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As a central coordinator of physiologic metabolism, adipose tissue has long been
appreciated as a highly plastic organ that dynamically responds to environmental cues.
Once thought of as a homogenous storage depot, recent advances have enabled deep
characterizations of the underlying structure and composition of adipose tissue depots.
As the obesity and metabolic disease epidemics continue to accelerate due to modern
lifestyles and an aging population, elucidation of the underlying mechanisms that control
adipose and systemic homeostasis are of critical importance. Within the past decade, the
emergence of deep cell profiling at tissue- and, recently, single-cell level has furthered our
understanding of the complex dynamics that contribute to tissue function and their
implications in disease development. Although many paradigm-shifting findings may lie
ahead, profound advances have been made to forward our understanding of the adipose
tissue niche in both health and disease. Now widely accepted as a highly heterogenous
organ with major roles in metabolic homeostasis, endocrine signaling, and immune
function, the study of adipose tissue dynamics has reached a new frontier. In this
review, we will provide a synthesis of the latest advances in adipose tissue biology
made possible by the use of single-cell technologies, the impact of epigenetic
mechanisms on adipose function, and suggest what next steps will further our
understanding of the role that adipose tissue plays in systemic physiology.

Keywords: adipose tissue, white adipocytes, brown adipocytes, beige adipocytes, thermogenesis, tissue
heterogeneity, obesity, type 2 diabetes

INTRODUCTION

Metabolic flexibility is a crucial trait of organisms strongly selected for across evolutionary time. As
environmental conditions change, organisms must readily adapt physiologically and behaviorally to
ensure survival. While nutrient availability fluctuates with time, organisms capable of storing excess
energy under calorie abundance are more resilient to starvation and thermogenic stress during times
of limited nutrient supply (1). Wired to be highly plastic and respond rapidly to changing cues,
adipose tissue is an essential organ that serves multiple important functions, including storage and
release of caloric substrates. However, the modern era fuels chronic abundance of calorically-dense
foods and significantly contributes to the epidemic of metabolic dysfunction (2). Diseases such as
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obesity and type II diabetes (T2D) are amongst the most
significant contributors to pathologic morbidity and mortality
in developed nations and are wreaking havoc on quality of life.
Dysfunctional adipose tissue is often one of the early indicators
of metabolic disarray (3). To understand the mechanisms
underlying metabolic diseases, a detailed understanding of
adipose tissue in the healthy state, and the changes that occur
during the onset of dysfunction, are pertinent areas of interest
that are gaining significant attention over the last few decades (3-
5). Initially described as a connective tissue capable of storing
triglycerides, our modern understanding of adipose tissue
demonstrates that it is highly heterogenous from both
anatomic and physiologic perspectives. In addition to its role
in energy storage and release, adipose depots are also major
contributors to systemic physiology through endocrine signaling,
regulation of the inflammatory state, and control of behavior. In
particular, the past 5-10 years have seen rapid accelerations of
resolution into adipose tissue dynamics. Implementation of
modern techniques such as genetic engineering, lineage-tracing
and single-cell characterizations revealed that adipose tissue is
quite complex in composition and function. Resident cell types,
including mature lipid-storing adipocytes, adipocyte precursor cells
(APCs), and immune cells are major players that contribute to the
overall function and remodeling. Heterogeneity subsists beyond the
existence of divergent cell types, as individual cells exhibit unique
characteristics indicative of distinct functional roles.

HETEROGENEITY OF WHITE
ADIPOCYTES

White adipose tissue (WAT) represents most prominent adipose
depots by weight and volume in mice and humans. WAT is
generally regarded as the major storage site of nutritional
metabolites upon excess intake in the form of lipids such as
triglycerides (TGs). To safely harbor energy stores and avoid
lipotoxic effects, white adipocytes maintain large, unilocular lipid
droplets (LDs) that are capable of remodeling for expansion or
contraction depending on the nutritional status. Integrating its
lipid storage capacity to systemic homeostasis, WAT exerts
endocrine functions via regulated release of adipokines such as
leptin and adiponectin, cytokines and other lipid-derived
signaling molecules (6, 7). The entire suite of adipokines and
detailed descriptions of their endocrine effects are covered
elsewhere (6-9), however it is important to provide adequate
context of the major endocrine mediators. Leptin and adiponectin
are the most prominent and best characterized adipokines and
have major effects on systemic physiology. Leptin primarily
communicates an adipose-derived nutritionally-fed status to the
hypothalamus, in turn decreasing appetite and promoting energy
expenditure (6, 10). Leptin also exerts effects on the periphery,
including major metabolic organs such as the liver (11) and
skeletal muscle (12, 13). Whereas leptin exerts most of its” effects
in the brain, adiponectin primarily acts in the periphery to
modulate insulin sensitivity, glucose and fatty acid metabolism
and inflammatory processes in major organs (8). Perturbations to

homeostatic physiology such as obesity and age-related disease
are strongly associated with altered circulating levels of both
leptin and adiponectin (14-16). Therefore, the cellular
composition of adipose tissue and the endocrine capacity of
depots is likely to be remodeled in response to environmental
and temporally-induced changes.

Of note, not all WAT depots function similarly and may not
respond to environmental cues in the same manner.
Subcutaneous WAT (sWAT) and inguinal WAT (iWAT) in
humans and mice, respectively, are functionally distinct from
visceral WAT (VWAT) and perigonadal/epididymal WAT (pg/
eWAT) (17). Furthermore, the plasticity and responses of
individual depots can vary widely depending on biological sex
(18). The heterogeneity of WAT function arises from the
diversity of cell types that reside in the adipose tissue,
including the mature adipocytes themselves. New advances in
analytic techniques are peeling back the layers of complexity that
exist within the depots, and reveal that mature adipocytes have
distinct characteristics and functions from one another.

Until recently, the analysis of mature adipocytes has been
technically difficult due to the extreme lipid contents which are
largely incompatible with fluorescence activated cell sorting
(FACS) and single-cell analysis strategies. However, single-nuclei
RNA sequencing (sn-RNAseq) and spatial transcriptomics have
created an avenue to explore the complexity of adipocyte status
and function in vivo. While current knowledge keeps expanding, it
is now clear that distinct adipocyte populations exist within WAT
depots. Two independent studies characterizing the
subpopulations of mouse and human WAT have described two
predominant types of mature adipocytes. The first type includes
insulin-sensitive and lipogenic adipocytes characterized by
elevated levels of classical adipogenic markers such as PPARG,
PLIN and de novo lipogenesis enzymes (referred to as LGAs/
AdipoPLIN populations) (19, 20). Instead, the second, distinct
subpopulation is marked by high expression of genes involved
in lipid uptake and handling (i.e., LSAs/Adipo™™" populations),
suggesting that this subtype of adipocytes relies on scavenging
lipids rather than de novo lipid synthesis (19, 20) (Figure 1).
Notably, both studies showed that this latter population of cells
constitutes the largest fraction of mature adipocytes in both
visceral and subcutaneous depots in adult mice and humans (19,
20). In vivo studies also indicate that this subpopulation is less
responsive to insulin in humans when compared to the smaller
lipogenic population (20). Recent work from the Granneman lab
has confirmed the identification of these two subclasses during
postnatal iWAT development in proportions as described
previously (21). In line with their gene expression signatures,
these two distinct populations may also have distinct adipokine
secretion profiles. The Corvera lab also identified two types of
adipocytes resembling those described above that appear to
preferentially express adiponectin or leptin, respectively (22).
Therefore, the endocrine effects of these fat cells may play
distinct roles in coordinating physiologic responses. Future
efforts aiming to functionally characterize these two populations
and their contributions to tissue homeostasis will certainly be
revealing. Although the majority of mature adipocytes appear to
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FIGURE 1 | Mature adipocytes possess distinct spatial and functional roles. Sc-RNAseq revealed all adipocytes are not equal, and subpopulations carry out unique functions.
The prominence of mature adipocyte cell types is dependent on type (white vs. brown) and anatomical position (subcutaneous vs. visceral vs. interscapular).

fall into the lipogenic or lipid-scavenging class, less abundant
subtypes have also been described. Sarvari & Van Hauwaert et al.
identified a population of adipocytes with a transcriptional profile
resembling the lipid-scavenging subpopulation, but enriched in
stress response genes (19). Instead, Bickdahl & Franzéen and
coworkers reported a cluster of rare adipocytes that resemble
traditional adipogenic population with enhanced expression of
genes involved in retinol metabolism (20). Further investigation
into these less abundant subtypes will shed light on their function
and how they relate to the two major populations that dominate
the fat depots.

One challenge that the field of adipose biology continuously
encounters is deciphering differences in cellular composition based

on species and adipose depot locations. To better understand
where and under what conditions WAT depots differ from one
another, a recent pre-print from the Rosen group describes an
extensive single-cell characterization of visceral and subcutaneous
WAT stratified by species (23). This adipose “single-cell atlas”, in
addition to building on the characterization of adipocyte
subpopulations, revealed that mouse adipocytes, while distinct
from one another at the transcriptional level, do not clearly map
to human adipocyte counterparts (23). Furthermore, mouse
adipocytes do not show clear differences in subpopulation
enrichment specifically in iWAT or eWAT in a healthy, lean
state, contrary to depot-specific adipocyte enrichments found in
human sWAT and vWAT (23). Future work will help characterize
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the inter- and intra-species differences in adipose depot
composition. However, the evidence generated in humans and
mice to date does not necessarily translate to one another,
warranting caution when extrapolating data between species.

HETEROGENEITY OF BROWN
ADIPOCYTES

Brown adipose tissue (BAT) dissipates energy in the form of heat
thus increasing energy expenditure and, simultaneously, putting a
brake on excessive fat deposition (24). The discovery of BAT in
adult humans and its correlation with body mass index (25-28),
especially in older people (25), suggests a potential role of BAT in
adult human metabolism and whole-body homeostasis. Similar
to WAT, BAT consists of many different cell types, including
immune cells, precursors and mature adipocytes, and the
dynamics of resident cells reflect the adaptation to
environmental changes, such as temperature, nutritional state
and age. In response to prolonged cold exposure or direct j-
adrenergic stimulation, BAT activates lipolytic and thermogenic
machinery. The heat production of brown adipocytes is largely
attributed to the expression of the uncoupling protein 1 (UCP1), a
mitochondrial transmembrane protein that decouples the proton
gradient generated by the electron transport chain from ATP
synthesis, dissipating the energy as heat. However, other UCP-1
independent mechanisms that contribute to BAT thermogenesis,
such as the futile creatine cycling, have been discovered (29-33)
and is now clear that the thermogenic capacity of these cells
extends beyond Ucpl-expression (31). As a matter of fact, elegant
work from Cinti and colleagues in 2002 (34), subsequently
confirmed by Spaethling & Sanchez-Alavez et al. (35), reported

uneven expression of Ucpl across brown adipocytes, providing a
first peek of BAT heterogeneity. These observations were further
supported by in vivo data using adipocyte lineage tracing reporter
mice that confirmed the existence of two distinct subpopulations
of brown adipocytes residing within interscapular BAT (iBAT),
marked by high (BA-H) and low (BA-L) expression of adiponectin
(36) (Figure 1). Further characterization revealed that Ucpl
expression directly correlates with adiponectin levels, and that
BA-L cells have decreased mitochondrial number, low basal
oxygen consumption rate (OCR), and larger lipid droplets (36).
Transcriptional profiling highlighted fatty acid uptake, rather than
de novo synthesis, as the predominant metabolic process in BA-L
subtype (36). Interestingly, the emergence of these two
populations is not linked to sympathetic innervation as it might
be expected, but may instead be due to differences in sensitivity to
adrenergic stimulation. High-Adiponectin, high-Ucpl cells (BA-
H) also exhibit higher expression of Adrb3 and are characterized
by elevated basal and uncoupled OCR in response to
norepinephrine compared to their BA-L counterparts (36).
However, both BA-H and BA-L cells show similar maximal
respiration, indicating that BA-L cells still possess elevated
mitochondrial potential that can be activated if needed (36).
Similarly, brown adipocytes can undergo a “whitening” effect
upon thermoneutral housing, dampening thermogenic gene
expression and acquiring a white adipocyte-like morphology and
phenotype (37) (Figure 2). Of note, the reversibility of these
transcriptional programs and metabolic states only highlights the
enormous plasticity of brown adipocytes, and whether they relate
to distinct brown adipocyte subpopulations remains to be
explored. In fact, “whitened” adipocytes maintain their
epigenetic identity as bona fide brown fat cells and are primed
to undergo a new “browning” cycle upon repeat cold exposure or
adrenergic stimulation (37) (Figure 2).

