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SUMMARY

Adipose tissue exhibits remarkable plasticity with capacity to change in size and cellular
composition under physiological and pathophysiological conditions. The emergence of single cell
transcriptomics has rapidly transformed our understanding of the diverse array of cell types and
cell states residing in adipose tissues and has provided insight into how transcriptional changes in
individual cell types contribute to tissue plasticity. Here, we present a comprehensive overview of
the cellular atlas of adipose tissues focusing on the biological insight gained from single cell and
single nuclei transcriptomics of murine and human adipose tissues. We also offer our perspective
on the exciting opportunities for mapping cellular transitions and crosstalk, which have been made
possible by single cell technologies.
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INTRODUCTION

Adipose tissues are loose connective tissues with a high number of adipocytes. These
specialized cells store metabolic energy in the form of large cytoplasmic lipid droplets and
at the same time regulate several aspects of organismal physiology through their endocrine
functions. Mammals harbor two main classes of adipose tissues, white and brown, that

can be classified based on their primary function 1. White adipose tissue (WAT) serves

as the principal site for long-term energy storage and is characterized by the presence of
large unilocular white adipocytes, which store surplus metabolic energy as triacylglycerides
(TAGSs) under anabolic conditions and release that energy as free fatty acids (FFAS) to fuel
peripheral tissues under catabolic conditions. WAT is found at many discrete anatomical
locations throughout the body of mammals with the major depots broadly sub-characterized
as subcutaneous (i.e., located under the skin) or intra-abdominal (within the peritoneum;
associated with internal organs). In addition, multiple smaller depots are found at other
locations, including the bone marrow, subdermal, perivascular, epicardial, peri- and inter-
muscular regions 2-4. In addition, to its energy storing function, WAT serves numerous

nonmetabolic functions, including thermal insulation, and support and cushioning of organs
4

The second major class of adipose tissue in eutherian mammals is brown adipose tissue
(BAT), which plays a major role in thermogenesis and are found in smaller depots at several
distinct anatomical locations, including anterior cervical, supraclavicular, intrascapular,
perirenal and perivascular in mice and humans 5. Brown adipocytes are characterized

by multi-locular lipid droplets, abundance of mitochondria, and expression of uncoupling
protein 1 (UCP1), which acts as a proton carrier in the inner mitochondrial membrane .78,
The presence of UCP1 along with other programs of futile energy cycling allow brown
adipocytes to burn excess energy to produce heat and act as a metabolic sink °. In adult
humans, BAT depots account for maximally 1-2% of total adipose tissue 19; however, the
abundance of BAT in small hibernating mammals or human neonates can constitute up to
5% of total body mass 1.

What separates adipose tissue from most other tissues is its remarkable capacity to change
in size and cellular composition under physiological and pathophysiological conditions 12,
The adaptation to environmental and physiological challenges not only involves changes
in adipocyte size, number, and function, but also long-lasting quantitative and qualitative
changes in the cellular composition of the tissue. The “stromal-vascular” compartment

is the term used to describe the non-adipocytes in the adipose tissue, and this consist

of highly heterogeneous populations of immune cells, mesenchymal stromal cells, and
endothelial cells as well as small populations of other cell types including neurons 12:13,
The development of single cell transcriptomics has rapidly transformed our understanding
of the diverse array of cell types and cell states residing in adipose tissue and have shown
how they influence the ability of WAT and BAT to exert its multiple functions. In this
review, we provide a brief introduction to adipose tissue plasticity and the importance for
human health, followed by a comprehensive review of the rapidly growing body of literature
describing the cellular heterogeneity of murine and human adipose tissue. We highlight
the biological insights gained specifically from single cell transcriptomics and discuss the
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new opportunities offered by single cell approaches to acquire mechanistic insight into the
regulation of adipose tissue plasticity.

