
obese mice is capable of driving metabolic disease due to
their hyposialylated profile which activates the endothelial IgG
receptor FCγRIIB (138, 139). In humans, insulin resistance is
associated with a distinct profile of IgG autoantibodies, arguing
for (self) antigen-specific targets contributing to B cell-mediated
insulin resistance (138). A recent paper extended these findings
by characterizing self-antigens targeted by IgG inside human
adipose tissue (140). Moreover, B cells isolated from obese
mice are responsible for modulating T cells within the VAT
in an MHC-I/II-dependent manner by priming both CD4+
and CD8+ T cells. Ablation of the antigen-presenting complex
from B cells is sufficient to improve metabolic parameters,
indicating a role of B-T cognate interactions in the VAT
in modulating metabolic disease (138). Obese B cells also
secrete elevated levels of pro-inflammatory cytokines and in
line with these various observations, both B cell-deficient
µMT mice and anti-CD20-treated mice display improved
metabolic and inflammatory parameters (138, 141). Notably,
the LTB4/LTB4R1 chemokine/receptor axis has been shown
to promote the activation and recruitment of VAT B2 cells,
highlighting its potential as a target for insulin sensitizing
therapies (142). Unlike B2 cells, tolerogenic B1a cells are

reduced in frequency during obesity and produce less IL-10
and transferring B1a cells from lean mice into HFD-fed B
null mice can improve metabolic parameters through IL-10-
and polyclonal IgM-dependent mechanisms (136). Obesity also
induces compromised functionality in natural Bregs (135).

Given the potential pathogenicity of B2 cells and beneficial
effects of Bregs and B1 cells, targeting B2-driven VAT
inflammation while enhancing the anti-inflammatory function
of B1/Breg cells would help alleviate obesity-related adipose
pathophysiology. For example, one possible B cell targeting
therapy involves the use of B-cell Activating Factor (BAFF)
antagonists as BAFF deficiency or inhibition ameliorates obesity-
induced inflammation in mice (136, 143). Despite the growing
interest in VAT B cells, the role of antibody secreting cells (ASCs)
in the VAT is unknown. ASCs are terminally differentiated B
cells that secrete antibodies and cytokines and can be further
categorized into short-lived plasmablasts and long-lived plasma
cells (144, 145). While VAT IgG increase during obesity, it is
unclear whether this increase is due to a recruitment of long-lived
plasma cells from the bone marrow or from other tissue such as
intestines (146).

AAI

Like obesity, aging is characterized by a similar increase in
mature B2 cells in the VAT, as well as plasma IgG as early as
12 months in mice (147). Furthermore, aging is associated with
an increase in the expression of the B cell-specific nuclear co-
factor Oct coactivator from B cells (OcaB) in the VAT. Depletion
of OcaB in mice improved metabolic parameters, prevented
the accumulation of B2 cells within the VAT, and decreased
circulating levels of IgG2c and pro-inflammatory cytokines (147).
An increase in the number of B1a and B1b cells has also been
observed in the aged VAT. However, this accumulation was
much subtler and the role of these innate B cells in aging
requires further examination (147). Interestingly, some B1 cells
develop pathological features during aging. Indeed, monocytes
can convert omental B1a cells into 4-1BBL-expressing B1a cells
which promotes immune activation and insulin resistance (148).

Interestingly, aging drives the formation of a unique
circulating B cell subset known as age-associated B cells (ABCs),
which are defined by their overexpression of the transcription
factor T-bet (149–151). ABCs are further characterized by their
ability to respond to nucleic acid antigen, and produce pro-
inflammatory TNFα and IgG2c, making them prime candidates
for mediating VAT inflammaging and age-associated insulin
resistance (152, 153). Some evidence suggests that ABCs may
represent either a memory B cell population or an ASC
population as they express elevated levels of transcription factors
involved in ASC formation, namely Prdm1, Irf4, and Xbp1,
as well as expressing the ASC surface marker CD138 (151,
153, 154). Moreover, members of the SWEF family of Rho
guanine exchange factor (GEF) proteins have been implicated in
regulating the expansion of ABCs through the activity of IRF5
(155). Such ABCs have also been implicated in autoimmune
disorders such as lupus in young mice, suggesting that aging
does not serve as a prerequisite for their induction. This
notion warrants the need to determine whether they are present
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within the VAT during diet-induced obesity independently of
aging (154). Interestingly, ABC expansion is observed more
consistently in female mice and it remains to be examined
whether sex-specific hormone or other factors are at the root
of these differences (149). Recently, another unique population
of B cell, aged adipose B cells (AABs), have been shown to
accumulate in aged VAT, which are memory-like B cells that
expand within the fat-associated lymphoid clusters (FALCs) in
aged VAT in an NLRP3 dependent manner; depletion of these
cells can improve insulin resistance in mice and reverse age-
induced lipolytic dysfunction, and future work will need to assess
triggers and targets regulating these cells function during aging
(60, 156).

T Cells
Homeostasis

T cells are a major component of the adaptive immune system
and can be categorized into various subsets based on their
expression of surface markers, the composition of T cell antigen
receptors (TCR), and the secretion of different cytokines. T cells
with the αβ TCR rearrangement can be categorized according
to their expression of CD4 or CD8, with the former being
further sub-divided into various subsets based on their effector
cytokine profiles including IFNγ-producing T helper 1 (Th1)
cells, IL-4-producing Th2 cells, IL-17-producing Th17 cells and
IL-10-producing Foxp3+ T regulatory cells (Tregs).

Tregs are highly enriched in the lean adipose tissue, uniquely
regulated by PPARγ, and promote skewing of macrophages to
an M2-like state (157–160). Furthermore, the accumulation of
Tregs depends on antigens presented in an MHC-II manner
and the release of soluble mediators, notably IL-33, the majority
of which is secreted by mesenchymal stromal cells (161–163).
There is a growing appreciation of an evolutionarily conserved
requirement for IL-33 in VAT Treg function, as demonstrated by
their dependency upon the IL-33 receptor ST2, and downstream
transcription factors BATF and IRF4 (164, 165). Interestingly,
recent work has shown that sexual dimorphism has also been
reported to play a role in VAT Treg function in this axis (166).
VAT inflammation is increased with testosterone and limited
with estrogen in males. Increased VAT inflammation and male-
specific IL-33-producing stromal cells mediate the recruitment
and local expansion of Tregs in a BLIMP-1-dependent manner,
constituting a male-specific feedback circuit that potentially
limits VAT inflammation (166). Research on Th2 cells in the
adipose tissue also points toward a protective role, and human
VAT is also thought to be enriched in Th2 cells expressing IL-13
under insulin sensitive conditions (157, 167).