High Thermogenic (BA-H) Low Thermogenic (BA-L) Whitened
UCP1 Expression High Low Low
Lipid Droplet Morphology Small, Multilocular Large, Paucilocular Large, Unilocular
Mitochondrial Density High Medium Low
Maximal Respiration High High Low
Basal OCR High Low Low
Adrenergic Sensitivity High Medium Low

FIGURE 2 | Brown adipocytes exhibit unique plasticity in response to environmental cues. In response to changes in ambient temperature, BAT-resident adipocytes
undergo physiologic changes. Through trans-differentiation, adipocytes alter lipid droplet morphology, expression of thermogenic genes and mitochondrial function.
During cold exposure, adipocyte proportions shift towards BA-H prominence, while thermoneutrality shifts the population towards a whitened state.
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While the exact mechanisms by which brown adipocytes
interconvert between distinct thermogenic capacities is not
fully understood, a recent study from Sun et al. described a
rare subpopulation of mature brown adipocytes, found in both
mice and humans, capable of regulating thermogenesis of
neighboring cells (38). Marked by elevated expression of
Cyp2el and Aldhlal, these adipocytes have altered
mitochondrial morphology, lower expression of Ucpl and
Cidea and, similar to BA-L adipocytes, increase in the iBAT of
mice housed at thermoneutrality. Despite the low abundance,
Cyp2el™/Aldhlalcells are major contributors of the
thermogenic capacity of the entire fat depot. Gain and loss of
function studies manipulating Aldhlal showed that Ucpl
expression and OCR inversely correlate with Aldhlal
expression (38). Finally, the authors demonstrated that
inhibition of thermogenic activity is mediated by increased
production and secretion of acetate, which signals in a
paracrine manner through Gpr43 (38, 39).

PLASTICITY OF BROWN ADIPOCYTES

Considering the capacity of brown adipocytes to adjust
thermogenic output and directly regulate neighboring cells in
response to environmental cues, the following questions are
proposed: what are the modalities by which adipocytes are
wired to dynamically respond to external signals? And what
are the inputs that dictate these abilities? While it is generally
appreciated that sympathetic innervation is a major contributor
to the induction of the thermogenic gene program, Song et al.
found that the fates of high and low thermogenic adipocytes is
not due to differences in innervation (36). In mice, lineage
tracing demonstrated that brown adipocyte differentiation
initiates in utero, and that mature adipocytes persist with very
low turnover throughout lifespan (36). Intriguingly, the
transcriptional programming of BA-H and BA-L cells appears
to occur shortly after birth, and the proportions of these cell
types reach equilibrium by postnatal day 7 (P7) (36). Similarly, in
humans, the number of adipocytes shows rapid increase during
childhood and adolescence, but then stabilizes and remain set in
adulthood in both lean and obese subjects, with an
approximately 10% annual turnover (40). Alongside early-life
determination of brown adipocyte developmental trajectory,
thermogenic capacity appears to be in part controlled by
epigenetic mechanisms. An interesting study performed by Sun
& Dong et al. found that the offspring of cold-exposed male mice
have elevated BAT activity and function, with improved cold
tolerance, higher sympathetic innervation, increased OCR and
elevated expression of classical thermogenic genes (41). Sperm
derived from cold-exposed mice have marked differential
methylated regions (DMRs) that enrich for neuronal
development and signaling as well as metabolic processes,
providing evidence that hereditary and early-life programming
of brown adipose depots correlates with thermogenic functions
(41). Additional studies have implicated additional epigenetic
machineries in contributing to thermogenic capacity in brown

adipocytes through adrenergic-dependent (42) and adrenergic-
independent (43) mechanisms. Future studies to identify the
signaling and epigenetic mechanisms that specifically pre-wire
thermogenic capacity and mediate fate-switching will advance
our understanding of brown adipose tissue function.

HETEROGENEITY OF BRITE/BEIGE
ADIPOCYTES

Brown-like adipocytes possessing thermogenic capacity are
found in classical white fat pads (44, 45) and have been named
brite (brown-to-white) or beige adipocytes. The prevalence of
these cells can vary significantly and relies on genetic factors (46),
as well as physiological (34, 47), pharmacological (34, 48, 49) and
pathological (50, 51) cues. Although less understood compared
to their neighbor white adipocytes, brite/beige fat cells also
present some degree of heterogeneity. The characteristic mark
of brite/beige cells is the presence of detectable levels of UCP1
(49, 52). However, the Farmer lab showed that these cells can
have distinct transcriptional signatures dependent on the
browning signal that led to their recruitment/expansion (53),
suggesting that beige subtypes may arise from different origins.
Additionally, another subtype of beige cells (named g-beige fat)
marked by enhanced glucose oxidation and derived from a
distinct cellular lineage has also been identified (54). Though,
not all brite/beige cells express Ucpl. In search of an answer to
the fact that Ucpl null mice gradually acclimated to cold can
survive as well as wildtype mice, the Kajimura lab identified a
Ucpl-independent thermogenic mechanism that relies on ATP-
dependent Ca** cycling through the sarcoendoplasmic reticulum
Ca®"-ATPase 2b (SERCA2b) and ryanodine receptor 2 (RyR2)
(31), providing evidence for another, distinct subpopulation of
beige adipocytes (Figure 1).

ADIPOSE RESIDENT IMMUNE CELLS

Innate and adaptive immune cells play critical roles in the
maintenance and turnover of adipose tissue. To ensure
homeostasis, adipose depots undergo remodeling and constant
turnover to enact necessary functions upon challenge with cold
stress and nutrient depletion/enrichment, which is discussed in
more detail in following sections. Regardless, immune cells play
an important role in preserving the metabolic and structural
flexibility of adipose tissue. Clearance of lipid-laden cells requires
specialized metabolic machinery, thus adipose-resident immune
cells are, relative to other non-adipose-residing immune cells,
uniquely able to induce expression of the master regulator of
lipid metabolism, PPARG (55-57). Therefore, immune cells
within the adipose tissue are specialized to function within the
context of the organ. However, this does not exempt them from
dysfunction. As discussed in later sections, modulation of
immune cell proportions, transcriptional programs and activity
can have drastic consequences on both depot and systemic
homeostasis. The diversity of innate and adaptive immune cells
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residing in the adipose tissue is substantial. An in-depth
discussion of each population is beyond the scope of this
review and is comprehensively covered elsewhere (58-62).
Nevertheless, a brief synopsis of resident immune cells is
worthy of discussion.

Recent sc-RNAseq studies (19, 63-65) have confirmed previous
reports (66, 67) that macrophages (commonly referred to as adipose
tissue macrophages, ATMs) are one of the dominant immune cell
types by proportion and function within the adipose tissue.
Transcriptional profiling of ATMs demonstrates that they also
have divergent functions in specialized niches within the tissue, as
reported by multiple groups (19, 64, 68-70). These include
perivascular (PVM), non-perivascular (NPVM), lipid-associated
(LAM) and collagen-expressing (CEM) macrophage populations,
as recently denoted by Sarvari & Van Hauwaert et al. (19).
Generally, macrophages strictly balance pro- and anti-
inflammatory processes within the tissue to maintain a proper
spatial structure. By modifying extracellular matrix, clearing debris
and acting as buffers of lipid metabolism to prevent pathogenic
signaling or ectopic accumulation (71), ATMs are major controlling
hubs of depot dynamics. Additionally, other innate immune cell
types reside within the adipose tissue (19, 63-65). Innate T cells
serve as a bridge between the innate and adaptive immune
responses and regulate activity of cells in both immunity classes
through cytokine release. Natural killer (NK) cells, innate lymphoid
(ILC) cells, and innate T cell populations including mucosal-
associated invariant T (MAIT), invariant natural killer T (iNKT)
and ¥3 T cells, have all been demonstrated to reside within adipose
depots. Similarly, classical adaptive immune cells also reside within
adipose depots, including CD4" helper T and CD8" cytotoxic T
cells, along with B cells (19, 63-65). However, the density and
activity of these cells is highly dependent on environmental signals
and presence/absence of pathophysiology, which is discussed in
more detail in later sections.

HETEROGENEITY OF ADIPOCYTE
PROGENITORS

The plasticity of the adipose tissue is the product of complex
interactions between resident cell types. Through cell-cell
crosstalk, cell differentiation and environmental adaptation, the
adipose tissue is histologically and functionally modulated. The
maintenance of a healthy adipose phenotype under post-prandial
conditions and excess caloric intake is largely attributed to
expansion of adipocytes through hyperplasia, rather than
adipocyte hypertrophy (72). Therefore, adipocyte precursors and
progenitor cells (APCs) are an integral subpopulation that has
important implications for prevention and treatment of metabolic
disorders. The structural and metabolic changes that fibroblast-
resembling APCs undergo to form lipid-laden mature adipocytes is
quite extreme. To ensure that cellular differentiation occurs
properly, APCs undergo drastic transcriptional rewiring in order
toadopt a mature adipocyte fate (73). Upon release from a quiescent
stem-like phase, APCs rapidly modulate genes related to cell cycle,
growth and protein synthesis. Following this early priming phase,

the transcriptional profile switches to focus on extracellular and
structural remodeling, followed by late-stage changes that activate
new central metabolic networks. The dynamics of APC populations
and how they contribute to the functional heterogeneity of adipose
depots has revealed much about the development, maintenance and
physiology of systemic metabolic homeostasis.

Due to technical difficulties of mature adipocyte characterization
at the single cell level, much focus has pertained to studying the cell
populations that make up the stromal vascular fraction (SVF),
which includes all non-adipocyte resident cell types within the
adipose depot. Deconvolution analyses of SVF cell populations have
identified unique APC populations, some of which are shared or
distinct between adipose depots. To separate APCs from the other
resident cell types (ie., endothelial, immune, mesothelial, and
smooth muscle cells), sorting of cells by FACS or single-cell
sequencing criteria based on consensus precursor-positive (such
as Pdgfra, Cd24, Cd29, Cd34, Scal/Ly6a) and precursor negative
(suchas Lin, Cd31, Cd45) have enabled specific enrichment of APCs
for downstream analysis. Within the past few years, numerous
single-cell studies have robustly identified subpopulations of APCs
and have revealed that the heterogeneity offat progenitors relates to
both differentiation trajectory and differences in function.

Current models of adipose tissue development widely regard
mesenchymal stem cells from the mesoderm as the source of
embryonic precursors and progenitors of adipocytes (45, 74-77).
Recent work using lineage determination of APCs has suggested
that not all adipocytes derive from the same pool of cells. Lineage
tracing studies in mice revealed that, while many mature
adipocyte cells come from Myf5'/Pax3" precursors from the
dermomyotome, additional precursor lineages are also involved
(78). In BAT, previous studies suggested that all brown adipocytes,
but not white adipocytes, arise from Myf5" progenitors (79).
However, more recent work showed that not all brown adipocytes
originate from a Myf5" lineage and that, in mice, Myf5"/Pax3"
precursors also contribute to WAT development in a sex-
dependent and anatomically-defined manner (78). Although it is
clear that skeletal muscle and adipose share certain pools of
precursors (79), the contribution of MyoD" lineages to mature
adipocyte formation is controversial. Multiple studies have shown
that MyoD" cells can undergo adipocyte differentiation following
loss of MyoD expression (80-82). However, lineage tracing
demonstrated that MyoD" precursors do not contribute to
adipocyte formation in vivo (78). These studies indicate that both
brown and white adipocytes derive from multiple lineages and
contribute heterogeneously to adipocyte development in vivo
(Figure 3). It remains to be confirmed whether or not the same
precursor populations contribute to the development or
maintenance of white and brown adipose depots in humans.

In line with the assertions that certain adipose depots may
develop from distinct pools of embryonic precursors, evidence
has mounted that vVWAT develops from a mesothelial origin
(74). Numerous follow-up characterization studies have relied on
the assertion that the gene Wt is specifically expressed in
mesothelial cells, and that WtI" cells are indicative of
mesothelial origin (65, 74). However, a recent study found that
WtI is not specific to mesothelial lineage only, and that
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FIGURE 3 | Differentiation trajectories of major adipocyte populations. Mesenchymal stem cells serve as shared early progenitors and contribute to adipocyte
formation through unique lineages. The contribution of progenitor lineages varies depending on depot and adipocyte type. Some progenitors can give rise to multiple
types of adipocytes depending on environmental signals and anatomical position.

mesothelial cells do not contribute to adipocyte formation in vivo
(83). As these results have not yet been confirmed in humans,
further investigation is needed to identify whether the
development of visceral depots in humans diverges from mice
regarding the contribution of mesothelial progenitors to the pre-
and mature adipocyte pool.

WAT PRECURSORS AND PROGENITORS

The adipose tissue is constantly undergoing maintenance by
controlled removal of dysfunctional cells and replacement
through progenitor recruitment and differentiation. Therefore,
sc-RNAseq characterizations can reveal cells at different stages of
developmental trajectories. Identification of two distinct
progenitor populations with divergent differentiation capacities
have recently been described in mouse iWAT, with marked
differences in gene expression (84, 85). In this model, TGFP
signaling serves to maintain a highly proliferative, uncommitted
stem-like pool. Downstream, a second subpopulation of
committed preadipocytes, derived from the former population,
are primed for differentiation upon pro-adipogenic cues (84, 85).
These findings largely agree with previous studies that analyzed

the composition of the SVF in mouse eWAT depots under
varying conditions (86, 87), in which two populations
resembling stem-like progenitors with limited adipogenic
potential can, under favorable conditions, progress towards a
committed preadipocyte lineage. The recent pre-print from the
Rosen lab generated an in-depth report of mouse adipocyte
progenitor subpopulations compared across multiple studies
discussed above (84-87), revealing extensive overlap consistent
with previous analyses. Notably, this adipose single-cell atlas
showed that scRNAseq classifications are highly consistent and
confirmed the complex heterogeneity of APCs within mouse and
human adipose depots (23). These studies reinforce the concept
of continuous developmental trajectories that exist in defined
progenitor and committed preadipocyte states.