SHORT-TERM METABOLIC PLASTICITY OF ADIPOSE TISSUES

Adipocytes can sense and quickly adapt to acute changes in the metabolic needs of the

body. The classical example of a short-term change in adipocyte function is the adaptation
that occurs during cycles of feeding and fasting. In the postabsorptive state, insulin acts

as the major anabolic hormone stimulating both glucose and fatty acid uptake as well

as de novo lipogenesis and triglyceride synthesis. Furthermore, insulin inhibits adipocyte
lipolysis by stimulating phosphodiesterase 3B (PDE-3B), thereby decreasing cCAMP levels
12,14 As such, insulin sensitivity is essential for adipocyte storage capacity and function.
Mouse models with deletion of the insulin receptor specifically in mature adipocytes display
WAT atrophy and ectopic lipid deposition 2. In the fasting state, when circulating insulin
levels decline, inhibition of lipolysis is alleviated. Furthermore, release of noradrenaline
from the sympathetic nervous system activates B-adrenergic receptors, thereby increasing
PKA activity and stimulating lipolysis in adipocytes 6. This balance between lipogenic and
lipolytic signals is critical for the ability of adipose tissue to buffer the daily flux of nutrients
and for maintenance of whole body metabolic homeostasis 17.

Another classical example of short-term metabolic plasticity is the activation of brown
adipose tissue in response to acute cold exposure. Here norepinephrine released from the
sympathetic nervous systems innervating the tissue leads to activation of p-adrenergic
receptors and stimulation of the cAMP/PKA axis and induction of lipolysis in brown
adipocytes. The fatty acids released by lipolysis simultaneously fuels mitochondrial
[-oxidation and activates UCP1-mediated thermogenesis. Furthermore, PKA drives
transcriptional activation of gene programs that support a sustained catabolic activity and
mitochondrial uncoupling in brown adipocytes 12:18. Interestingly, it was recently shown
that the transcriptional effects are highly dependent on lipolysis which signals through
peroxisome proliferator-activated receptor y (PPARYy) as well as several other transcription
factors 19. Thus, metabolism and transcription are closely linked during thermogenic
activation of brown adipocytes.

LONG-TERM CELLULAR AND COMPOSITIONAL PLASTICITY OF ADIPOSE
TISSUES

“Browning” and “Whitening” of Adipose Depots

Chronic exposure to environmental and physiological stressors can elicit lasting changes

of the cellular composition of adipose tissue and/or modulate the programming of cells
within the tissue. One of the most striking examples of the long-term plasticity of adipose
tissue is the adaptation to changes in environmental temperatures. In response to cold
temperatures, WAT in many mammalian species can adopt a BAT-like phenotype with

the emergence of thermogenic brown-like adipocytes commonly referred to as “Beige” or
“BRITE adipocytes” 20-22, This “browning” of WAT can occur upon reactivation of existing
dormant (i.e., unilocular) beige adipocytes, by trans-differentiation of white adipocytes, as
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well as through de novo differentiation of beige adipocytes from progenitor cells 23-26,

In rodents, cold exposure leads to marked browning primarily of subcutaneous inguinal
WAT; however, prolonged cold exposure can also drive beige adipocyte accrual in other
WAT depots 27. Moreover, WAT browning can be observed in rodents following calorie
restriction, intermittent fasting, gastric bypass surgery, and cachexia 28-32, The human
relevance of WAT browning is not clear; however, beige adipocyte accumulation has been
observed in human WAT in response to conditions with increased sympathetic activity,
such as severe burns and catecholamine-producing tumors 33-3% as well as in response to
cachexia 39, Cold-induced browning of WAT is driven predominantly by norepinephrine
released by sympathetic neurons; however, several other inducers have been reported 3637,
Catecholamines can act directly on adipocytes to activate a thermogenic gene program 27, or
on adipocyte progenitors to drive beige adipogenesis 23. However, this response is heavily

augmented by local stromal cells and cells of the adaptive and innate immune systems
6,38-44

Importantly, brown and beige adipocytes depend on a continued B-adrenergic tone to
maintain their function. Denervation of BAT leads to a loss of thermogenic and oxidative
capacity, along with a morphological “whitening” of the depot characterized by the presence
of white-like unilocular adipocytes #°. This “whitening” of BAT occurs naturally in
association with aging, obesity, and shifts to warm environmental temperature, facilitated

by the presence of inhibitory signals that interfere with B-adrenergic signaling 46-48. The
browning of WAT can also be reversed upon cessation of cold exposure or other thermogenic
stimuli. As mice transition from cold temperatures to a warm environment, beige adipocytes
slowly revert to a unilocular white adipocyte state with the gross molecular features of
white adipocytes. However, these “dormant” beige adipocytes retain an epigenetic memory
of their prior cold exposure, allowing them to rapidly reactivate their beige phenotype upon
subsequent cold exposure 4°.