OAI

Generally, T cells are known to accumulate within the VAT
in obese mice and humans. Depleting T cells with an anti-
CD3 antibody improves insulin sensitivity and limits VAT meta-
inflammation in obese mice (157, 168). CD4+ cells within the
obese VAT produce higher amounts of IFNγ than those from
lean VAT, indicating an overall Th1 polarization of CD4+ T cells
(157, 169, 170). Indeed, IL-12p35null mice, which are deficient
in Th1 cells, show improved insulin sensitivity as the main

Th1 effector cytokine, IFNγ, has been shown to be directly
responsible for affecting insulin signaling, lipid storage, and
differentiation of adipocytes via sustained JAK-STAT1 pathway
activation (157, 171).

Obesity results in increased accumulation of VAT Th17
cells in an IL-6-dependent manner, although these cells
are present at a lower frequency compared with Th1 cells
(157, 170). Mechanistically, extracellular ATP acts through
the P2X7 receptor pathway promotes a Th17-polarizing
microenvironment (172). This was also accompanied by a
greater frequency in Th17 cells and higher expression of Th17
markers such as RORC (RORγt in mice), IL-17, and IL-23R
in VAT explants from metabolically unhealthy obese donors
compared to metabolically healthy obese and lean donors
(172, 173). Despite this research, the role of IL-17 in obesity-
inducedmetabolic disease is unclear. Despite reports of increased
IL-17 in obese individuals, mouse models have shown that IL-17
deficiency worsens the effects of diet-induced obesity, accelerates
adiposity in mice fed a low-fat diet, and elevates circulating
leptin levels (172, 174, 175). However, it is important to note that
γδ T cells and MAIT cells are also sources of IL-17 and all studies
regarding the impact of IL-17 on metabolic disease cannot be
attributed to Th17 cells alone (175). More work is required to
distinguish and elucidate the cell specific role of IL-17 in the
adipose tissue during metabolic disease.

During obesity, adipose tissue Tregs decrease in number
and are outweighed by the function of pro-inflammatory T
cells (157, 176). As such, rescuing the Treg population may
represent a potential therapeutic strategy in improving metabolic
parameters during obesity; treatments with PPARγ agonists
such as thiazolidinedione, 5-aminosalicylic acid (5ASA) or IL-
33 administration in vivo were shown to regulate VAT Treg
numbers and improve metabolic parameters in obese mouse
models (160, 164, 165, 177).

CD8+ T cells, or cytotoxic T lymphocytes (CTLs), increase
in the VAT during obesity and have an enhanced capacity to
secrete IFNγ (167, 178). Despite no differences in body weight,
obese mice deficient in CD8+ T cells display improved glucose
tolerance and insulin sensitivity, suggesting a pathogenic role
for CD8+ T cells in impairing metabolic health (105, 178). The
cytotoxic activity of CD8+ T cells has been demonstrated to be
regulated by perforin, as perforin-deficient CD8+ T cells show
an elevated proliferative and inflammatory capacity. Transfer of
these perforin-deficient CD8+ T cells into CD8-deficient mice
significantly worsened metabolic parameters compared to those
transferred with perforin-sufficient CD8+ T cells (75).

Several outstanding questions that remain to be explored
include the mechanisms by which co-stimulatory molecules
induce T cell pathogenicity during obesity, as well as how T
cell metabolism is altered during adipose tissue inflammation.
The 4-1BB-4-1BBL checkpoint pathway has been reported to be
important in Th1-skewing of CD4+ cells and enhancing CD8+
T cell proliferation (179, 180). In obese mice, there is an increase
in the expression of both the receptor and ligand; mice deficient
in 4-1BB are reportedly protected from HFD-induced metabolic
dysregulation and adipose macrophage and T cell infiltration
(181, 182). Thus, it would be possible to target pro-inflammatory
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T cell function via blockade of this pathway. Recently, our group
has reported that insulin receptor signaling modulates T cell
inflammatory function and subset skewing via the control of
intrinsic cellular metabolism, though it remains to be determined
whether insulin signaling in VAT T cells is impacted during
chronic obesity (183). Finally, it will be important to identify
which antigens are targeted by T cells within the VAT. Indeed,
a large majority of T cells in the VAT are effector memory T
cells that exhibit a markedly restricted TCR diversity (157, 184).
This, along with the presence of pathogenic IgG autoantibodies
produced by B cells, suggests that there may potentially be
specific target antigens within the VAT that drives an antigen-
specific T cell response (140, 185). Whether these antigens are
bystanders or true drivers of disease remain to be seen.

AAI

Within the aged VAT, similar to obesity, there is an expansion
of various T cell populations including CD8+ T cells and CD4+
T cells. However, unlike obesity, Treg numbers increase in VAT
with age (58, 111). Age-dependent accumulation of CD8+ T cells
appears to be dependent on biological sex as aged CD8+ T cells
from the VAT of female mice display an elevated activation status
and secrete more pro-inflammatory cytokines than their male
counterparts (186). Future work needs to explore the distribution
of CD4+ T helper subsets within the VAT micro-environment
and what signals are responsible for driving the accumulation of
T cells within the aged VAT. Interestingly, Tregs within the VAT
are enriched in aged male mice and selectively depleting them
improves glucose uptake and age-associated insulin resistance
(111), though the mechanisms are unclear. It should be noted
that aged females have lower levels of VAT Tregs compared to
male counterparts and the mechanism driving this difference is
poorly understood (186), though recent work in describing sex
differences in VAT Tregs may provide insight to these differences
(166). Finally, further work should explore the role of the IL-33-
Treg axis in the context of healthy aging, as well as determine
whether dysfunctional stromal cell activity contributes toward
the expansion of VAT Tregs during aging.