The stem-like uncommitted progenitors identified in various
studies have both shared and divergent transcriptional
signatures. Burl et al. (87), Merrick & Sakers et al. (85), and
more recently Rondini et al. (21) described Dpp4” cells that
consist of a population of interstitial progenitors similar to other
subpopulations defined by marked expression of Ly6cI (FIPs)
(86), Ebf2 (FAP3 and GI1) (19, 84), and Ly6a (G4) (84).
Histological analysis indicated that this population of cells lies
near endothelial cells and/or within the reticular interstitium
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(RI) (85), a fluid-filled network containing extracellular matrix
fibers, located between the endothelial and parenchymal regions
of the tissue depot (88). The anatomical positioning and
trajectory fate analyses suggest that this population relies on
Wnt/TGFp signaling to maintain proliferative identity. Upon
appropriate environmental cues that trigger fate commitment,
these cells are transcriptionally re-wired, migrate into the adipose
depot as committed preadipocytes and undergo terminal
adipocyte differentiation (85). This anatomical distribution was
also found in human adipose tissue in which an analogous
population of DPP4" cells form distinct homotypic clusters of
uncommitted progenitors with adipogenic potential (20).
Similar to a consensus subpopulation of uncommitted
progenitors, the existence of a defined committed lineage of
preadipocytes has been reproducibly detected across multiple
reports. Consistent markers for this lineage in mice include
Icaml, Cd36 and Fabp4, with slightly elevated levels of
traditional adipogenic markers including Pparg, AdipoQ and
Cebpa (19, 21, 84-87). Trajectory analysis suggests that these
cells are derived from their upstream Dpp4" progenitors, with
decreased proliferative capacity and robust differentiation
potential in minimally permissive adipogenic conditions (84,
85). Histological evidence supports trajectory analyses, as these
primed precursors are recruited out of the RI into the adipose
depot to undergo differentiation (85). Therefore, a consistent
body of work shows that committed preadipocytes represent an
intermediate state of APCs derived from upstream progenitors
recruited from surrounding perivascular and RI regions into the fat
depots to complete their differentiation into mature adipocytes.
Certain APC populations are refractory to differentiation,
especially uncommitted progenitors that utilize Wnt/TGFP
signaling to maintain pluripotency and proliferative capacity
(19, 84-87). Interestingly, Schwalie, Dong & Zachara et al.
identified in mice and humans a small subset of preadipocytes,
called Aregs (adipogenesis-regulatory cells), marked by elevated
expression of Cd142 and Abcgl, that exert anti-adipogenic effects
on committed progenitors through a paracrine mechanism (84).
Numerous reports identified a similar, but larger, population of
APCs expressing Cd142 that do not possess anti-adipogenic
properties (85, 86). The enrichment employed to identify the
Aregs targets a specific subpopulation of Cd142" precursors that
also express high levels of Abcgl, a marker not common to all
Cd142" population (84). In fact, the expression of Cd142 in
precursor cells appears to be quite broad. Multiple groups
showed Cd142 expression across a large proportion of APCs,
while Abcgl expression is limited only to a restricted set of
Cd142" cells (85, 86). This discrepancy has since been accounted
for as a product of different sorting strategies. A recent follow-up
report from the Wolfrum group has confirmed that their
previously identified Areg (Cd142"/Abcgl™) population exists
as a subset of Cd142" cells within the adipose tissue. Specifically,
this Areg population exerts anti-adipogenic effects on
uncommitted precursors through a Wnt/B-catenin signaling
cascade mediated by Rspo2 and Lgr4 (89) Interestingly, Aregs
also express high levels of Meox2 (84), a transcription factor that
plays an important role in myogenic differentiation (80). An

Areg-like population of Cd142" cells has also been reported
within human and mouse skeletal muscle, which may protect
against intramuscular fat deposition (90). Therefore, it has been
proposed that Aregs may represent a subset of differentiation-
resistant precursor cells or reflect a checkpoint state for
adipogenic commitment and may either be protective or
pathological depending on depot activity.

Another population of anti-adipogenic APCs functionally
distinct from Aregs has also been described. Pdgfrb*/Ly6c”
cells localized in visceral depots, termed fibroinflammatory
progenitors (FIPs), exhibit a pro-inflammatory transcriptional
profile, can potentiate the inflammatory response in
macrophages, and dampen proadipogenic properties of other
adipose-resident cell types (86). Notably, multiple studies
reported that this cell type overlaps with Dpp4" multipotent
progenitors (19, 23, 85). However, despite the similarity within
transcriptional signatures, these two populations are
characterized by opposite response to TGFP. Dpp4™ cells rely
on TGFp signaling to maintain their identity but, upon TGFf
signaling blockade, they can rapidly differentiate into mature
adipocytes. Furthermore, Dpp4 " cells efficiently differentiate into
mature adipocytes when exposed to a complete adipogenic
cocktail in vitro (85). In striking contrast, TGFB signaling
induces a pro-fibrotic phenotype in FIPs, as marked by the
upregulation of collagen genes. Finally, when treated with a
complete differentiation medium, FIPs display limited
adipogenic capacity compared to Dpp4" cells (86). Further
complicating the deconvolution of these populations, the
Mandrup group described two fibro-adipogenic progenitor
pools (FAP3 and FAP4) that partly overlap with FIPs and
Dpp4™ cells but do appear not to contribute to the adipocyte
lineage in vivo (19). Therefore, it is possible that, despite the
similarities of their transcriptional signatures, these three cell
types may not be as comparable as suggested, and may in fact be
distinct precursor subpopulations. Further work to functionally
characterize Dpp4”, FIP and FAP populations will help clarify
their contribution to adipose tissue development and function.

First reported in 2016, spatial transcriptomics was only
recently applied to adipose tissue (20). Utilizing this platform,
Bickdahl & Franzén et al. demonstrated that cell types within the
human WAT are spatially defined by a characteristic structural
makeup. Human WAT architecture closely reflects the one seen
in mice, with Dpp4" uncommitted progenitors forming
homotypic clusters near vascular and fibrotic structures that
resemble the RI. These cells were mainly found in proximity of
M2-like macrophages, hinting at an immune cell-APC cross-talk
that maintains APC state. Additional subpopulations of
progenitors interspersed within the adipose depot also
exhibited high localization scores with M2-like macrophages,
which also suggests that this spatial relationship is important for
adipose tissue repair and remodeling. Spatial analysis identified
two major populations of mature adipocytes (Adipo”™™ and
Adipo™™") that tend to cluster together within the depots and
away from the less prominent homotypic cluster formed by a
third class of adipocytes (AdipoSAA) (20). Collectively, this first
spatial transcriptomic study of the adipose tissue revealed that
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human WAT consists of defined cell clustering patterns that
likely represent functional spatial relationships. Future
investigations into the distinct communication and
interactomes of these proximally associated cell types will
greatly further our understanding of cell-cell crosstalk in
adipose tissue and define the dynamics associated with adipose
remodeling with age and disease development. Comparison of
spatial histologic features between mouse and human adipose
will also be of critical importance to inform how they are
functionally comparable and distinct from one another.

BRITE/BEIGE PRECURSORS AND
PROGENITORS

Sensitive to cues that induce brown adipocyte expansion and
activity, recruitment of beige adipocytes and trans-differentiation
of resident cells can occur under cold exposure and B-adrenergic
stimulation. However, beige cells are likely derived from a lineage
distinct from brown adipocytes and, in some cases, also distinct
from traditional white adipocytes (22). In contrast to mouse data
showing that mesothelial cells do not contribute to the adipocyte
pool (83), evidence exists that a subset of visceral APCs with
transcriptional profiles resembling brown/beige thermogenic
programs emerge from a Myf5 mesothelial origin (65).
Furthermore, a recent reports from the Kajimura lab
demonstrated that g-beige adipocytes can arise from a MyoDI"
lineage (54), which was previously thought to not contribute to
adipocyte formation in mice (78), and that a unique subset of
APCs, defined by high expression of the surface markers
PDGFRa, Scal, and CD81, is specifically required for beige fat
formation (91). Notably, the CD81" population identified by
Oguri and colleagues largely overlaps with a group of CD34"
APCs that were shown to give rise to Ucpl™ adipocytes (92).
Given that white adipocytes can also undergo beigeing under
appropriate environmental cues (93, 94), it seems clear that beige
adipocytes arise from multiple lineages.

Intriguingly, the emergence of beige adipocytes in traditional
white depots are also dependent on immunomodulatory
mechanisms. Numerous reports have demonstrated that Ucpl™
adipocytes and their precursors reside intimately with lymph
nodes in mouse iWAT (54, 95) and human vWAT (23). In line
with this localization pattern, immune cells contribute to the
adoption of the thermogenic program in adipocytes (96-98).
Interestingly, recent evidence emerged that the immune cell
compartment of adipose tissue responds differently to cold
exposure compared to traditional adrenergic stimulus (99).
Whereas cold exposure preferentially promoted increased
recruitment of lymphoid B and T cells, adrenergic stimulation
favors recruitment of myeloid cell types such as macrophages,
dendritic cells (DCs) and granulocytes via increased interferon/
Statl signaling (99). Thus, the exact mechanisms by which
environmental stimuli induce adipose beiging may be less
similar than previously thought. Macrophages were shown to
promote beiging via direct catecholamine production within the
adipose niche (100-103). However, this concept has been

questioned by other studies supporting the opposite scenario
where macrophages partake in catecholamine clearance (104-
106). Despite the lack of consent on what is the definitive role of
macrophages in adipocyte browning/beiging, it is clear that
adrenergic stimulation has a profound impact on all adipose-
resident cells, not only those belonging to the adipogenic lineage,
and that all cells likely contribute to the overall increase in energy
expenditure. Single cell profiling of the response to 3-adrenergic
receptor activators from the Granneman lab showed significant
reprogramming of macrophage population, with a specific
subpopulation strongly upregulating the expression of genes
involved in ECM remodeling, to facilitate removal of dead
adipocytes, and lipid uptake and metabolism, to support
differentiation of fat cell progenitors within the adipogenic
niche (87, 107). Elegant work from the Tontonoz lab also
demonstrated that IL-10 represses thermogenic program in
adipocytes by inhibiting recruitment of Pgclo. and C/ebpp to
thermogenic gene enhancers (108). Single cell transcriptional
analysis of adipose depots pinpointed B- and T-lymphocytes as
major producers of IL-10 in response to adrenergic stimulation,
and selective depletion of these cell types is sufficient to replicate
the phenotype observed in mice lacking IL10 or its receptor
IL10Ro in the adipose (109). Interestingly, not all the browning
effects of immune cells are linked to sympathetic nerve
activation. The Czech group recently reported that the
browning/beiging effects observed in mice lacking FASN
specifically in the adipose is not blocked by denervation but is
significantly impaired in macrophage-depleted mice (110).
Although the signals involved in this immune cell-adipocyte
crosstalk are yet to be identified, this work provides the first
evidence of an adrenergic-independent pathway that promotes
energy expenditure via paracrine signaling of adipose-
resident cells.

If induction of beige adipocyte formation as a therapeutic
approach is to be effective, selective induction, control and
maintenance of these populations will be essential.
Identification of transcriptional and epigenetic mechanisms of
beige adipocyte formation and fate preservation implicate a
number of key factors. In MyoDI1" precursor cells, beige fate
adoption can be controlled independently of adrenergic
stimulation through activation of Gabpa (54). However, there
is general consensus that Prdml16, Tle3, Ebf2 and Zfp423 are
central hubs that regulate beige adipocyte formation (111-118).
To ensure recruitment of appropriate transcriptional machinery
to thermogenic genes, beige adipocytes readily adopt an
epigenetic landscape similar to traditional brown adipocytes
(37). Upon warming, beige adipocytes readily convert back to
white adipocytes, accompanied by physiological changes
(unilocular lipid droplets, decreased mitochondria) and a
reversion of the epigenome in line with white adipocyte gene
expression (37, 94). This trans-differentiation appears to be at
least partially exerted via increased glucocorticoid receptor
activity, acting as a transcriptional activator of Zfp423 (37).
Remarkably, these whitened beige adipocytes readily convert
back into thermogenic adipocytes upon repeated cold exposure
(37, 94). Through maintenance of H3K4me marks at inactive
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enhancer and promoter elements, once-previously beige
adipocytes are primed for re-activation of the thermogenic
program upon repeated cold exposure (37). Additional
epigenetic remodeling mechanisms have also been implicated
in beige adipocyte formation, including TetI (119), Kmt5c¢ (42)
and Ehmtl (43). These works demonstrate that beige adipocytes
are highly plastic and rely on key epigenetic marks to maintain
flexibility in response to changing environmental stimuli.