Adipose Tissue to Mammary Gland Transition during Pregnancy and Lactation

The response of mammary adipose tissue to pregnancy represents another striking example
of adipose tissue plasticity °%1, In rodents, the mammary gland is contained in the inguinal
WAT, and during pregnancy this tissue undergoes a major transformation in preparation

for lactation. Lipid-filled adipocytes essentially disappear coincident with a rapid expansion
of the mammary epithelium. Adipocytes become delipidated during this time and lineage
tracing indicates that cells undergo de-differentiation to a preadipocyte-like state 5253, As
mammary ducts involute at the end of lactation the small adipocytes undergo hypertrophy as
adipocytes take up the milk lipids, and adipocyte-derived preadipocytes re-differentiate 50-53,

Obesity Associated Change in Adipose Tissue Mass

The capacity of WAT to expand and contract in size is arguably unparalleled in adulthood.
A chronic state of positive energy balance leads to a significant enlargement of most
adipose tissues. WAT expansion is driven by a combination of adipocyte hypertrophy and
adipocyte hyperplasia. Mature adipocytes do not undergo cell division; therefore, adipocyte
hyperplasia is mediated by de novo adipocyte differentiation, or “adipogenesis,” from
resident adipocyte precursor cells (APCs). In humans with normal range of body mass
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index (BMI), WAT constitute roughly 20% and 30% of the body weight in men and

women, respectively. In individuals with obesity, body fat percentage can rise to 50%,
primarily due to expansion of the subcutaneous and intraabdominal visceral WAT %4-57_ The
expansion of WAT during development of obesity is associated with substantial changes

in the cellular composition, referred to as “tissue remodeling”. This includes vascular
expansion, extracellular matrix (ECM) remodeling, recruitment of monocytes and activation

to pro-inflammatory macrophages, and changes in the mesenchymal stromal cell phenotypes
58

Conversely, during a negative energy balance, some adipose tissues contract in mass due to
adipocyte size reduction and elimination. The remodeling of adipose tissue during weight
loss is less well understood; however, increased immune cell infiltration during the early
stages of acute weight loss has been observed in both human and rodent WAT®%-61, On the
other hand, decreased adiposity by very low-calorie consumption in rodents and bariatric
surgery in humans has been reported to be associated with reduced crown-like structures
(CLSs) and improved systemic metabolic parameters 5263, Interestingly however, persistent
inflammation and metabolic defects of WAT has been reported during prolonged weight
loss in some studies in mice and humans, indicating the existence of an obesity memory

in the tissue despite improved systemic metabolism 4. The mechanisms and functional
consequences of a obesity memory and how it might affect weight re-gain are currently
unknown.

ADIPOSE TISSUE DYSFUNCTION IN HUMAN DISEASES

The importance of adipose tissue in human health is highlighted by the condition

of lipodystrophy, a diverse group of metabolic disorders commonly characterized by
insufficient capacity to form functional adipose tissue. Adipose deficiency can either be
the result of heritable mutations in genes driving adipocyte differentiation and lipid storage
or acquired secondary to other conditions or medication 6266, The absence of functional
adipose tissue leads to deleterious lipid accumulation in peripheral organs, including liver,
skeletal muscle, heart, and the endocrine pancreas, resulting in insulin resistance and
cardiovascular diseases.

On the other end of the spectrum, elevated BMI significantly confers increased

risk of developing several life-threatening comorbidities including type 2 diabetes 67,
cardiovascular diseases, fatty liver diseases %89, as well as increased risk of certain cancers
69,70 Importantly however, some individuals with obesity avoid many features of metabolic
syndrome, at least for a period. The identification and study of this so-called “metabolically
healthy” obesity underscores the notion that factors beyond elevated BMI per se lead to

the metabolic syndrome 7. Comparisons to those individuals with obesity and insulin
resistance (i.e., “pathologic obesity”) reveals that body fat distribution plays an important
role in disease susceptibility. The incidence and severity of cardiometabolic comorbidities
are primarily associated with expansion of visceral and abdominal subcutaneous WAT,
whereas femoral and gluteal adipose tissues appear to be protective when corrected for

fat mass 2. Genome-wide association studies (GWAS) discovered that genes associated
with body fat distribution and healthy obesity are highly enriched for adipocyte genes 73,
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indicating that intrinsic properties of adipocytes, and their ability to remain functional, play
an important role in determining body fat distribution and cardiometabolic diseases.