Innate Like T Cells
Homeostasis

There is an emerging appreciation for the role of innate-like T
(ILT) cells that possess innate mechanisms to respond rapidly
to stress and pathogens while concurrently expressing antigen
receptors reminiscent of adaptive immunity (187). There are
three main subsets of ILT cells that we will be discussing: natural
killer T (NKT) cells, γδ T cells, and mucosal-associated invariant
T (MAIT) cells.

NKT cells are a group of ILT cells that are activated upon
recognizing glycolipid antigens presented on the non-classical
MHC-I-like protein, CD1d, and can be further categorized into
two subtypes based on their TCR diversity: type 1 or invariant
NKT (iNKT) cells, which express an invariant TCRα chain
and limited numbers of TCRβ chains, and type 2 or diverse
NKT (dNKT) cells, which show more diverse usage of TCRα

and β chains (188, 189). The VAT is enriched with iNKT
cells which help maintain the adipose tissue microenvironment

under homeostatic conditions by promoting IL-4-dependent
M2-like macrophage polarization and sustaining Treg activity
in an IL-10/IL-2-dependent manner; indeed, depletion of CD1d
in adipocytes worsened inflammation and insulin resistance
(190–192). Surprisingly, VAT iNKT cells in mice constitute a
specialized tissue resident subset that express the transcription
factor E4BP4 and lack PLZF expression, unlike circulating iNKT,
and produce IL-2 and IL-10 to regulate immune homeostasis
within the VAT (193, 194).

γδ T cells also possess innate-like features that allow for
their activation upon recognition of conserved stress-induced
ligands and subsequent rapid secretion of cytokines such as IFNγ,
TNFα, and IL-17A (195). In lean wild type mice, adipose tissue
resident PLZF+ γδ T cells were shown to produce TNFα and
IL-17A which together promoted IL-33 production by adipose
stromal cells (196). IL-33 production induced by γδ T cells was
shown to promote thermogenesis as mice lacking γδ T cells
or IL-17A showed impaired adipocyte UCP1 expression and
thermoregulation (196).

Mucosal associated invariant T (MAIT) cells are found
primarily in peripheral blood, the intestinal mucosa, and the liver
and are evolutionary restricted by the MHC-related molecule 1
(MR1) (197). Upon stimulation, human peripheral MAIT cells
produce IFNγ, TNFα, IL-17, IL-2, and granzyme B, whereas
mouse spleen MAIT produce higher levels of IL-17 and lower
levels of IL-10, IFNγ, and TNFα (198–202). In humans, adipose
tissue MAIT cells but not peripheral blood MAIT cells produce
more IL-10 than IL-17, highlighting site-specific differences in
MAIT function (202). Although the role of MAIT cells inside
VAT is poorly understood, they are potent secretors of IFNγ

and IL-17 and warrant further investigation under homeostatic
conditions (197).

OAI

During obesity, there is reportedly a decrease in the numbers of
iNKT cells; furthermore, CD1d−/− mice deficient in iNKT cells
display an insulin resistant phenotype even in the absence of a
high fat diet and adipose inflammation, providing evidence for
their protective function in the VAT during obesity (190, 203,
204). Conversely, in a Vα14 transgenic mouse model, which has
elevated levels of iNKT cells, having increased iNKT cells on a
Ldlr−/− background resulted in worsened metabolic parameters
when mice were placed on an obesogenic diet. These findings
suggest that all iNKT cells might not be outright protective, but
rather the reduction in iNKT cells might be a compensatory
mechanism in response to obesity (205). This observation could
also be explained by the differential roles between peripheral and
local iNKT subsets in maintaining tissue homeostasis. Further,
most of these studies did not assess the role of type 2 dNKT
cells as CD1d−/− mice lack both NKT subsets. dNKT cells have
been shown to play a protective role during obesity as adoptive
transfer of dNKT cells into obese mice improved weight loss
and glucose homeostasis (206). Future studies should aim to
use newly developed mouse strains to better address the specific
roles of each NKT subsets in obesity (207). The observation
that VAT PLZF+ γδ T cells promote the IL-33-Treg axis and
thermogenesis under homeostatic conditions warrants the need
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FIGURE 1 | Alterations in the visceral adipose tissue (VAT) immune cells during obesity and aging. In lean VAT, homeostasis is maintained via the secretion of

anti-inflammatory cytokines by regulatory T cells (Tregs), T helper 2 (Th2) cells, tolerogenic macrophages, group 1 innate lymphoid cells (ILC1s), ILC2s, regulatory B

cells (Bregs), B1 cells, and eosinophils. (Top) Obesity induces an expansion in adipocyte size and promotes a shift in the phenotype of local immune cells toward a

pro-inflammatory state with increases in pro-inflammatory macrophages, NK Cells, B2 cells, Th1 CD4 cells, CD8+ T cells, and neutrophils. Inflammation of adipose

tissue leads to tissue damage, cell death, and metabolic disturbances. (Bottom) During aging, the VAT is characterized by alterations in the immune cell environment.

Emerging evidence indicates that these changes are associated with a shift in the phenotype of macrophages, expansion of B2 cells, age-associated B cells (AABs),

CD8+ T cells and, paradoxically, regulatory T cells (Tregs). Changes in the composition of adipose tissue immune cells during aging may contribute to insulin

resistance and ectopic lipid storage. Illustration created in the Mind the Graph platform: www.mindthegraph.com.

for studies to explore the functions of PLZF+ γδ T cells in obese
adipose tissue, whether they are lost during obesity, and whether
IL-17 secretion by γδ T cells is impaired during obesity (196).

Patients with T2D and/or obesity show decreased frequency
of peripheral MAIT cells but increased frequency in adipose
tissue MAIT cells (202, 208, 209). Further, MAIT cells in both

the adipose tissue and periphery from obese patients produced
higher levels of IL-17 and reduced levels of IL-10, different
from the lean state, suggesting a potential role for MAIT
cells in obesity-associated inflammation (210). The mechanisms
underlying the alterations in MAIT cell numbers, activation, and
IL-17 production need to be further elucidated, with a need to
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TABLE 1 | Comparison between innate immune cells in OAI and AAI.