BAT PRECURSORS AND PROGENITORS

Contrary to the substantial efforts put in characterizing the
development of white adipocytes from APCs, deep profiling of
brown APCs and their contributions to mature adipocyte
populations within depots is less understood. It is well
appreciated that brown adipocytes emerge from Myf5"/Pax7*
or Pax3" multipotent stem cells that also give rise to skeletal
muscle (78, 79, 81, 82). Beyond these characteristics and some
understanding of transcriptional and epigenetic programs that
push precursors towards a brown fate (e.g., Prdm16, Ebf2), more
work remains to understand the APC pools within BAT. A
recent glimpse into processes and populations controlling brown
depots comes from the Seale lab, which sought to better
understand adipose formation in the perivascular (PVAT)
regions of both mice and humans (120). The authors found
that aortic PVAT, which in mice develops between embryonic
day 18 (E18) and postnatal day P3, resembles iBAT, showing
multilocular adipocytes and elevated expression of thermogenic
genes, including Ucpl. Discrete populations of fibroblast
progenitors (Pil16"/Ly6a”/Dpp4™) and preadipocytes (Pparg'/
Pdgfra™/Lpl") were observed in between smooth muscle and
adipocyte cells. Similar to progenitors found in WAT depots,
PVAT progenitors rely on Wnt/TgfP signaling to maintain their
progenitor status, suggesting that both BAT and WAT depots
develop via converging signaling and cellular trajectories.
Interestingly, the authors also found that, in adult mice, the
predominant, postnatal PVAT preadipocyte population is lost
and replaced by smooth muscle-like cells (SMC2, Cd2007/
Trpv1™") with pro-adipogenic potential. Comparing mouse and
human PVAT, the authors also report comforting analogies, with
all major adipogenic cell types detected in mouse PVAT also
found in human depots (120).

THE IMPACT OF OBESITY ON THE
COMPOSITION OF ADIPOSE TISSUE

Adipose tissue is critical for systemic insulin sensitivity and
glucose homeostasis (121). Chronic insulin resistance in the
adipose tissue impairs glucose uptake and prevents insulin-
mediated inhibition of lipolysis, leading to excess circulating
glucose and free fatty acids, leaving other tissues sensitive to
lipotoxic stress vulnerable to ectopic fat accumulation and
progression of metabolic dysfunction (122-124). Recent
evidence from single-cell studies revealed compositional and

transcriptional events occurring in visceral and subcutaneous
adipose during obesity shining light on the processes that
precede and contribute to adipose dysfunction and
development of metabolic syndrome.

Shifts in the proportions of resident cell populations along
with alterations in gene expression profiles are major
contributors to pathologic depot remodeling. Recent data from
single cell analysis confirms that remodeling of adipose-resident
immune cells is tightly associated with changes in depot
function. Although an in-depth discussion of adipose-resident
immune cell population dynamics in health and diseases is
summarized in detail by others (59-61, 125), an overview of
adipose immune cell dynamics within the context of other
resident cell types is warranted. Of all immune cell types,
macrophages are the predominant class of immune cells in the
adipose, and deserve to be mentioned. Obesity leads to
recruitment and rapid expansion of Trem2" lipid-associated
macrophages (LAMs) with increased phagocytic activity and
lipid handling capacities (64, 67, 126). Notably, these cells
closely associate with mature adipocytes to prevent
hypertrophy and protect against adipose dysfunction (64, 68).
However, in obese adipose, LAMs can also acquire
proinflammatory functions by increasing the release of
inflammatory cytokines, including IL-1B8 and TNFo (19, 63).
In obesity, beyond recruitment of new macrophages, two subsets
of adipose-resident macrophages called perivascular-like (PVM)
and non-perivascular-like (NPVM) macrophages, normally
present in lean state, also undergo profound transcriptional
rewiring that boosts their lipid handling capacities similar to
LAMs (19, 23, 63, 65). These data, along with trajectory analyses,
further corroborate the importance of adipose-resident and
newly infiltrated macrophages to the progression of adipocyte
dysfunction in obesity.

Other innate and adaptive immune cells also appear to
change during the onset of obesity and metabolic dysfunction,
and further exacerbate pathophysiology (Figure 4). Evidence
from sc-RNAseq studies corroborate previous reports suggesting
numerous cell types as potential culprits in the aggravation of
pathophysiology. Innate lymphoid cell (ILC) subsets undergo
differential expansion or contraction during obesity. For
example, ILC1 cells expand during obesity and promote tissue
inflammation through inflammatory signaling, while ILC2 cells,
which may function to suppress inflammation and promote Th2
phenotype of tissue-resident CD4" cells, are depleted and
inhibited (63, 127, 128). Additionally, ILC3 cells expand in
adipose tissue with obesity and may exacerbate local tissue
inflammation (63). Invariant natural killer (iNKT) cells appear
to exert protective effects in response to perturbations by acting
on macrophages and regulatory T (Treg) cells (129), while
mucosal-associated invariant T (MAIT) and yd T cell numbers
increase and may promote an inflammatory environment in
response to high-fat feeding and obesity (63, 130). CD4" Treg
cells act to dampen immune responses, promote an anti-
inflammatory environment and are likely protective against
pathologic progression, as subsets of these cells are enriched in
lean mice but lost with obesity and insulin resistance (131). CD8"
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FIGURE 4 | Immune cell populations are altered with obesity and high-fat diet feeding. Adipose-resident immune cells are major contributors to depot dysfunction
from HFD feeding and obesity. In line with precursor and mature adipocyte populations, immune cells transition towards pro-inflammatory phenotypes and inhibit
resident cell types that act to maintain an anti-inflammatory environment. Chronic activation of inflammatory immune cells exacerbates metabolic dysfunction and
contributes to low-grade, chronic inflammation seen in animals and individuals with cardiometabolic disease. LAM, lipid-associated macrophage; (N)PVM, (non-)
perivascular macrophage; iINKT, invariant natural killer T cell; MAIT, mucosal-associated invariant T cell; Treg, regulatory T cell; Breg, regulatory B cell.

cytotoxic T cells appear to increase in obese adipose tissue (132),
and their activation is one of the earliest inflammation-inducing
events occurring during the onset of obesity (133). B cells,
likewise, are recruited early during the onset of obesity induced
by high-fat diet (134). B-2 cells appear to promote a
proinflammatory environment through release of cytokines
and IgG (135), while B-1 cells and regulatory B cells (Bregs)
dampen inflammation through IL10 and IgM (136, 137). Overall,
obesity promotes an inflammatory environment within adipose
tissue depots and exacerbates metabolic dysfunction. These
pathologic changes are dampened or even reversed in animals

undergoing longevity-associated lifestyle interventions such as
calorie restriction (CR) and/or exercise (69, 138-141). Further
elucidation of the spatial and temporal relationships of adipose-
resident immune cells at the single cell level during the
progression of metabolic dysfunction, and their alterations
during CR or exercise regimens in the obese state may reveal
promising targets for therapeutic intervention.

Beyond immune cells, APC populations also alter their
functional capacity upon high-fat feeding, obesity onset and
T2D (Figure 5). Transcriptional profiling of APCs and
adipocytes between lean and obese states reveals a switch
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towards a fibro-inflammatory phenotype, indicated by elevated
expression of pro-inflammatory cytokines, extracellular matrix
(ECM)- and stress response-related genes (19, 23, 86, 142). The
induction of collagen (Collal, Col3al) and ECM remodeling

enzymes (Mmpl, Mmp2) observed in obesity (19, 23, 86,

reflects the extensive changes to the structural environment that
occur within the adipose depots under these conditions (143).
Consistent with these observations, Hepler and colleagues
showed an enrichment in FIPs in response to high-fat diet
(86). Similarly, the prevalence of other APC subpopulations
changes. Adipose tissue expansion is driven in part by
adipocyte hyperplasia. To accommodate this need, multipotent
Dpp4™ cells decrease in abundance (19, 85), while committed
Cd142" and Icaml" preadipocytes expand (19). Interestingly,
these newly recruited preadipocytes show reduced lipogenic
capacity due to downregulation of key lipid processing genes, a
condition that further exacerbates impaired lipid handling
capacity of the depot (19). In summary, high-fat diet and
obesity drastically alter the composition and function of APCs
promoting a pro-inflammatory phenotype, deplete early
progenitor cells and increase a pool of committed

preadipocytes primed for adipocyte dysfunction.

Inaccordance with alterations in APC function and proportions,
the composition of mature adipocytes also undergoes extensive
remodeling (Figure 5). Lipogenic adipocytes (LGAs), characterized
by high sensitivity to insulin and ability to initiate de novo
lipogenesis, make up a significant proportion of mature
adipocytes in eWAT depots in lean mice (19). However, in
obesity, this population decreases dramatically and is replaced by
the hypertrophic expansion of lipid-scavenging (LSAs) and stressed
adipocytes (SLSAs) (19). Upon high-fat feeding, both LSAs and
SLSAs repress the expression of traditional adipocyte gene
programs such as adipokine secretion and insulin sensitivity, and
upregulate pro-inflammatory and ECM gene programs (19, 142).
Additionally, lipolytic capacity is significantly hindered through
decreases in central lipolysis enzyme expression (Atgl and Magl)
and reduction in active Hsl (142). These observations in mice
correlate with results obtained in humans. Of the three
subpopulations of adipocytes identified by spatial mapping of
human subcutaneous white adipose tissue (20), only one
population is particularly sensitive to insulin (Adipo”™™), and
the proportion of this class within the fat depots negatively
correlates with BMI and HOMA-IR. Temporally, these changes
in adipocyte populations coincide with remodeling of macrophage
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results in extensive ECM remodeling and immune signaling which contributes to adipose tissue dysfunction.
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populations (64), which is consistent with altered immune-
adipocyte crosstalk in obese subjects (23). Taken together, these
studies revealed that obesity-induced remodeling of the adipose
depot is extensive and imparts negative consequences on all
adipose-resident cell types: progenitors, mature adipocytes, and
immune cells. Analysis of the recent single-cell resource published
by Ma et al. exploring the effects of CR on age-associated changes in
rodents (139) may offer insight into how health- and longevity-
associated interventions may alter obesity-induced changes in the
APC and adipocyte landscape of adipose tissue.

DISCUSSION

In the last two decades, technological advances such as CRISPR-
Cas9 and scRNA-seq have significantly boosted our ability to
address prominent biological questions. As scRNA-seq
continues to gain in popularity, it is important to also
recognize the limitations of these techniques. Extensive
discussion over this topic is covered elsewhere (144-146), but a
few key points warrant discussion. First, one must take into
account the species of interest, biological sex and genetic
backgrounds. Many similarities exist between mice and
humans, but clear divergencies have also been shown,
including differences in adipose deposition, sensitivity to
environmental cues (diet, temperature), and even proportions
of adipose resident cell populations. Second, sorting strategies
that isolate cell populations of interest may further increase
variability. Despite the existence of consensus markers of
specific cell populations, selection strategies using known
markers are intrinsically biased and are not consistent across
studies, confounding results and explaining in part the
differences observed between analyses. Third, the massive size
of sc-RNAseq datasets requires algorithmic-based analyses to
properly analyze results. QA/QC methods must be robust
enough to enhance signal-to-noise ratio while maintaining
high sensitivity to rare populations and low-count reads. Data
analysis, oftentimes done through dimensionality reduction
(PCA, UMAP), may not be consistent between studies, as there is
no gold standard. However, it is reasonable to expect that in the near
future many of these current limitations will be addressed through
improved sensitivity and standardization of methods.

Although many questions remain to be answered, researchers
are equipped with an abundance of novel tools and techniques.

REFERENCES

1. Pond CM. Adipose Tissue Biology. In: ES Michael, editor. The Evolution of
Mammalian Adipose Tissue. New York, NY: Springer (2012). p. 227-69.

2. Grundy SM. Overnutrition, Ectopic Lipid and the Metabolic Syndrome.
J Invest Med (2016) 64(6):1082. doi: 10.1136/jim-2016-000155

3. Rosen Evan D, Spiegelman Bruce M. What We Talk About When We Talk
About Fat. Cell (2014) 156(1-2):20-44. doi: 10.1016/j.cell.2013.12.012

4. Chouchani ET, Kajimura S. Metabolic Adaptation and Maladaptation
in Adipose Tissue. Nat Metab (2019) 1(2):189-200. doi: 10.1038/s42255-018-
0021-8

5. Cohen P, Spiegelman BM. Cell Biology of Fat Storage. Mol Biol Cell (2016)
27(16):2523-7. doi: 10.1091/mbc.e15-10-0749

Expansion of -omics technologies will likely continue to gain
traction amongst research groups and existing datasets, coupled
with generation of new ones, will offer additional opportunities
to identify previously unrecognized functions of adipose cell
types beyond what is currently known. Identification of
epigenomic states within adipose cell populations and
integration of these data with single-cell datasets will likely
provide clarity regarding the function and plasticity of cell
types in response to changing environments. In particular, the
combination of additional -omics platforms at single-cell
resolution (147), including single-cell proteomics (148, 149)
and metabolomics (150, 151) integrated with spatial resolution
(152, 153), will further advance our ability to understand how
resident cell types respond to inputs and interact with neighbors
to dictate tissue function. Utilization of these platforms to
compare adipose hierarchy between health and disease states
will provide powerful assessments of the changes linked with
aberrant adipose function. These tools will reveal extremely
useful to better understand the beiging process in humans and
tailor therapeutic strategies to promote energy expenditure in
vivo. Altogether, our understanding of adipose biology will
continue to accelerate as we look forward into the next decade,
and the future looks brite/beige.

AUTHOR CONTRIBUTIONS

DD and AG wrote the manuscript. DD prepared the figures. All
authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported in part by the DRC at Washington
University, Grant No. P30 DK020579, by ACS grant IRG-19-146-
54, and by NIH/NCATS through CTSA award UL1TR002373 to
the UW Institute for Clinical and Translational Research.

ACKNOWLEDGMENTS

We thank Dr. Feyza Engin at UW-Madison for helpful
discussion. Figures were created with BioRender.com.