Furthermore, the way individual WAT depots expand and remodel in the setting of
overnutrition impacts overall metabolic health /4. Pathologic obesity is often characterized
by the presence of hypertrophic adipocytes, excess ECM accumulation (fibrosis), the
accumulation of pro-inflammatory immune cells, and decreased expression of protective
adipokines (e.g., Adiponectin). Macrophage infiltration and proinflammatory macrophage
polarization contribute to adipose tissue dysfunction and may enhance cardiometabolic
disorders 7>-77. Healthy adipose tissue expansion is characterized by adipocyte hyperplasia,
indicative of increased de novo adipogenesis, as well as a relatively lower degree

of inflammation and fibrosis. In fact, fibrosis has emerged as a key factor that

distinguishes metabolically healthy vs. metabolically unhealthy obesity of humans 78. As
such, lipodystrophy and obesity manifest itself with many of the same cardiometabolic
comorbidities, underscoring the notion that limited adipocyte function and storage capacity
play a major role in the development of these diseases 7°.

The realization that maintaining healthy and functional adipocytes with a high storage
capacity is critical for human health emphasizes the need to understand the regulation of
adipocyte function in different human depots. Although intrinsic properties of adipocytes
have been shown to be major determinants of overall adipose tissue function 73, cells of
the tissue microenvironment, including immune cells 89, endothelial cells 8, and neurons
82.83 all play a critical role in controlling adipose tissue plasticity and adipocyte function.
Thus, the understanding of human diseases relating to adipose tissue storage depends on
in-depth investigations of the molecular properties of adipocytes in their tissue context
and understanding how they interact with the array of other cell types in the tissue
microenvironment.

CLASSICAL METHODS FOR STUDYING ADIPOSE STRUCTURE AND
FUNCTION

The study of adipose tissue has historically been facilitated by classical techniques in
bioimaging, cell culture, flow cytometry, and mouse genetics (Figure 1). For nearly a
century, critical insights into the morphology and cellularity of adipose tissues have been
gained through microscopic examination of tissue sections 8485, Some of the earliest
observations include hypertrophy of adipocytes and the perivascular localization of pre-
adipocytes 86, as well as cold-induced lipid droplet and mitochondrial remodeling in brown
adipocytes 87, These pioneering histological findings have laid the foundation for our
current understanding of adipocyte differentiation and adipose tissue plasticity 87-91. The
development of the adipose tissue fractionation approach by Rodbell in the 1960’s facilitated
the study of adipocyte metabolism in isolation as well as the ability to study cells of the
“stromal vascular fraction” 92. The derivation of clonal adipogenic fibroblast cells lines
(e.g., 3T3-L1) in the 1970’s 93.94 was the key to gaining rapid insight into the functional
properties of adipocytes and the molecular basis of adipocyte differentiation. These and
other immortalized cell lines have enabled the discovery of adipocyte metabolic pathways

Cell Metab. Author manuscript; available in PMC 2024 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maniyadath et al.

Page 7

and lineage selective genes 95-99 as well as the transcriptional regulators of adipocyte
differentiation and function including the master regulator peroxisome proliferator-activated
receptor y (PPARY) 100 and CCAT T-enhancer binding protein a(C/EBPa)101, Furthermore,
with the advent of next generation sequencing, immortalized cells have been instrumental
for mapping the transcriptional network and epigenomic mechanisms driving lineage
determination and differentiation of 192-104 a5 well as browning of adipocytes 105,
Importantly, despite the artificial conditions of cell culture adipogenesis, many of the basic
mechanisms and transcription factors identified also play a role for in vivo adipogenesis 104,

At the tissue level high throughput profiling of e.g., the transcriptome, proteome

and metabolome have provided unbiased insight into the molecular composition of

adipose tissue 106-109, Bjochemical approaches have been used to localize (e.g.,
immunohistochemistry) and isolate (e.g., flow cytometry) different cell types /110,111,
whereas genetic approaches (Cre-LoxP) have been used to manipulate or label selective
cell types 25112113 'Each approach has unique strengths and collectively they continue

to be essential for studying aspects of adipose tissue biology. Nevertheless, as detailed
below, the growing appreciation of cellular heterogeneity has also highlighted the limitations
of these approaches (Figure 1). For instance, immunohistochemistry and flow cytometry
rely on knowledge of antigens that discriminate cell populations and the availability