Innate

immune

cells

Obesity Aging

Macrophages ↑ in ATM population [H/M]

(33–35, 39–43)

↑ pro-inflammatory cytokine release

[H/M] (33–35, 39–43)

↑ inflammatory cross-talk [H/M]

(33–35, 39–43)

↑ crown-like structures [H/M] (44–47)

↑ in pro-inflammatory CD9+

macrophages (LAMs) [H/M] (54)

↑ pro-inflammatory

phenotype [M] (58)

↓ proportion of M2-like

ATMs [M] (58)

↔ proportion of

M1-like ATMs [M] (58)

↑ proportion of CD11c-

CD206- ATMs [M] (58)

↑ expression of CCR2,

IL-6, MCP-1, TNFα [M]

(58)

↓ expression of PPARγ

[M] (58)

ILCs

- ILC-1 ↑ proportion in early obesity [H/M]

(64, 65)

↓ proportion in chronic obesity [H/M]

(64, 65)

↑ IFNγ and TNFα secretion [H/M]

(65, 74, 76, 77)

↑ mNK recruitment and expansion

[H/M] (64, 65)

↓ in NK degranulation and

pro-inflammatory cytokine production

during chronic obesity [H/M] (79)

↑ myNK expansion in chronic obesity

[H/M] (80)

↔ proportion [H] (62)

- ILC-2 ↓ frequency in WAT [H/M] (68) ↔ proportion [H] (62)

- ILC-3 x ↔ proportion [H] (62)

Neutrophils ↑ frequency [H/M] (85, 89)

↑ activation [H/M] (85, 89)

↑ production of elastase [M] (85)

↑ release and ↓ clearance of NETs

[M] (86)

x

DCs

- cDCs ↓ anti-inflammatory profile [M] (10)

↑ accumulation of VAT cDCs [H/M]

(101, 102)

↑ promotion of Th17 cell responses

[H/M] (53)

x

- pDCs ↑ recruitment to VAT [H/M] (103–105)

↑ IFN-1 signaling in VAT and

polarization of ATMs to M1-like state

[H/M] (103–105)

x

Eosinophils ↓ eosinophils in VAT [M] (108) ↔↓ eosinophils in VAT

[M] (111)

Mast Cells ↑ mast cells in VAT [H/M]

(114, 116, 117)

↑ inflammation of VAT endothelium,

ATM accumulation, formation of

fibrous tissue [H] (117)

x

MDSCs ↑ MDSCs in VAT [M] (128)

↑ protection against metabolic

disease [M] (129)

x

A table of summary for the changes in innate immune cell populations specifically within

the adipose tissue in obesity and aging.

“x” indicates studies are lacking.

↑ indicates increased, ↓ indicates decreased, and ↔ indicates no change or

no consensus.

[H/M] indicates data seen in human and/or mouse studies.

TABLE 2 | Comparison between adaptive immune cells in OAI and AAI.

Adaptive

immune

cells

Obesity Aging

B cells

- B2 ↑ accumulation of B cells (138)

- ↑ class switched mature

IgG+ B2 cells [M] (138)

- Distinct IgG autoantibodies

[H/M] (138, 141)

- ↑ antigen presentation to T

cells [M] (138)

- ↑ pro-inflammatory cytokines

[M] (138, 141)

↑ mature B2 in VAT [M]

(147)

↑ circulating IgG levels

[M] (147)

↑ OcaB expression in

VAT [M] (147)

- B1 ↓ frequency in B1a cells [M]

(136)

↓ IL-10 production [M] (136)

↓ Breg functionality [M] (135)

↔↑ numbers of B1a

and B1b [M] (147)

↑ accumulation of

4-1BBL+ B1a cells

[H/M] (148)

- ABCs Unclear if present in obesity

independent of aging (154)

↑ in aging [H/M]

(149–153)

↑ in females [M] (149)

↑ accumulation of aged

adipose B cells (AABs)

[M] (60, 156)

T cells ↑ in VAT [H/M] (157, 168–170) x

CD4+ ↑ in VAT [H/M] (157, 168–170) ↑ in VAT [M] (58)

- Th1 ↑ Th1 polarization in CD4+ T

cells [H/M] (157, 169, 170)

↑ production of IFNγ [H/M]

(157, 169, 170)

x

- Th17 ↑ accumulation in VAT [H/M]

(157, 170, 172, 173)

↑ expression of Th17 markers

(RORC/RORγt, IL-17, IL-23R)

[H/M] (172, 173)

x

- Treg ↓ population in VAT [H/M]

(157, 176)

↑ in VAT [M] (58, 111)

↑ enrichment in males

[M] (111, 166, 186)

CD8+ ↑ population in VAT [H/M]

(167, 178)

↑ IFNγ secretion [H/M]

(167, 178)

↑ in VAT [M] (58, 111)

↑ activation and

pro-inflammatory

cytokine secretion in

females [M] (186)

ILTs

- iNKT ↓ population in VAT [H/M]

(190, 203, 204)

x

- dNKT ↑ protection against metabolic

disease [M] (206)

x

- γδ T cells x x

- MAIT cells ↑ frequency [H]

(202, 208, 209)

↑ production of IL-17 [H]

(210)

↓ production of IL-10 [H]

(210)

x

A table of summary for the changes in adaptive immune cell populations specifically within

the adipose tissue in obesity and aging.

“x” indicates studies are lacking.

↑ indicates increased, ↓ indicates decreased, and ↔ indicates no change or

no consensus.

[H/M] indicates data seen in human and/or mouse studies.
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determine the ontogeny of adipose tissue MAIT cells and their
role in the adipose environment during obesity.