6. Stern Jennifer H, Rutkowski Joseph M, Scherer Philipp E. Adiponectin, Leptin,
and Fatty Acids in the Maintenance of Metabolic Homeostasis Through Adipose
Tissue Crosstalk. Cell Metab (2016) 23(5):770-84. doi: 10.1016/j.cmet.2016.04.011

7. Scheja L, Heeren J. The Endocrine Function of Adipose Tissues in Health
and Cardiometabolic Disease. Nat Rev Endocrinol (2019) 15(9):507-24. doi:
10.1038/s41574-019-0230-6

8. Fang H, Judd RL. Adiponectin Regulation and Function. Compr Physiol
(2018) 8(3):1031-63. doi: 10.1002/cphy.c170046

9. Fasshauer M, Bluher M. Adipokines in Health and Disease. Trends

Pharmacol Sci (2015) 36(7):461-70. doi: 10.1016/j.tips.2015.04.014

Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM.

Positional Cloning of the Mouse Obese Gene and its Human Homologue.

Nature (1994) 372(6505):425-32. doi: 10.1038/372425a0

10.

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 847291


https://biorender.com/
https://doi.org/10.1136/jim-2016-000155
https://doi.org/10.1016/j.cell.2013.12.012
https://doi.org/10.1038/s42255-018-0021-8
https://doi.org/10.1038/s42255-018-0021-8
https://doi.org/10.1091/mbc.e15-10-0749
https://doi.org/10.1016/j.cmet.2016.04.011
https://doi.org/10.1038/s41574-019-0230-6
https://doi.org/10.1002/cphy.c170046
https://doi.org/10.1016/j.tips.2015.04.014
https://doi.org/10.1038/372425a0
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Duerre and Galmozzi

Heterogeneity of Fat Tissue

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Cohen P, Yang G, Yu X, Soukas AA, Wolfish CS, Friedman JM, et al.
Induction of Leptin Receptor Expression in the Liver by Leptin and Food
Deprivation. ] Biol Chem (2005) 280(11):10034-9. doi: 10.1074/
jbc.M413684200

Minokoshi Y, Kim YB, Peroni OD, Fryer LG, Muller C, Carling D, et al.
Leptin Stimulates Fatty-Acid Oxidation by Activating AMP-Activated
Protein Kinase. Nature (2002) 415(6869):339-43. doi: 10.1038/415339a
Chen YW, Gregory CM, Scarborough MT, Shi R, Walter GA, Vandenborne
K. Transcriptional Pathways Associated With Skeletal Muscle Disuse
Atrophy in Humans. Physiol Genomics (2007) 31(3):510-20. doi: 10.1152/
physiolgenomics.00115.2006

Landecho MF, Tuero C, Valenti V, Bilbao I, de la Higuera M, Fruhbeck G.
Relevance of Leptin and Other Adipokines in Obesity-Associated
Cardiovascular Risk. Nutrients (2019) 11(11):2664. doi: 10.3390/nul1112664
Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in Inflaimmation and
Metabolic Disease. Nat Rev Immunol (2011) 11(2):85-97. doi: 10.1038/
nri2921

Nakamura K, Fuster JJ, Walsh K. Adipokines: A Link Between Obesity and
Cardiovascular Disease. J Cardiol (2014) 63(4):250-9. doi: 10.1016/
j.jjcc.2013.11.006

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

Valencak TG, Osterrieder A, Schulz TJ. Sex Matters: The Effects of Biological
Sex on Adipose Tissue Biology and Energy Metabolism. Redox Biol (2017)
12:806-13. doi: 10.1016/j.redox.2017.04.012

Sarvari AK, Hauwaert ELV, Markussen LK, Gammelmark E, Marcher A-B,
Ebbesen MF, et al. Plasticity of Epididymal Adipose Tissue in Response to
Diet-Induced Obesity at Single-Nucleus Resolution. Cell Metab (2021) 33
(2):437-53.¢5. doi: 10.1016/j.cmet.2020.12.004

Bickdahl J, Franzen L, Massier L, Li Q, Jalkanen ], Gao H, et al. Spatial
Mapping Reveals Human Adipocyte Subpopulations With Distinct
Sensitivities to Insulin. Cell Metab (2021) 33(9):1869-82. doi: 10.1016/
j.cmet.2021.07.018

Rondini EA, Ramseyer VD, Burl RB, Pique-Regi R, Granneman JG. Single
Cell Functional Genomics Reveals Plasticity of Subcutaneous White Adipose
Tissue (WAT) During Early Postnatal Development. Mol Metab (2021)
53:101307. doi: 10.1016/j.molmet.2021.101307

Min SY, Desai A, Yang Z, Sharma A, DeSouza T, Genga RM], et al. Diverse
Repertoire of Human Adipocyte Subtypes Develops From Transcriptionally
Distinct Mesenchymal Progenitor Cells. Proc Natl Acad Sci USA (2019) 116
(36):17970-9. doi: 10.1073/pnas.1906512116

Emont MP, Jacobs C, Essene AL, Pant D, Tenen D, Colleluori G, et al. A
Single Cell Atlas of Human and Mouse White Adipose Tissue. BioRxiv
(2021). doi: 10.1101/2021.11.09.466968

Kajimura S, Spiegelman Bruce M, Seale P. Brown and Beige Fat:
Physiological Roles Beyond Heat Generation. Cell Metab (2015) 22
(4):546-59. doi: 10.1016/j.cmet.2015.09.007

Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB, et al.
Identification and Importance of Brown Adipose Tissue in Adult Humans.
N Engl ] Med (2009) 360(15):1509-17. doi: 10.1056/NEJM0a0810780

Saito M, Okamatsu-Ogura Y, Matsushita M, Watanabe K, Yoneshiro T, Nio-
Kobayashi J, et al. High Incidence of Metabolically Active Brown Adipose
Tissue in Healthy Adult Humans. Diabetes (2009) 58(7):1526-31. doi:
10.2337/db09-0530

van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM, Drossaerts
JMAFL, Kemerink GJ, Bouvy ND, et al. Cold-Activated Brown Adipose
Tissue in Healthy Men. N Engl ] Med (2009) 360(15):1500-8. doi: 10.1056/
NEJMoa0808718

Virtanen KA, Lidell ME, Orava J, Heglind M, Westergren R, Niemi T, et al.
Functional Brown Adipose Tissue in Healthy Adults. N Engl ] Med (2009)
360(15):1518-25. doi: 10.1056/NEJM0a0808949

Kazak L, Chouchani Edward T, Jedrychowski Mark P, Erickson Brian K,
Shinoda K, Cohen P, et al. A Creatine-Driven Substrate Cycle Enhances
Energy Expenditure and Thermogenesis in Beige Fat. Cell (2015) 163
(3):643-55. doi: 10.1016/j.cell.2015.09.035

Ukropec J, Anunciado RP, Ravussin Y, Hulver MW, Kozak LP. UCPI-
Independent Thermogenesis in White Adipose Tissue of Cold-Acclimated

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Ucpl -/- Mice. ] Biol Chem (2006) 281(42):31894-908. doi: 10.1016/S0021-
9258(19)84104-2

Ikeda K, Kang Q, Yoneshiro T, Camporez JP, Maki H, Homma M, et al.
UCP1-Independent Signaling Involving SERCA2b-Mediated Calcium
Cycling Regulates Beige Fat Thermogenesis and Systemic Glucose
Homeostasis. Nat Med (2017) 23(12):1454-65. doi: 10.1038/nm.4429

Long JZ, Svensson KJ, Bateman LA, Lin H, Kamenecka T, Lokurkar IA,
et al. The Secreted Enzyme PM20D1 Regulates Lipidated Amino Acid
Uncouplers of Mitochondria. Cell (2016) 166(2):424-35. doi: 10.1016/
j.cell.2016.05.071

Mottillo EP, Balasubramanian P, Lee Y-H, Weng C, Kershaw EE,
Granneman JG. Coupling of Lipolysis and De Novo Lipogenesis in Brown,
Beige, and White Adipose Tissues During Chronic $3-Adrenergic Receptor
Activation. J Lipid Res (2014) 55(11):2276-86. doi: 10.1194/jlr.M050005
Cinti S, Cancello R, Zingaretti MC, Ceresi E, Matteis RD, Giordano A, et al.
CL316,243 and Cold Stress Induce Heterogeneous Expression of UCP1
mRNA and Protein in Rodent Brown Adipocytes. JHC (2002) 50(1):21-31.
doi: 10.1177/002215540205000103

Spaethling JM, Sanchez-Alavez M, Lee ], Xia FC, Dueck H, Wang W, et al.
Single-Cell Transcriptomics and Functional Target Validation of Brown
Adipocytes Show Their Complex Roles in Metabolic Homeostasis. FASEB |
(2016) 30(1):81-92. doi: 10.1096/1j.15-273797

Song A, Dai W, Jang MJ, Medrano L, Li Z, Zhao H, et al. Low- and High-
Thermogenic Brown Adipocyte Subpopulations Coexist in Murine Adipose
Tissue. J Clin Invest (2019) 130(1):247-57. doi: 10.1172/JCI129167

Roh HC, Tsai LTY, Shao M, Tenen D, Shen Y, Kumari M, et al. Warming
Induces Significant Reprogramming of Beige, But Not Brown, Adipocyte
Cellular Identity. Cell Metab (2018) 27(5):1121-37.e5. doi: 10.1016/
j.cmet.2018.03.005

Sun W, Dong H, Balaz M, Slyper M, Drokhlyansky E, Colleluori G, et al.
Snrna-Seq Reveals a Subpopulation of Adipocytes That Regulates
Thermogenesis. Nature (2020) 587(7832):98-102. doi: 10.1038/s41586-
020-2856-x

Sun W, Dong H, Wolfrum C. Local Acetate Inhibits Brown Adipose Tissue
Function. Proc Natl Acad Sci (2021) 118(49):e2116125118. doi: 10.1073/
pnas.2116125118

Spalding KL, Arner E, Westermark PO, Bernard S, Buchholz BA, Bergmann
O, et al. Dynamics of Fat Cell Turnover in Humans. Nature (2008) 453
(7196):783-7. doi: 10.1038/nature06902

Sun W, Dong H, Becker AS, Dapito DH, Modica S, Grandl G, et al. Cold-
Induced Epigenetic Programming of the Sperm Enhances Brown Adipose
Tissue Activity in the Offspring. Nat Med (2018) 24(9):1372-83. doi:
10.1038/541591-018-0102-y

Zhao Q, Zhang Z, Rong W, Jin W, Yan L, Jin W, et al. KMT5¢ Modulates
Adipocyte Thermogenesis by Regulating Trp53 Expression. Proc Natl Acad
Sci (2020) 117(36):22413-22. doi: 10.1073/pnas.1922548117

Ohno H, Shinoda K, Ohyama K, Sharp LZ, Kajimura S. EHMT1 Controls
Brown Adipose Cell Fate and Thermogenesis Through the PRDMI16
Complex. Nature (2013) 504(7478):163-7. doi: 10.1038/nature12652
Young P, Arch JR, Ashwell M. Brown Adipose Tissue in the Parametrial Fat
Pad of the Mouse. FEBS Lett (1984) 167(1):10-4. doi: 10.1016/0014-5793
(84)80822-4

Cinti S. The Adipose Organ. Prostaglandins Leukot Essent Fat Acids (2005)
73(1):9-15. doi: 10.1016/j.plefa.2005.04.010

Guerra C, Koza RA, Yamashita H, Walsh K, Kozak LP. Emergence of Brown
Adipocytes in White Fat in Mice is Under Genetic Control. Effects on Body
Weight and Adiposity. J Clin Invest (1998) 102(2):412-20. doi: 10.1172/
JCI3155

Hanssen MJ, van der Lans AA, Brans B, Hoeks J, Jardon KM, Schaart G, et al.
Short-Term Cold Acclimation Recruits Brown Adipose Tissue in Obese
Humans. Diabetes (2016) 65(5):1179-89. doi: 10.2337/db15-1372
Ghorbani M, Himms-Hagen J. Appearance of Brown Adipocytes in White
Adipose Tissue During CL 316,243-Induced Reversal of Obesity and
Diabetes in Zucker Fa/Fa Rats. Int ] Obes Relat Metab Disord (1997) 21
(6):465-75. doi: 10.1038/s).ij0.0800432

Petrovic N, Walden TB, Shabalina IG, Timmons JA, Cannon B,
Nedergaard J. Chronic Peroxisome Proliferator-Activated Receptor
Gamma (Ppargamma) Activation of Epididymally Derived White