of specific antibodies. Major cell types in the adipose tissue (e.g., hematopoietic cells,
endothelial cells, mesenchymal stromal cells) can easily be distinguished from one another
using a handful of markers; however, further subclassification of these major cell types
relies on prior knowledge of these putative subpopulations and the identification of
appropriate imaging/sorting strategies. Likewise, current gene targeting approaches in mice
leverage the Cre-loxP recombination system, with Cre-recombinase expression ultimately
directed by enhancers and promoters that are selectively activated in mature adipocytes
(e.q., Adiponectin-enhancer and promoter) 114, thermogenic brown/beige adipocytes (UcpI-
enhancer and promoter) 115, or a broad pool of mesenchymal cells containing adipose
progenitors (Pdgfra or Pdgfrb enhancer promoter) 113.116 Cyrrent Cre-drivers are limited
by the fact that they target broad pools of adipocytes or stromal cells. As such, the

classical toolbox for the study of adipose tissue and nearly all other tissues have significant
limitations for studies of tissue/cellular heterogeneity and plasticity.

SINGLE-CELL TECHNOLOGIES: PROMISING PATH TO RESOLVING
ADIPOSE TISSUE FUNCTION AND HETEROGENEITY

The advent of next-generation sequencing (NGS)-based single-cell technologies has allowed
for genomic and transcriptomic profiling of tissues at single cell resolution 117, thus
transforming the toolbox for adipose tissue biologists. The resolving power of these methods
carry the potential to uncover novel biological insights that may otherwise be hidden when
analyzing cells in bulk. In particular, single-cell RNA sequencing (ScCRNA-seq) methods
have proven extremely powerful. Transcriptomics at single-cell resolution can reveal the
existence of distinct cellular states in populations of cells that might otherwise appear
homogenous. Elucidating these cellular states as distinct snapshots of a dynamic process
allows for the reconstruction of biological function at the single cell level. This has
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led to discoveries of novel lineage hierarchies driving developmental processes, such as
differentiation events 118119 (Figure 2). Thus, single cell technologies have challenged the
concept of cellular identity and plasticity.

With respect to adipose tissue, the use of single-cell technologies is complicated by the
buoyant and fragile nature of isolated adipocytes. Many adipocytes are relatively large (up
to 300 microns in humans 129) and therefore incompatible with conventional droplet-based
single-cell platforms, where the cell size is restricted by the width of the microfluidic
channels (e.g., 50-60 microns for the Chromium platform from 10x Genomics 121),
Furthermore, due to the high lipid content, adipocytes float and cannot be pelleted with other
cells in the tissue. Finally, even for strategies that do not involve droplet-based sequencing,
the high lipid content interferes with enzymatic reactions. These challenges initially
restricted adipose tissue single-cell analyses to non-parenchymal cell types. More recently,
development of single-nucleus sequencing-based methods have allowed for inclusion of
adipocytes in single-cell studies 122-124, Single-nucleus RNA-seq (sSnRNA-seq) is based

on isolation of nuclei from tissues/cell populations, followed by sequencing of the RNA
from individual nuclei 125-127 (Figure 2). The technique poses a fundamental challenge

of low amounts of mature RNA transcripts and comes with an inherent bias for changes

in transcript levels that are imposed by differential transcription over those imposed by
differential RNA processing. However, recent work comparing snRNA-seq and scRNA-seq
for the adipocyte lineage based on cell culture studies found an overall good alignment

128 A major advantage of sSnRNA-seq over sScRNA-seq is that it does not require tissue
dissociation to release individual cells from their native tissue environment, a process which
can lead to cell type biases and to dissociation-induced artifacts at the transcriptomic level
129,130, Fyrthermore, high quality nuclei can be isolated from frozen tissue, thereby avoiding
the need for processing of freshly isolated tissues 131, Nevertheless, a major challenge

for snRNA-seq is that it is highly sensitive to transcript contamination (termed ambient
RNA) from broken/damaged nuclei or the cytoplasm 129:132 Therefore, SnRNA-seq studies
require high quality nuclei preparations and careful computational analyses to ensure that
only high-quality droplets are included and that high abundance ambient transcripts are
computationally removed prior to clustering 124132,

In addition to technologies for high throughput single-cell transcriptomics, a large number
of technologies for epigenomic profiling of chromatin accessibility, histone marks, and
DNA methylation at single cell resolution have been developed 133, The integration of
single cell transcriptomics and epigenomics data provides a powerful strategy for inferring
transcriptional mechanisms at single cell level 134135 (Figure 2). Furthermore, integration
with single cell proteomics allows for in-depth phenotypic characterization of cell states
136-138 Fyture results from such integrated analyses are expected to lead to many new
mechanistic discoveries in the field of adipose tissue function.