AAI

Only a few studies have explored the role of ILT cells within the
aged VAT. In mice, NKT cell numbers were increased 2- to 3-
fold in the secondary lymphoid organs of aged mice compared to
young mice, suggesting that a similar increase or accumulation
of peripheral PLZF+ NKT cells might be seen within the VAT
(211). However, it remains to be determined how the population
of adipose resident E4BP4+ iNKT cells are affected and whether
the distribution of peripheral vs. resident NKT cells is shifted
(193). Similar to obesity, it has also been suggested that peripheral
MAIT cells are reduced in aged individuals and future studies
need to determine whether they are being recruited to metabolic
tissues such as the liver and/or VAT (212).

CONCLUDING REMARKS

Aging and diet-induced obesity present themselves as metabolic
diseases that are characterized by an alteration of the VAT
immune landscape and display an activation of chronic
inflammatory pathways that contribute to insulin resistance and
diabetes (Figure 1, Tables 1, 2). There are several overlapping
mechanisms of VAT inflammation in obesity and aging that
could help direct future research. One common driver of VAT
inflammation in both conditions is the altered gut and the
resident host microbiota. Obesity is associated with microbial
dysbiosis and an overall reduction in bacterial diversity,
which imparts features of the metabolic syndrome as the
obese phenotype can be transferred from obese humans to
mice through transplant of the gut microbiota (213–216).
A consequence of microbial dysbiosis is increased intestinal
permeability, characterized by leakage of bacterial antigen or
their products such as metabolites or pathogen associated
molecular patterns including lipopolysaccharide (LPS) across the
intestinal epithelial barrier. These products can access metabolic
tissues such as the VAT by entering systemic circulation and
also being taken up by chylomicrons, which further drives
meta-inflammation by activating pro-inflammatory cascades in
immune cells via pattern recognition receptor signaling (177,
217–219). Aging is also potentially associated with intestinal
microbial dysbiosis that contributes to worsened intestinal
permeability, serum endotoxemia and inflammation, which can
be recapitulated upon transfer of gut microbiota from aged
mice into young germ-free mice, as seen during obesity (219–
221). Low grade chronic intestinal inflammation is an early
manifestation of obesity which precedes systemic metabolic
disease and contributes to worsened barrier function and insulin
resistance via secretion of pro-inflammatory cytokines (213).
Moreover, an increased flux of bacterial product entering the
VAT may be one common mechanism linking aging and obesity
related insulin resistance to distinct downstream inflammasome
receptors such as the NLRP3 inflammasome, which ultimately
represent immune activation in response to gut bacterial
products in obesity and aging (60, 156).

Another shared factor that could potentially link obesity and
age driven VAT inflammation is cellular senescence. Senescence
is regarded as a hallmark of aging, and metabolically active
senescent cells secrete a variety of cytokines and chemokines,
in an NFKB dependent manner, which further drives local
inflammation (222, 223). Senescent cells have been demonstrated
to also accumulate within the VAT during obesity, and their
clearance is associated with improved metabolic parameters and
decreased macrophage homing (224). Interestingly, within the
VAT, CD4+ T cells adopt a senescent phenotype which drives
VAT inflammation and insulin resistance in an osteopontin
dependent manner (225). A combination of cell senescence
and inflammatory cell death within the fat might represent
a source of shared antigenic targets between obesity and
aging, which likely underpins a mechanism fueling local
immune cells.

Finally, both obesity and aging are associated with changes in
the levels of hormones that could impact immune cell function
in the VAT. For instance, leptin and insulin typically rise with
obesity and aging. Leptinmetabolically activates T cells and skews
them toward a Th1 cytokine secretion profile, promotes pro-
inflammatory cytokine secretion by circulating monocytes, and
enhances expression of perforin in NK cells (226–229). Insulin
has been shown to facilitate T cell glycolytic programming
and IFNγ mediated effector functions (183). The interactions
of these hormones and adipokines in an environment of
increasing cell senescence and bacterial products likely represents
additional common drivers between aging and obesity related
VAT inflammation.

Given these potential underlying common drivers of obesity-
and aging-related IR, it will be important to understand the
mechanistic differences between both conditions. For instance,
why do VAT Tregs function differently with age compared to
obesity? What are the underlying reasons behind the differences
in VAT macrophage numbers? It will also be important to
tease out the differences in inflammatory responses between
mouse models and humans. In particular, do aged humans
show similar changes to VAT immune cells as seen in aged
mice? Understanding the differences and similarities between
VAT immune populations with age and obesity will help
identify unifying pathophysiological root causes of the associated
metabolic disease.

Over the past 20 years, our knowledge about the immune
landscape of the VAT has grown from the simple identification
of the role of cytokines and macrophages, to include adaptive
immunity, and lately most known immune cell populations. The
level of cellular characterization will continue to improve to
further refine these populations using single-cell genomics and
advanced cytometry methods. Such analyses will ultimately yield
new insights into disease pathogenesis and may lead to new
therapies to combat obesity and aging related metabolic disease.

AUTHOR CONTRIBUTIONS

SK, YC, XR, and DW contributed to the design and writing of the
manuscript and the generation of the figures.

Frontiers in Endocrinology | www.frontiersin.org 12 May 2020 | Volume 11 | Article 267

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Khan et al. Adipose Immunopathology in Obesity and Aging

FUNDING

SK was a recipient of the Queen Elizabeth II Graduate
Scholarship in Science and Technology (QEII-GSST)/Aventis
Pasteur, and the Banting & Best Centre (BBDC)-Novo Nordisk
Studentship. XR was funded by a National Institute of Health

(NIH) Research Project Grant 1R01DK122056 (XR). DW
was funded by a Canadian Institutes of Health Research
(CIHR) New Investigator Foundation Grant FDN-148385
(DW) and a Canadian Liver Foundation operating grant
(2017). DW holds an Ontario Ministry of Innovation Early
Researcher Award.

REFERENCES

1. Stevens GA, SinghGM, Lu Y, Danaei G, Lin JK, FinucaneMM, et al. National,

regional, and global trends in adult overweight and obesity prevalences.