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 847291


https://doi.org/10.1074/jbc.M413684200
https://doi.org/10.1074/jbc.M413684200
https://doi.org/10.1038/415339a
https://doi.org/10.1152/physiolgenomics.00115.2006
https://doi.org/10.1152/physiolgenomics.00115.2006
https://doi.org/10.3390/nu11112664
https://doi.org/10.1038/nri2921
https://doi.org/10.1038/nri2921
https://doi.org/10.1016/j.jjcc.2013.11.006
https://doi.org/10.1016/j.jjcc.2013.11.006
https://doi.org/10.3389/fnut.2016.00010
https://doi.org/10.1016/j.redox.2017.04.012
https://doi.org/10.1016/j.cmet.2020.12.004
https://doi.org/10.1016/j.cmet.2021.07.018
https://doi.org/10.1016/j.cmet.2021.07.018
https://doi.org/10.1016/j.molmet.2021.101307
https://doi.org/10.1073/pnas.1906512116
https://doi.org/10.1101/2021.11.09.466968
https://doi.org/10.1016/j.cmet.2015.09.007
https://doi.org/10.1056/NEJMoa0810780
https://doi.org/10.2337/db09-0530
https://doi.org/10.1056/NEJMoa0808718
https://doi.org/10.1056/NEJMoa0808718
https://doi.org/10.1056/NEJMoa0808949
https://doi.org/10.1016/j.cell.2015.09.035
https://doi.org/10.1016/S0021-9258(19)84104-2
https://doi.org/10.1016/S0021-9258(19)84104-2
https://doi.org/10.1038/nm.4429
https://doi.org/10.1016/j.cell.2016.05.071
https://doi.org/10.1016/j.cell.2016.05.071
https://doi.org/10.1194/jlr.M050005
https://doi.org/10.1177/002215540205000103
https://doi.org/10.1096/fj.15-273797
https://doi.org/10.1172/JCI129167
https://doi.org/10.1016/j.cmet.2018.03.005
https://doi.org/10.1016/j.cmet.2018.03.005
https://doi.org/10.1038/s41586-020-2856-x
https://doi.org/10.1038/s41586-020-2856-x
https://doi.org/10.1073/pnas.2116125118
https://doi.org/10.1073/pnas.2116125118
https://doi.org/10.1038/nature06902
https://doi.org/10.1038/s41591-018-0102-y
https://doi.org/10.1073/pnas.1922548117
https://doi.org/10.1038/nature12652
https://doi.org/10.1016/0014-5793(84)80822-4
https://doi.org/10.1016/0014-5793(84)80822-4
https://doi.org/10.1016/j.plefa.2005.04.010
https://doi.org/10.1172/JCI3155
https://doi.org/10.1172/JCI3155
https://doi.org/10.2337/db15-1372
https://doi.org/10.1038/sj.ijo.0800432
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Duerre and Galmozzi

Heterogeneity of Fat Tissue

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Adipocyte Cultures Reveals a Population of Thermogenically Competent,
UCP1-Containing Adipocytes Molecularly Distinct From Classic Brown
Adipocytes. ] Biol Chem (2010) 285(10):7153-64. doi: 10.1074/
jbc.M109.053942

Kir S, White JP, Kleiner S, Kazak L, Cohen P, Baracos VE, et al. Tumour-
Derived PTH-Related Protein Triggers Adipose Tissue Browning and
Cancer Cachexia. Nature (2014) 513(7516):100-4. doi: 10.1038/nature13528
Petruzzelli M, Schweiger M, Schreiber R, Campos-Olivas R, Tsoli M, Allen J,
et al. A Switch From White to Brown Fat Increases Energy Expenditure in
Cancer-Associated Cachexia. Cell Metab (2014) 20(3):433-47. doi: 10.1016/
j.cmet.2014.06.011

Cohen P, Spiegelman BM. Brown and Beige Fat: Molecular Parts of a
Thermogenic Machine. Diabetes (2015) 64(7):2346-51. doi: 10.2337/db15-
0318

Wang H, Liu L, Lin JZ, Aprahamian TR, Farmer SR. Browning of White
Adipose Tissue With Roscovitine Induces a Distinct Population of UCP1(+)
Adipocytes. Cell Metab (2016) 24(6):835-47. doi: 10.1016/j.cmet.2016.10.005
Chen Y, Tkeda K, Yoneshiro T, Scaramozza A, Tajima K, Wang Q, et al.
Thermal Stress Induces Glycolytic Beige Fat Formation. via Myogenic State
Nat (2019) 565(7738):180-5. doi: 10.1038/s41586-018-0801-z

Clark RB, Bishop-Bailey D, Estrada-Hernandez T, Hla T, Puddington L,
Padula SJ. The Nuclear Receptor PPAR Gamma and Immunoregulation:
PPAR Gamma Mediates Inhibition of Helper T Cell Responses. ] Immunol
(2000) 164(3):1364-71. doi: 10.4049/jimmunol.164.3.1364

Harris SG, Phipps RP. The Nuclear Receptor PPAR Gamma is Expressed by
Mouse T Lymphocytes and PPAR Gamma Agonists Induce Apoptosis. Eur |
Immunol (2001) 31(4):1098-105. doi: 10.1002/1521-4141(200104)
31:4<1098::aid-immu1098>3.0.c0;2-1

Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK. The Peroxisome
Proliferator-Activated Receptor-Gamma is a Negative Regulator of
Macrophage Activation. Nature (1998) 391(6662):79-82. doi: 10.1038/34178
Chung K]J, Nati M, Chavakis T, Chatzigeorgiou A. Innate Immune Cells in
the Adipose Tissue. Rev Endocr Metab Disord (2018) 19(4):283-92.
doi: 10.1007/s11154-018-9451-6

Ferrante AW]r. The Immune Cells in Adipose Tissue. Diabetes Obes Metab
(2013) 15 Suppl 3:34-8. doi: 10.1111/dom.12154

Kane H, Lynch L. Innate Immune Control of Adipose Tissue Homeostasis.
Trends Immunol (2019) 40(9):857-72. doi: 10.1016/j.it.2019.07.006

Lu J, Zhao J, Meng H, Zhang X. Adipose Tissue-Resident Immune Cells in
Obesity and Type 2 Diabetes. Front Immunol (2019) 10:1173. doi: 10.3389/
fimmu.2019.01173

Weinstock A, Moura Silva H, Moore KJ, Schmidt AM, Fisher EA. Leukocyte
Heterogeneity in Adipose Tissue, Including in Obesity. Circ Res (2020) 126
(11):1590-612. doi: 10.1161/CIRCRESAHA.120.316203

Hildreth AD, Ma F, Wong YY, Sun R, Pellegrini M, O’Sullivan TE. Single-
Cell Sequencing of Human White Adipose Tissue Identifies New Cell States
in Health and Obesity. Nat Immunol (2021) 22(5):639-53. doi: 10.1038/
541590-021-00922-4

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(3):686-98.e14. doi: 10.1016/
j.cell.2019.05.054

Vijay J, Gauthier M-F, Biswell RL, Louiselle DA, Johnston JJ, Cheung WA,
et al. Single-Cell Analysis of Human Adipose Tissue Identifies Depot- and
Disease-Specific Cell Types. Nat Metab (2020) 2(1):97-109. doi: 10.1038/
542255-019-0152-6

Ortega Martinez de Victoria E, Xu X, Koska J, Francisco AM, Scalise M,
Ferrante AWJr., et al. Macrophage Content in Subcutaneous Adipose Tissue:
Associations With Adiposity, Age, Inflammatory Markers, and Whole-Body
Insulin Action in Healthy Pima Indians. Diabetes (2009) 58(2):385-93.
doi: 10.2337/db08-0536

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW.
Obesity is Associated With Macrophage Accumulation in Adipose Tissue.
J Clin Invest (2003) 112(12):1796-808. doi: 10.1172/JC1200319246

Hill DA, Lim H-W, 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 (2018) 115(22):201802611.
doi: 10.1073/pnas.1802611115

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Weinstock A, Brown EJ, Garabedian ML, Pena S, Sharma M, Lafaille J, et al.
Single-Cell RNA Sequencing of Visceral Adipose Tissue Leukocytes Reveals
That Caloric Restriction Following Obesity Promotes the Accumulation of a
Distinct Macrophage Population With Features of Phagocytic Cells.
Immunometabolism (2019) 1:e190008. doi: 10.20900/immunometab
20190008

Xu X, Grijalva A, Skowronski A, van Eijk M, Serlie MJ, Ferrante AWTJr.
Obesity Activates a Program of Lysosomal-Dependent Lipid Metabolism in
Adipose Tissue Macrophages Independently of Classic Activation. Cell
Metab (2013) 18(6):816-30. doi: 10.1016/j.cmet.2013.11.001

Boutens L, Stienstra R. Adipose Tissue Macrophages: Going Off Track During
Obesity. Diabetologia (2016) 59(5):879-94. doi: 10.1007/s00125-016-3904-9
Vishvanath L, Gupta RK. Contribution of Adipogenesis to Healthy Adipose
Tissue Expansion in Obesity. J Clin Invest (2019) 129(10):4022-31. doi:
10.1172/JCI129191

Ramirez AK, Dankel SN, Rastegarpanah B, Cai W, Xue R, Crovella M, et al.
Single-Cell Transcriptional Networks in Differentiating Preadipocytes
Suggest Drivers Associated With Tissue Heterogeneity. Nat Commun
(2020) 11(1):2117. doi: 10.1038/s41467-020-16019-9

Chau Y-Y, Bandiera R, Serrels A, Martinez-Estrada OM, Qing W, Lee M,
et al. Visceral and Subcutaneous Fat Have Different Origins and Evidence
Supports a Mesothelial Source. Nat Cell Biol (2014) 16(4):367-75. doi:
10.1038/ncb2922

Sebo ZL, Jeffery E, Holtrup B, Rodeheffer MS. A Mesodermal Fate Map for
Adipose Tissue. Development (2018) 145(17):dev166801. doi: 10.1242/
dev.166801

Gesta S, Tseng Y-H, Kahn CR. Developmental Origin of Fat: Tracking
Obesity to its Source. Cell (2007) 131(2):242-56. doi: 10.1016/
j.cell.2007.10.004

Berry R, Rodeheffer MS. Characterization of the Adipocyte Cellular Lineage.
Vivo Nat Cell Biol (2013) 15(3):302-8. doi: 10.1038/ncb2696
Sanchez-Gurmaches J, Guertin DA. Adipocytes Arise From Multiple
Lineages That are Heterogeneously and Dynamically Distributed. Nat
Commun (2014) 5(1):4099. doi: 10.1038/ncomms5099

Seale P, Bjork B, Yang W, Kajimura S, Chin S, Kuang S, et al. PRDM16
Controls a Brown Fat/Skeletal Muscle Switch. Nature (2008) 454(7207):961-
7. doi: 10.1038/nature07182

Timmons JA, Wennmalm K, Larsson O, Walden TB, Lassmann T, Petrovic
N, et al. Myogenic Gene Expression Signature Establishes That Brown and
White Adipocytes Originate From Distinct Cell Lineages. Proc Natl Acad Sci
(2007) 104(11):4401-6. doi: 10.1073/pnas.0610615104

AnY, Wang G, Diao Y, Long Y, Fu X, Weng M, et al. A Molecular Switch
Regulating Cell Fate Choice Between Muscle Progenitor Cells and Brown
Adipocytes. Dev Cell (2017) 41(4):382-91.e5. doi: 10.1016/j.devcel.2017.04.012
Yamanouchi K, Nakamura K, Takeuchi S, Hosoyama T, Matsuwaki T,
Nishihara M. Suppression of Myod Induces Spontaneous Adipogenesis in
Skeletal Muscle Progenitor Cell Culture. Anim Sci J (2021) 92(1):e13573. doi:
10.1111/asj.13573

Westcott GP, Emont MP, Li ], Jacobs C, Tsai L, Rosen ED. Mesothelial Cells
are Not a Source of Adipocytes in Mice. Cell Rep (2021) 36(2):109388. doi:
10.1016/j.celrep.2021.109388

Schwalie PC, Dong H, Zachara M, Russeil ], Alpern D, Akchiche N, et al. A
Stromal Cell Population That Inhibits Adipogenesis in Mammalian Fat
Depots. Nature (2018) 559(7712):103-8. doi: 10.1038/s41586-018-0226-8
Merrick D, Sakers A, Irgebay Z, Okada C, Calvert C, Morley MP, et al.
Identification of a Mesenchymal Progenitor Cell Hierarchy in Adipose
Tissue. Science (2019) 364(6438):eaav2501. doi: 10.1126/science.aav2501
Hepler C, Shan B, Zhang Q, Henry GH, Shao M, Vishvanath L, et al.
Identification of Functionally Distinct Fibro-Inflammatory and Adipogenic
Stromal Subpopulations in Visceral Adipose Tissue of Adult Mice. Elife
(2018) 7:€39636. doi: 10.7554/eLife.39636.032

Burl RB, Ramseyer VD, Rondini EA, Pique-Regi R, Lee Y-H, Granneman JG.
Deconstructing Adipogenesis Induced by B3-Adrenergic Receptor
Activation With Single-Cell Expression Profiling. Cell Metab (2018) 28
(2):300-9.e4. doi: 10.1016/j.cmet.2018.05.025

Benias PC, Wells RG, Sackey-Aboagye B, Klavan H, Reidy J, Buonocore D,
et al. Structure and Distribution of an Unrecognized Interstitium in Human
Tissues. Sci Rep-uk (2018) 8(1):4947. doi: 10.1038/s41598-018-23062-6

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 847291


https://doi.org/10.1074/jbc.M109.053942
https://doi.org/10.1074/jbc.M109.053942
https://doi.org/10.1038/nature13528
https://doi.org/10.1016/j.cmet.2014.06.011
https://doi.org/10.1016/j.cmet.2014.06.011
https://doi.org/10.2337/db15-0318
https://doi.org/10.2337/db15-0318
https://doi.org/10.1016/j.cmet.2016.10.005
https://doi.org/10.1038/s41586-018-0801-z
https://doi.org/10.4049/jimmunol.164.3.1364
https://doi.org/10.1002/1521-4141(200104)31:4%3C1098::aid-immu1098%3E3.0.co;2-i
https://doi.org/10.1002/1521-4141(200104)31:4%3C1098::aid-immu1098%3E3.0.co;2-i
https://doi.org/10.1038/34178
https://doi.org/10.1007/s11154-018-9451-6
https://doi.org/10.1111/dom.12154
https://doi.org/10.1016/j.it.2019.07.006
https://doi.org/10.3389/fimmu.2019.01173
https://doi.org/10.3389/fimmu.2019.01173
https://doi.org/10.1161/CIRCRESAHA.120.316203
https://doi.org/10.1038/s41590-021-00922-4
https://doi.org/10.1038/s41590-021-00922-4
https://doi.org/10.1016/j.cell.2019.05.054
https://doi.org/10.1016/j.cell.2019.05.054
https://doi.org/10.1038/s42255-019-0152-6
https://doi.org/10.1038/s42255-019-0152-6
https://doi.org/10.2337/db08-0536
https://doi.org/10.1172/JCI200319246
https://doi.org/10.1073/pnas.1802611115
https://doi.org/10.20900/immunometab20190008
https://doi.org/10.20900/immunometab20190008
https://doi.org/10.1016/j.cmet.2013.11.001
https://doi.org/10.1007/s00125-016-3904-9
https://doi.org/10.1172/JCI129191
https://doi.org/10.1038/s41467-020-16019-9
https://doi.org/10.1038/ncb2922
https://doi.org/10.1242/dev.166801
https://doi.org/10.1242/dev.166801
https://doi.org/10.1016/j.cell.2007.10.004
https://doi.org/10.1016/j.cell.2007.10.004
https://doi.org/10.1038/ncb2696
https://doi.org/10.1038/ncomms5099
https://doi.org/10.1038/nature07182
https://doi.org/10.1073/pnas.0610615104
https://doi.org/10.1016/j.devcel.2017.04.012
https://doi.org/10.1111/asj.13573
https://doi.org/10.1016/j.celrep.2021.109388
https://doi.org/10.1038/s41586-018-0226-8
https://doi.org/10.1126/science.aav2501
https://doi.org/10.7554/eLife.39636.032
https://doi.org/10.1016/j.cmet.2018.05.025
https://doi.org/10.1038/s41598-018-23062-6
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Duerre and Galmozzi

Heterogeneity of Fat Tissue

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Dong H, Sun W, Shen Y, Balaz M, Balazova L, Ding L, et al. Identification of
a Regulatory Pathway Inhibiting Adipogenesis via RSPO2. Nat Metab (2022)
4(1):90-105. doi: 10.1038/s42255-021-00509-1

Camps J, Breuls N, Sifrim A, Giarratana N, Corvelyn M, Danti L, et al.
Interstitial Cell Remodeling Promotes Aberrant Adipogenesis in Dystrophic
Muscles. Cell Rep (2020) 31(5):107597. doi: 10.1016/j.celrep.2020.107597
Oguri Y, Shinoda K, Kim H, Alba DL, Bolus WR, Wang Q, et al. CD81
Controls Beige Fat Progenitor Cell Growth and Energy Balance via FAK
Signaling. Cell (2020) 182(3):563-77 €20. doi: 10.1016/j.cell.2020.06.021
Raajendiran A, Ooi G, Bayliss ], O’Brien PE, Schittenhelm RB, Clark AK,
et al. Identification of Metabolically Distinct Adipocyte Progenitor Cells in
Human Adipose Tissues. Cell Rep (2019) 27(5):1528-40.e7. doi: 10.1016/
j.celrep.2019.04.010

Barquissau V, Beuzelin D, Pisani DF, Beranger GE, Mairal A, Montagner A,
et al. White-to-Brite Conversion in Human Adipocytes Promotes Metabolic
Reprogramming Towards Fatty Acid Anabolic and Catabolic Pathways. Mol
Metab (2016) 5(5):352-65. doi: 10.1016/j.molmet.2016.03.002

Rosenwald M, Perdikari A, Riilicke T, Wolfrum C. Bi-Directional
Interconversion of Brite and White Adipocytes. Nat Cell Biol (2013) 15
(6):659-67. doi: 10.1038/ncb2740

Park J, Shin S, Liu L, Jahan I, Ong S-G, Xu P, et al. Progenitor-Like
Characteristics in a Subgroup of UCP1+ Cells Within White Adipose
Tissue. Dev Cell (2021) 56(7):985-99.e4. doi: 10.1016/j.devcel.2021.02.018
Lee Y-H, Petkova Anelia P, Granneman James G. Identification of an
Adipogenic Niche for Adipose Tissue Remodeling and Restoration. Cell
Metab (2013) 18(3):355-67. doi: 10.1016/j.cmet.2013.08.003

Fabbiano S, Suarez-Zamorano N, Rigo D, Veyrat-Durebex C, Stevanovic
Dokic A, Colin Didier J, et al. Caloric Restriction Leads to Browning of
White Adipose Tissue Through Type 2 Immune Signaling. Cell Metab
(2016) 24(3):434-46. doi: 10.1016/j.cmet.2016.07.023

Villarroya F, Cereijo R, Villarroya J, Gavalda-Navarro A, Giralt M. Toward
an Understanding of How Immune Cells Control Brown and Beige
Adipobiology. Cell Metab (2018) 27(5):954-61. doi: 10.1016/
j.cmet.2018.04.006

Rabhi N, Belkina AC, Desevin K, Cortez BN, Farmer SR. Shifts of Immune
Cell Populations Differ in Response to Different Effectors of Beige
Remodeling of Adipose Tissue. iScience (2020) 23(12):101765.
doi: 10.1016/j.is¢i.2020.101765

Nguyen KD, Qiu Y, Cui X, Goh YPS, Mwangi J, David T, et al. Alternatively
Activated Macrophages Produce Catecholamines to Sustain Adaptive
Thermogenesis. Nature (2011) 480(7375):104-8. doi: 10.1038/nature10653
Qiu Y, Nguyen Khoa D, Odegaard Justin I, Cui X, Tian X, Locksley Richard
M, et al. Eosinophils and Type 2 Cytokine Signaling in Macrophages
Orchestrate Development of Functional Beige Fat. Cell (2014) 157
(6):1292-308. doi: 10.1016/j.cell.2014.03.066

Jeon EJ, Kim DY, Lee NH, Choi H-E, Cheon HG. Telmisartan Induces
Browning of Fully Differentiated White Adipocytes via M2 Macrophage
Polarization. Sci Rep-uk (2019) 9(1):1236. doi: 10.1038/s41598-018-38399-1
Zhao H, Shang Q, Pan Z, Bai Y, Li Z, Zhang H, et al. Exosomes From
Adipose-Derived Stem Cells Attenuate Adipose Inflammation and Obesity
Through Polarizing M2 Macrophages and Beiging in White Adipose Tissue.
Diabetes (2017) 67(2):235-47. doi: 10.2337/db17-0356

Fischer K, Ruiz HH, Jhun K, Finan B, Oberlin D], Vvd H, et al. Alternatively
Activated Macrophages do Not Synthesize Catecholamines or Contribute to
Adipose Tissue Adaptive Thermogenesis. Nat Med (2017) 23(5):623-30. doi:
10.1038/nm.4316

Camell CD, Sander ], Spadaro O, Lee A, Nguyen KY, Wing A, et al.
Inflammasome-Driven Catecholamine Catabolism in Macrophages Blunts
Lipolysis During Ageing. Nature (2017) 550(7674):119-23. doi: 10.1038/
nature24022

Pirzgalska RM, Seixas E, Seidman JS, Link VM, Sanchez NM, Maht I, et al.
Sympathetic Neuron-Associated Macrophages Contribute to Obesity by
Importing and Metabolizing Norepinephrine. Nat Med (2017) 23
(11):1309-18. doi: 10.1038/nm.4422

Lee Y-H, Kim S-N, Kwon H-J, Maddipati KR, Granneman JG. Adipogenic
Role of Alternatively Activated Macrophages in 3-Adrenergic Remodeling of
White Adipose Tissue. Am ] Physiol-Reg Integr Comp Physiol (2016) 310(1):
R55-65. doi: 10.1152/ajpregu.00355.2015

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Rajbhandari P, Thomas BJ, Feng A-C, Hong C, Wang J, Vergnes L, et al. IL-
10 Signaling Remodels Adipose Chromatin Architecture to Limit
Thermogenesis and Energy Expenditure. Cell (2018) 172(1-2):218-33. doi:
10.1016/j.cell.2017.11.019

Rajbhandari P, Arneson D, Hart SK, Ahn IS, Diamante G, Santos LC, et al.
Single Cell Analysis Reveals Immune Cell-Adipocyte Crosstalk Regulating
the Transcription of Thermogenic Adipocytes. Elife (2019) 8:e49501. doi:
10.7554/eLife.49501.021

Henriques F, Bedard AH, Guilherme A, Kelly M, Chi J, Zhang P, et al. Single-
Cell RNA Profiling Reveals Adipocyte to Macrophage Signaling Sufficient to
Enhance Thermogenesis. Cell Rep (2020) 32(5):107998. doi: 10.1016/
j.celrep.2020.107998

Seale P, Conroe HM, Estall ], Kajimura S, Frontini A, Ishibashi J, et al
Prdm16 Determines the Thermogenic Program of Subcutaneous White
Adipose Tissue in Mice. J Clin Invest (2011) 121(1):96-105. doi: 10.1172/
JCI44271

Cohen P, Levy Julia D, Zhang Y, Frontini A, Kolodin Dmitriy P, Svensson
Katrin J, et al. Ablation of PRDM16 and Beige Adipose Causes Metabolic
Dysfunction and a Subcutaneous to Visceral Fat Switch. Cell (2014) 156(1-
2):304-16. doi: 10.1016/j.cell.2013.12.021

Villanueva Claudio ], Vergnes L, Wang J, Drew Brian G, Hong C, Tu Y, et al.
Adipose Subtype-Selective Recruitment of TLE3 or Prdml6 by Ppary
Specifies Lipid Storage Versus Thermogenic Gene Programs. Cell Metab
(2013) 17(3):423-35. doi: 10.1016/j.cmet.2013.01.016

Pearson S, Loft A, Rajbhandari P, Simcox J, Lee S, Tontonoz P, et al. Loss of
TLE3 Promotes the Mitochondrial Program in Beige Adipocytes and
Improves Glucose Metabolism. Gene Dev (2019) 33(13-14):747-62. doi:
10.1101/gad.321059.118

Wang W, Kissig M, Rajakumari S, Huang L, H-w L, Won K-J, et al. Ebf2 is a
Selective Marker of Brown and Beige Adipogenic Precursor Cells. Proc Natl
Acad Sci (2014) 111(40):14466-71. doi: 10.1073/pnas.1412685111

Stine RR, Shapira SN, Lim H-W, Ishibashi J, Harms M, Won K-J, et al. EBF2
Promotes the Recruitment of Beige Adipocytes in White Adipose Tissue. Mol
Metab (2016) 5(1):57-65. doi: 10.1016/j.molmet.2015.11.001

Shao M, Zhang Q, Truong A, Shan B, Vishvanath L, Li L, et al. ZFP423
Controls EBF2 Coactivator Recruitment and Ppary Occupancy to Determine
the Thermogenic Plasticity of Adipocytes. Gene Dev (2021) 35(21-22):1461-
74. doi: 10.1101/gad.348780.121

Shao M, Ishibashi J, Kusminski CM, Wang QA, Hepler C, Vishvanath L,
et al. Zfp423 Maintains White Adipocyte Identity Through Suppression of
the Beige Cell Thermogenic Gene Program. Cell Metab (2016) 23(6):1167-
84. doi: 10.1016/j.cmet.2016.04.023

Villivalam SD, You D, Kim J, Lim HW, Xiao H, Zushin P-JH, et al. TET1 is a
Beige Adipocyte-Selective Epigenetic Suppressor of Thermogenesis. Nat
Commun (2020) 11(1):4313. doi: 10.1038/s41467-020-18054-y

Angueira AR, Sakers AP, Holman CD, Cheng L, Arbocco MN, Shamsi F,
et al. Defining the Lineage of Thermogenic Perivascular Adipose Tissue. Nat
Metab (2021) 3(4):469-84. doi: 10.1038/s42255-021-00380-0

Rosen ED, Spiegelman BM. Adipocytes as Regulators of Energy Balance and
Glucose Homeostasis. Nature (2006) 444(7121):847-53. doi: 10.1038/
nature05483

Samuel VT, Petersen KF, Shulman GI. Lipid-Induced Insulin Resistance:
Unravelling the Mechanism. Lancet (2010) 375(9733):2267-77. doi: 10.1016/
S0140-6736(10)60408-4

Ertunc ME, Hotamisligil GS. Lipid Signaling and Lipotoxicity in
Metaflammation: Indications for Metabolic Disease Pathogenesis and
Treatment. ] Lipid Res (2016) 57(12):2099-114. doi: 10.1194/jlr.R066514
Czech MP. Mechanisms of Insulin Resistance Related to White, Beige, and
Brown Adipocytes. Mol Metab (2020) 34:27-42. doi: 10.1016/
j-molmet.2019.12.014

Liu R, Nikolajezyk BS. Tissue Immune Cells Fuel Obesity-Associated
Inflammation in Adipose Tissue and Beyond. Front Immunol (2019)
10:1587. doi: 10.3389/fimmu.2019.01587