Popul Health Metr. (2012) 10:22. doi: 10.1186/1478-7954-10-22

2. Kelly T, Yang W, Chen CS, Reynolds K, He J. Global burden of

obesity in 2005 and projections to 2030. Int J Obes. (2008) 32:1431–

7. doi: 10.1038/ijo.2008.102

3. Hruby A, Hu FB. The epidemiology of obesity: a big picture.

Pharmacoeconomics. (2015) 33:673–89. doi: 10.1007/s40273-014-0243-x

4. Cornier MA, Dabelea D, Hernandez TL, Lindstrom RC, Steig AJ,

Stob NR, et al. The metabolic syndrome. Endocr Rev. (2008) 29:777–

822. doi: 10.1210/er.2008-0024

5. Esser N, Legrand-Poels S, Piette J, Scheen AJ, Paquot N. Inflammation as a

link between obesity, metabolic syndrome and type 2 diabetes. Diabetes Res

Clin Pract. (2014) 105:141–50. doi: 10.1016/j.diabres.2014.04.006

6. Birkenfeld AL, Shulman GI. Nonalcoholic fatty liver disease, hepatic

insulin resistance, and type 2 diabetes. Hepatology. (2014) 59:713–

23. doi: 10.1002/hep.26672

7. Wilson PW, D’Agostino RB, Parise H, Sullivan L, Meigs JB.

Metabolic syndrome as a precursor of cardiovascular disease

and type 2 diabetes mellitus. Circulation. (2005) 112:3066–

72. doi: 10.1161/CIRCULATIONAHA.105.539528

8. Bonomini F, Rodella LF, Rezzani R. Metabolic syndrome,

aging and involvement of oxidative stress. Aging Dis. (2015)

6:109–20. doi: 10.14336/AD.2014.0305

9. Lutz W, Sanderson W, Scherbov S. The coming acceleration of global

population ageing. Nature. (2008) 451:716–9. doi: 10.1038/nature06516

10. Ferrucci L, Giallauria F, Guralnik JM. Epidemiology of aging. Radiol Clin

North Am. (2008) 46:643–52. doi: 10.1016/j.rcl.2008.07.005

11. Goronzy JJ, Weyand CM. Understanding immunosenescence to improve

responses to vaccines. Nat Immunol. (2013) 14:428–36. doi: 10.1038/ni.2588

12. Frasca D, Blomberg BB, Paganelli R. Aging, obesity, and

inflammatory age-related diseases. Front Immunol. (2017)

8:1745. doi: 10.3389/fimmu.2017.01745

13. Cinti S. The adipose organ at a glance. Dis Model Mech. (2012) 5:588–

94. doi: 10.1242/dmm.009662

14. Wronska A, Kmiec Z. Structural and biochemical characteristics of

various white adipose tissue depots. Acta Physiol. (2012) 205:194–

208. doi: 10.1111/j.1748-1716.2012.02409.x

15. Ibrahim MM. Subcutaneous and visceral adipose tissue:

structural and functional differences. Obes Rev. (2010) 11:11–

8. doi: 10.1111/j.1467-789X.2009.00623.x

16. Chusyd DE,Wang D, Huffman DM, Nagy TR. Relationships between rodent

white adipose fat pads and human white adipose fat depots. Front Nutr.

(2016) 3:10. doi: 10.3389/fnut.2016.00010

17. Divoux A, Clément K. Architecture and the extracellular matrix: the still

unappreciated components of the adipose tissue. Obes Rev. (2011) 12:e494–

503. doi: 10.1111/j.1467-789X.2010.00811.x

18. Bora P, Majumdar AS. Adipose tissue-derived stromal vascular

fraction in regenerative medicine: a brief review on biology and

translation. Stem Cell Res Ther. (2017) 8:145. doi: 10.1186/s13287-017-

0598-y

19. Tholpady SS, Llull R, Ogle RC, Rubin JP, Futrell JW, Katz AJ.

Adipose tissue: stem cells and beyond. Clin Plast Surg. (2006) 33:55–

62. doi: 10.1016/j.cps.2005.08.004

20. Sun K, Kusminski CM, Scherer PE. Adipose tissue remodeling and obesity. J

Clin Invest. (2011) 121:2094–101. doi: 10.1172/JCI45887

21. Halberg N, Khan T, Trujillo ME, Wernstedt-Asterholm I, Attie AD,

Sherwani S, et al. Hypoxia-inducible factor 1alpha induces fibrosis and

insulin resistance in white adipose tissue. Mol Cell Biol. (2009) 29:4467–

83. doi: 10.1128/MCB.00192-09

22. Berger JJ, Barnard RJ. Effect of diet on fat cell size and

hormone-sensitive lipase activity. J Appl Physiol. (1999) 87:227–

32. doi: 10.1152/jappl.1999.87.1.227

23. Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor

necrosis factor-alpha: direct role in obesity-linked insulin resistance. Science.

(1993) 259:87–91. doi: 10.1126/science.7678183

24. Copps KD, White MF. Regulation of insulin sensitivity by serine/threonine

phosphorylation of insulin receptor substrate proteins IRS1 and IRS2.

Diabetologia. (2012) 55:2565–82. doi: 10.1007/s00125-012-2644-8

25. Tanti JF, Ceppo F, Jager J, Berthou F. Implication of inflammatory signaling

pathways in obesity-induced insulin resistance. Front Endocrinol. (2012)

3:181. doi: 10.3389/fendo.2012.00181

26. Khan T, Muise ES, Iyengar P, Wang ZV, Chandalia M, Abate N, et al.

Metabolic dysregulation and adipose tissue fibrosis: role of collagen VI.Mol

Cell Biol. (2009) 29:1575–91. doi: 10.1128/MCB.01300-08

27. Nakajima I, Muroya S, Tanabe R, Chikuni K. Positive effect of

collagen V and VI on triglyceride accumulation during differentiation in

cultures of bovine intramuscular adipocytes. Differentiation. (2002) 70:84–

91. doi: 10.1046/j.1432-0436.2002.700203.x

28. Hasegawa Y, Ikeda K, Chen Y, Alba DL, Stifler D, Shinoda K, et al.

Repression of adipose tissue fibrosis through a PRDM16-GTF2IRD1

complex improves systemic glucose homeostasis. Cell Metab. (2018) 27:180–

94.e6. doi: 10.1016/j.cmet.2017.12.005

29. O’Hara A, Lim FL, Mazzatti DJ, Trayhurn P. Microarray analysis identifies

matrix metalloproteinases (MMPs) as key genes whose expression is

up-regulated in human adipocytes by macrophage-conditioned medium.