Asghar A, Sheikh N. Role of Immune Cells in Obesity Induced Low Grade
Inflammation and Insulin Resistance. Cell Immunol (2017) 315:18-26. doi:
10.1016/j.cellimm.2017.03.001

O’Sullivan TE, Rapp M, Fan X, Weizman OE, Bhardwaj P, Adams NM, et al.
Adipose-Resident Group 1 Innate Lymphoid Cells Promote Obesity-

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 847291


https://doi.org/10.1038/s42255-021-00509-1
https://doi.org/10.1016/j.celrep.2020.107597
https://doi.org/10.1016/j.cell.2020.06.021
https://doi.org/10.1016/j.celrep.2019.04.010
https://doi.org/10.1016/j.celrep.2019.04.010
https://doi.org/10.1016/j.molmet.2016.03.002
https://doi.org/10.1038/ncb2740
https://doi.org/10.1016/j.devcel.2021.02.018
https://doi.org/10.1016/j.cmet.2013.08.003
https://doi.org/10.1016/j.cmet.2016.07.023
https://doi.org/10.1016/j.cmet.2018.04.006
https://doi.org/10.1016/j.cmet.2018.04.006
https://doi.org/10.1016/j.isci.2020.101765
https://doi.org/10.1038/nature10653
https://doi.org/10.1016/j.cell.2014.03.066
https://doi.org/10.1038/s41598-018-38399-1
https://doi.org/10.2337/db17-0356
https://doi.org/10.1038/nm.4316
https://doi.org/10.1038/nature24022
https://doi.org/10.1038/nature24022
https://doi.org/10.1038/nm.4422
https://doi.org/10.1152/ajpregu.00355.2015
https://doi.org/10.1016/j.cell.2017.11.019
https://doi.org/10.7554/eLife.49501.021
https://doi.org/10.1016/j.celrep.2020.107998
https://doi.org/10.1016/j.celrep.2020.107998
https://doi.org/10.1172/JCI44271
https://doi.org/10.1172/JCI44271
https://doi.org/10.1016/j.cell.2013.12.021
https://doi.org/10.1016/j.cmet.2013.01.016
https://doi.org/10.1101/gad.321059.118
https://doi.org/10.1073/pnas.1412685111
https://doi.org/10.1016/j.molmet.2015.11.001
https://doi.org/10.1101/gad.348780.121
https://doi.org/10.1016/j.cmet.2016.04.023
https://doi.org/10.1038/s41467-020-18054-y
https://doi.org/10.1038/s42255-021-00380-0
https://doi.org/10.1038/nature05483
https://doi.org/10.1038/nature05483
https://doi.org/10.1016/S0140-6736(10)60408-4
https://doi.org/10.1016/S0140-6736(10)60408-4
https://doi.org/10.1194/jlr.R066514
https://doi.org/10.1016/j.molmet.2019.12.014
https://doi.org/10.1016/j.molmet.2019.12.014
https://doi.org/10.3389/fimmu.2019.01587
https://doi.org/10.1016/j.cellimm.2017.03.001
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Duerre and Galmozzi

Heterogeneity of Fat Tissue

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Associated Insulin Resistance. Immunity (2016) 45(2):428-41. doi: 10.1016/
jimmuni.2016.06.016

Brestoff JR, Kim BS, Saenz SA, Stine RR, Monticelli LA, Sonnenberg GF, et al.
Group 2 Innate Lymphoid Cells Promote Beiging of White Adipose Tissue
and Limit Obesity. Nature (2015) 519(7542):242-6. doi: 10.1038/
naturel4115

Lynch L, Michelet X, Zhang S, Brennan PJ, Moseman A, Lester C, et al.
Regulatory Inkt Cells Lack Expression of the Transcription Factor PLZF and
Control the Homeostasis of T(Reg) Cells and Macrophages in Adipose
Tissue. Nat Immunol (2015) 16(1):85-95. doi: 10.1038/ni.3047

Mehta P, Nuotio-Antar AM, Smith CW. Gammadelta T Cells Promote
Inflammation and Insulin Resistance During High Fat Diet-Induced Obesity
in Mice. ] Leukoc Biol (2015) 97(1):121-34. doi: 10.1189/j1b.3A0414-211RR
Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, Nayer A, et al. Lean,
But Not Obese, Fat is Enriched for a Unique Population of Regulatory T Cells
That Affect Metabolic Parameters. Nat Med (2009) 15(8):930-9.
doi: 10.1038/nm.2002

Duffaut C, Zakaroff-Girard A, Bourlier V, Decaunes P, Maumus M,
Chiotasso P, et al. Interplay Between Human Adipocytes and T
Lymphocytes in Obesity: CCL20 as an Adipochemokine and T
Lymphocytes as Lipogenic Modulators. Arterioscler Thromb Vasc Biol
(2009) 29(10):1608-14. doi: 10.1161/ATVBAHA.109.192583

Khan IM, Dai Perrard XY, Perrard JL, Mansoori A, Wayne Smith C, Wu H,
et al. Attenuated Adipose Tissue and Skeletal Muscle Inflammation in Obese
Mice With Combined CD4+ and CD8+ T Cell Deficiency. Atherosclerosis
(2014) 233(2):419-28. doi: 10.1016/j.atherosclerosis.2014.01.011

Duffaut C, Galitzky J, Lafontan M, Bouloumie A. Unexpected Trafficking of
Immune Cells Within the Adipose Tissue During the Onset of Obesity.
Biochem Biophys Res Commun (2009) 384(4):482-5. doi: 10.1016/
j-bbrc.2009.05.002

Winer DA, Winer S, Shen L, Wadia PP, Yantha ], Paltser G, et al. B Cells Promote
Insulin Resistance Through Modulation of T Cells and Production of Pathogenic
Igg Antibodies. Nat Med (2011) 17(5):610-7. doi: 10.1038/nm.2353
Srikakulapu P, Upadhye A, Rosenfeld SM, Marshall MA, McSkimming C,
Hickman AW, et al. Perivascular Adipose Tissue Harbors Atheroprotective
Igm-Producing B Cells. Front Physiol (2017) 8:719. doi: 10.3389/
fphys.2017.00719

Nishimura S, Manabe I, Takaki S, Nagasaki M, Otsu M, Yamashita H, et al.
Adipose Natural Regulatory B Cells Negatively Control Adipose Tissue
Inflammation. Cell Metab (2013) 18(5):759-66. doi: 10.1016/j.cmet.2013.09.017
Kawanishi N, Yano H, Yokogawa Y, Suzuki K. Exercise Training Inhibits
Inflammation in Adipose Tissue via Both Suppression of Macrophage
Infiltration and Acceleration of Phenotypic Switching From MI to M2
Macrophages in High-Fat-Diet-Induced Obese Mice. Exerc Immunol Rev
(2010) 16:105-18.

Ma S, Sun S, Geng L, Song M, Wang W, Ye Y, et al. Caloric Restriction
Reprograms the Single-Cell Transcriptional Landscape of Rattus Norvegicus
Aging. Cell (2020) 180(5):984-1001 e22. doi: 10.1016/j.cell.2020.02.008
Wasinski F, Bacurau RF, Moraes MR, Haro AS, Moraes-Vieira PM, Estrela
GR, et al. Exercise and Caloric Restriction Alter the Immune System of Mice
Submitted to a High-Fat Diet. Mediators Inflammation (2013) 2013:395672.
doi: 10.1155/2013/395672

Yan X, Imano N, Tamaki K, Sano M, Shinmura K. The Effect of Caloric
Restriction on the Increase in Senescence-Associated T Cells and Metabolic
Disorders in Aged Mice. PloS One (2021) 16(6):¢0252547. doi: 10.1371/
journal.pone.0252547

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Jones JEC, Rabhi N, Orofino J, Gamini R, Perissi V, Vernochet C, et al. The
Adipocyte Acquires a Fibroblast-Like Transcriptional Signature in Response to a
High Fat Diet. Sci Rep-uk (2020) 10(1):2380. doi: 10.1038/s41598-020-59284-w
Ruiz-Ojeda FJ, Méndez-Gutiérrez A, Aguilera CM, Plaza-Diaz J. Extracellular
Matrix Remodeling of Adipose Tissue in Obesity and Metabolic Diseases. Int |
Mol Sci (2019) 20(19):4888. doi: 10.3390/ijms20194888

Andrews TS, Hemberg M. Identifying Cell Populations With Scrnaseq. Mol
Aspects Med (2018) 59:114-22. doi: 10.1016/j.mam.2017.07.002

Haque A, Engel J, Teichmann SA, Lénnberg T. A Practical Guide to Single-
Cell RNA-Sequencing for Biomedical Research and Clinical Applications.
Genome Med (2017) 9(1):75. doi: 10.1186/s13073-017-0467-4

Nguyen QH, Pervolarakis N, Nee K, Kessenbrock K. Experimental
Considerations for Single-Cell RNA Sequencing Approaches. Front Cell
Dev Biol (2018) 6:108. doi: 10.3389/fcell.2018.00108

Bock C, Farlik M, Sheftield NC. Multi-Omics of Single Cells: Strategies and
Applications. Trends Biotechnol (2016) 34(8):605-8. doi: 10.1016/
j.tibtech.2016.04.004

Brunner A-D, Thielert M, Vasilopoulou CG, Ammar C, Coscia F, Mund A,
et al. Ultra-High Sensitivity Mass Spectrometry Quantifies Single-Cell Proteome
Changes Upon Perturbation. Mol Syst Biol (2022) 18:10798. doi: 10.15252/
msb.202110798

Specht H, Emmott E, Petelski AA, Huffman RG, Perlman DH, Serra M, et al.
Single-Cell Proteomic and Transcriptomic Analysis of Macrophage
Heterogeneity Using Scope2. Genome Biol (2021) 22(1):50. doi: 10.1186/
$13059-021-02267-5

Seydel C. Single-Cell Metabolomics Hits its Stride. Nat Methods (2021) 18
(12):1452-6. doi: 10.1038/s41592-021-01333-x

Gu W, Nowak WN, Xie Y, Le Bras A, Hu Y, Deng J, et al. Single-Cell RNA-
Sequencing and Metabolomics Analyses Reveal the Contribution of
Perivascular Adipose Tissue Stem Cells to Vascular Remodeling.
Arterioscler Thromb Vasc Biol (2019) 39(10):2049-66. doi: 10.1161/
ATVBAHA.119.312732

Rappez L, Stadler M, Triana S, Gathungu RM, Ovchinnikova K, Phapale P,
et al. Spacem Reveals Metabolic States of Single Cells. Nat Methods (2021) 18
(7):799-805. doi: 10.1038/s41592-021-01198-0

Liu Y, Yang M, Deng Y, Su G, Enninful A, Guo CC, et al. High-Spatial-
Resolution Multi-Omics Sequencing via Deterministic Barcoding in Tissue.
Cell (2020) 183(6):1665-81 e18. doi: 10.1016/j.cell.2020.10.026

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Duerre and Galmozzi. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 847291


https://doi.org/10.1016/j.immuni.2016.06.016
https://doi.org/10.1016/j.immuni.2016.06.016
https://doi.org/10.1038/nature14115
https://doi.org/10.1038/nature14115
https://doi.org/10.1038/ni.3047
https://doi.org/10.1189/jlb.3A0414-211RR
https://doi.org/10.1038/nm.2002
https://doi.org/10.1161/ATVBAHA.109.192583
https://doi.org/10.1016/j.atherosclerosis.2014.01.011
https://doi.org/10.1016/j.bbrc.2009.05.002
https://doi.org/10.1016/j.bbrc.2009.05.002
https://doi.org/10.1038/nm.2353
https://doi.org/10.3389/fphys.2017.00719
https://doi.org/10.3389/fphys.2017.00719
https://doi.org/10.1016/j.cmet.2013.09.017
https://doi.org/10.1016/j.cell.2020.02.008
https://doi.org/10.1155/2013/395672
https://doi.org/10.1371/journal.pone.0252547
https://doi.org/10.1371/journal.pone.0252547
https://doi.org/10.1038/s41598-020-59284-w
https://doi.org/10.3390/ijms20194888
https://doi.org/10.1016/j.mam.2017.07.002
https://doi.org/10.1186/s13073-017-0467-4
https://doi.org/10.3389/fcell.2018.00108
https://doi.org/10.1016/j.tibtech.2016.04.004
https://doi.org/10.1016/j.tibtech.2016.04.004
https://doi.org/10.15252/msb.202110798
https://doi.org/10.15252/msb.202110798
https://doi.org/10.1186/s13059-021-02267-5
https://doi.org/10.1186/s13059-021-02267-5
https://doi.org/10.1038/s41592-021-01333-x
https://doi.org/10.1161/ATVBAHA.119.312732
https://doi.org/10.1161/ATVBAHA.119.312732
https://doi.org/10.1038/s41592-021-01198-0
https://doi.org/10.1016/j.cell.2020.10.026
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Deconstructing Adipose Tissue Heterogeneity One Cell at a Time
	Introduction
	Heterogeneity of White Adipocytes
	Heterogeneity of Brown Adipocytes
	Plasticity of Brown Adipocytes
	Heterogeneity of Brite/Beige Adipocytes
	Adipose Resident Immune Cells
	Heterogeneity of Adipocyte Progenitors
	WAT Precursors and Progenitors
	Brite/Beige Precursors and Progenitors
	BAT Precursors and Progenitors
	The Impact of Obesity on the Composition of Adipose Tissue
	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