Pflugers Arch. (2009) 458:1103–14. doi: 10.1007/s00424-009-0693-8

30. Tchkonia T, Morbeck DE, Von Zglinicki T, Van Deursen J, Lustgarten J,

Scrable H, et al. Fat tissue, aging, and cellular senescence. Aging Cell. (2010)

9:667–84. doi: 10.1111/j.1474-9726.2010.00608.x

31. Xu M, Tchkonia T, Ding H, Ogrodnik M, Lubbers ER, Pirtskhalava T,

et al. JAK inhibition alleviates the cellular senescence-associated secretory

phenotype and frailty in old age. Proc Natl Acad Sci USA. (2015) 112:E6301–

10. doi: 10.1073/pnas.1515386112

32. Wernstedt Asterholm I, Tao C, Morley TS, Wang QA, Delgado-Lopez

F, Wang ZV, et al. Adipocyte inflammation is essential for healthy

adipose tissue expansion and remodeling. Cell Metab. (2014) 20:103–

18. doi: 10.1016/j.cmet.2014.05.005

33. Xue J, Schmidt SV, Sander J, Draffehn A, Krebs W, Quester I,

et al. Transcriptome-based network analysis reveals a spectrum

model of human macrophage activation. Immunity. (2014)

40:274–88. doi: 10.1016/j.immuni.2014.01.006

34. 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/JCI200319246

35. 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

36. Odegaard JI, Ricardo-Gonzalez RR, GoforthMH,Morel CR, Subramanian V,

Mukundan L, et al. Macrophage-specific PPARgamma controls alternative

activation and improves insulin resistance. Nature. (2007) 447:1116–

20. doi: 10.1038/nature05894

37. Davies LC, Taylor PR. Tissue-resident macrophages: then and now.

Immunology. (2015) 144:541–8. doi: 10.1111/imm.12451

Frontiers in Endocrinology | www.frontiersin.org 13 May 2020 | Volume 11 | Article 267

https://doi.org/10.1186/1478-7954-10-22
https://doi.org/10.1038/ijo.2008.102
https://doi.org/10.1007/s40273-014-0243-x
https://doi.org/10.1210/er.2008-0024
https://doi.org/10.1016/j.diabres.2014.04.006
https://doi.org/10.1002/hep.26672
https://doi.org/10.1161/CIRCULATIONAHA.105.539528
https://doi.org/10.14336/AD.2014.0305
https://doi.org/10.1038/nature06516
https://doi.org/10.1016/j.rcl.2008.07.005
https://doi.org/10.1038/ni.2588
https://doi.org/10.3389/fimmu.2017.01745
https://doi.org/10.1242/dmm.009662
https://doi.org/10.1111/j.1748-1716.2012.02409.x
https://doi.org/10.1111/j.1467-789X.2009.00623.x
https://doi.org/10.3389/fnut.2016.00010
https://doi.org/10.1111/j.1467-789X.2010.00811.x
https://doi.org/10.1186/s13287-017-0598-y
https://doi.org/10.1016/j.cps.2005.08.004
https://doi.org/10.1172/JCI45887
https://doi.org/10.1128/MCB.00192-09
https://doi.org/10.1152/jappl.1999.87.1.227
https://doi.org/10.1126/science.7678183
https://doi.org/10.1007/s00125-012-2644-8
https://doi.org/10.3389/fendo.2012.00181
https://doi.org/10.1128/MCB.01300-08
https://doi.org/10.1046/j.1432-0436.2002.700203.x
https://doi.org/10.1016/j.cmet.2017.12.005
https://doi.org/10.1007/s00424-009-0693-8
https://doi.org/10.1111/j.1474-9726.2010.00608.x
https://doi.org/10.1073/pnas.1515386112
https://doi.org/10.1016/j.cmet.2014.05.005
https://doi.org/10.1016/j.immuni.2014.01.006
https://doi.org/10.1172/JCI200319246
https://doi.org/10.1172/JCI29881
https://doi.org/10.1038/nature05894
https://doi.org/10.1111/imm.12451
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Khan et al. Adipose Immunopathology in Obesity and Aging

38. Hassnain Waqas SF, Noble A, Hoang AC, Ampem G, Popp

M, Strauß S, et al. Adipose tissue macrophages develop from

bone marrow-independent progenitors in. J Leukoc Biol. (2017)

102:845–55. doi: 10.1189/jlb.1A0317-082RR

39. Lumeng CN, Deyoung SM, Bodzin JL, Saltiel AR. Increased inflammatory

properties of adipose tissue macrophages recruited during diet-induced

obesity. Diabetes. (2007) 56:16–23. doi: 10.2337/db06-1076

40. Jang JE, Ko MS, Yun JY, Kim MO, Kim JH, Park HS, et al. Nitric oxide

produced by macrophages inhibits adipocyte differentiation and promotes

profibrogenic responses in preadipocytes to induce adipose tissue fibrosis.

Diabetes. (2016) 65:2516–28. doi: 10.2337/db15-1624

41. Boutens L, Hooiveld GJ, Dhingra S, Cramer RA, Netea MG, Stienstra

R. Unique metabolic activation of adipose tissue macrophages in

obesity promotes inflammatory responses. Diabetologia. (2018) 61:942–

53. doi: 10.1007/s00125-017-4526-6

42. Jha AK, Huang SC, Sergushichev A, Lampropoulou V, Ivanova

Y, Loginicheva E, et al. Network integration of parallel

metabolic and transcriptional data reveals metabolic modules

that regulate macrophage polarization. Immunity. (2015)

42:419–30. doi: 10.1016/j.immuni.2015.02.005

43. Morris DL, Cho KW, Delproposto JL, Oatmen KE, Geletka LM, Martinez-

Santibanez G, et al. Adipose tissue macrophages function as antigen-

presenting cells and regulate adipose tissue CD4+ T cells in mice. Diabetes.

(2013) 62:2762–72. doi: 10.2337/db12-1404

44. Cinti S, Mitchell G, Barbatelli G, Murano I, Ceresi E, Faloia E,

et al. Adipocyte death defines macrophage localization and function in

adipose tissue of obese mice and humans. J Lipid Res. (2005) 46:2347–

55. doi: 10.1194/jlr.M500294-JLR200

45. 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

46. Amano SU, Cohen JL, Vangala P, Tencerova M, Nicoloro SM, Yawe

JC, et al. Local proliferation of macrophages contributes to obesity-

associated adipose tissue inflammation. Cell Metab. (2014) 19:162–

71. doi: 10.1016/j.cmet.2013.11.017

47. Nomiyama T, Perez-Tilve D, Ogawa D, Gizard F, Zhao Y, Heywood EB,

et al. Osteopontin mediates obesity-induced adipose tissue macrophage

infiltration and insulin resistance in mice. J Clin Invest. (2007) 117:2877–

88. doi: 10.1172/JCI31986

48. Allman WR, Dey R, Liu L, Siddiqui S, Coleman AS, Bhattacharya P, et al.

TACI deficiency leads to alternatively activated macrophage phenotype and

susceptibility to Leishmania infection. Proc Natl Acad Sci USA. (2015)

112:E4094–103. doi: 10.1073/pnas.1421580112

49. Liu L, Inouye KE, Allman WR, Coleman AS, Siddiqui S, Hotamisligil GS,

et al. TACI-Deficient macrophages protect mice against metaflammation

and obesity-induced dysregulation of glucose homeostasis. Diabetes. (2018)

67:1589–603. doi: 10.2337/db17-1089

50. Spadaro O, Camell CD, Bosurgi L, Nguyen KY, Youm YH, Rothlin CV,

et al. IGF1 shapes macrophage activation in response to immunometabolic

challenge. Cell Rep. (2017) 19:225–34. doi: 10.1016/j.celrep.2017.03.046

51. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage

activation: time for reassessment. F1000Prime Rep. (2014)

6:13. doi: 10.12703/P6-13

52. Russo L, Lumeng CN. Properties and functions of adipose

tissue macrophages in obesity. Immunology. (2018) 155:407–

17. doi: 10.1111/imm.13002

53. Bertola A, Ciucci T, Rousseau D, Bourlier V, Duffaut C, Bonnafous S,

et al. Identification of adipose tissue dendritic cells correlated with obesity-

associated insulin-resistance and inducing Th17 responses in mice and

patients. Diabetes. (2012) 61:2238–47. doi: 10.2337/db11-1274

54. Jaitin DA, Adlung L, Thaiss CA, Weiner A, Li B, Descamps

H, et al. Lipid-associated macrophages control metabolic

homeostasis in a trem2-dependent manner. Cell. (2019)

178:686–98.e14. doi: 10.1016/j.cell.2019.05.054

55. Kratz M, Coats BR, Hisert KB, Hagman D, Mutskov V, Peris E, et al.

Metabolic dysfunction drives a mechanistically distinct proinflammatory

phenotype in adipose tissue macrophages. Cell Metab. (2014) 20:614–

25. doi: 10.1016/j.cmet.2014.08.010

56. Hill DA, Lim HW, Kim YH, Ho WY, Foong YH, Nelson VL, et al.

Distinct macrophage populations direct inflammatory versus physiological

changes in adipose tissue. Proc Natl Acad Sci USA. (2018) 115:E5096–

105. doi: 10.1073/pnas.1802611115

57. Pirzgalska RM, Seixas E, Seidman JS, Link VM, Sánchez NM, Mahú I,

et al. Sympathetic neuron-associated macrophages contribute to obesity

by importing and metabolizing norepinephrine. Nat Med. (2017) 23:1309–

18. doi: 10.1038/nm.4422

58. Lumeng CN, Liu J, Geletka L, Delaney C, Delproposto J, Desai A,

et al. Aging is associated with an increase in T cells and inflammatory

macrophages in visceral adipose tissue. J Immunol. (2011) 187:6208–

16. doi: 10.4049/jimmunol.1102188

59. Camell CD, Sander J, Spadaro O, Lee A, Nguyen KY, Wing A, et al.

Inflammasome-driven catecholamine catabolism in macrophages blunts

lipolysis during ageing.Nature. (2017) 550:119–23. doi: 10.1038/nature24022

60. Camell CD, Günther P, Lee A, Goldberg EL, Spadaro O, Youm YH, et al.

Aging induces an Nlrp3 inflammasome-dependent expansion of adipose

B cells that impairs metabolic homeostasis. Cell Metab. (2019) 30:1024–

39.e6. doi: 10.1016/j.cmet.2019.10.006

61. Diefenbach A, Colonna M, Koyasu S. Development, differentiation,

and diversity of innate lymphoid cells. Immunity. (2014) 41:354–

65. doi: 10.1016/j.immuni.2014.09.005

62. Yudanin NA, Schmitz F, Flamar AL, Thome JJC, Tait Wojno E, Moeller

JB, et al. Spatial and temporal mapping of human innate lymphoid

cells reveals elements of tissue specificity. Immunity. (2019) 50:505–

19.e4. doi: 10.1016/j.immuni.2019.01.012

63. Fuchs A. ILC1s in tissue inflammation and infection. Front Immunol. (2016)

7:104. doi: 10.3389/fimmu.2016.00104

64. O’Sullivan TE, Rapp M, Fan X, Weizman OE, Bhardwaj P,

Adams NM, et al. Adipose-resident group 1 innate lymphoid cells

promote obesity-associated insulin resistance. Immunity. (2016)

45:428–41. doi: 10.1016/j.immuni.2016.06.016

65. Boulenouar S, Michelet X, Duquette D, Alvarez D, Hogan AE, Dold

C, J. 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

66. Kim BS, Artis D. Group 2 innate lymphoid cells in

health and disease. Cold Spring Harb Perspect Biol. (2015)

7:a016337. doi: 10.1101/cshperspect.a016337
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