An important development in the single-cell omics field is the introduction of spatial
transcriptomics which provides gene expression matrices that can be integrated with
information about tissue architecture, cellular features, and relative position of cells 139.140,
These technologies can be categorized into, 1) next generation sequencing-based approaches
that are extensions of the sScRNA-seq combined with unique positional barcodes; and 2)
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bioimaging-based approaches that rely on in situ sequencing or hybridization of probes to
transcripts. Given the structure of the adipose tissue with many different types of small
stromal vascular cells interspersed between large lipid-filled adipocytes, where most of

the volume is devoid of transcripts, techniques based on positional barcoding based on a
fixed array slide could be challenging. Here techniques providing true single cell resolution,
such as those based on bioimaging, and hybridization are likely to be required. Promising
techniques include multiplexed error-robust fluorescence /n situ hybridization (MERFISH),
which uses massively multiplexed single-molecule FISH measurements and provides true
single-cell resolution and the ability to quantify the spatial distribution of hundreds to tens
of thousands of RNA species at single-cell resolution 139.141.142 'mplementation of such
high-resolution bioimaging-based technologies will be important for understanding adipose
plasticity and the importance of the cellular microenvironment (Figure 2).

Single-cell omics technologies create a “still picture” of the state of all captured cells in the
sample. However, due to the large number of cells, it is also possible to infer relationships
between cells. For example, the developmental trajectory or state transitions of cells can be
mapped from single cell RNA-seq using a variety of tools that order the cells according

to a similarity-based trajectory 143144 recently combined with directional information 145,
Moreover, cellular crosstalk can be inferred using tools such as CellPhoneDB, NicheNet
etc., which predicts crosstalk based on a public repository of ligands, receptors and their
interactions 146:147_ Sych tools allow researchers to obtain pseudo-time and mechanistic
insight into cellular differentiation and tissue plasticity. The combination with the emerging
spatial technologies with single cell technologies will provide unique insight into the cellular
crosstalk and tissue microenvironments. Finally, single cell transcriptome and/or epigenome
data from tissues can be integrated with genetic data to map eQTLs (expression quantitative

trait loci) across different cell types and cell states 148 and to infer disease mechanisms
149,150

Single-cell and single-nuclei transcriptomics analyses have greatly expanded our knowledge
of the cellular composition and heterogeneity of adipose tissues. In the sections that follow,
we summarize the current knowledge of the cellular atlas of adipose tissue, focusing
specifically on insight gained through the employment of these new technologies.

ADIPOCYTE HETEROGENEITY
White Adipocyte Heterogeneity

The importance of adipocytes for whole body physiology and the finding that adipose
depots differ in their metabolic functions begs the question how adipocyte functions are
regulated by the tissue microenvironment. Interestingly, recent studies mapping the single
cell-resolved transcriptome of adipose tissue have revealed that there are multiple adipocyte
subpopulations within individual WAT depots in humans as well as in mice 122124151 (Taple
1). These subpopulations are characterized by expression of subpopulation-specific markers
in addition to the canonical adipocyte-identity markers, such as Adjponectinand Perilipini.
First, sSnRNA-seq of epididymal WAT from mice, identified three distinct subpopulations

of mature white adipocytes differing in their expression of metabolic and inflammatory
genes 124, These subpopulations were denoted 1) lipogenic adipocytes (LGAS) expressing
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high levels of genes relating to de novo fatty acid synthesis, e.g., Acacaand Acly, 2)
lipid-scavenging adipocytes (LSAs) expressing high levels of genes relating to lipid uptake
and transport, e.g., Cd36and Apoe, and 3) stressed LSAs (SLSASs) which in addition express
genes relating to hypoxia and autophagy, e.g., Hiflaand Rab7. Interestingly, the relative
proportions of LSA and SLSA subpopulations are increased in high-fat diet (HFD)-induced
obesity at the expense of LGAs. Comparison of cell sizes showed that the SLSAS are the
largest, whereas LGAs display the smallest average cell size, consistent with the notion that
small adipocytes are more insulin sensitive 152-154 The cellular and molecular mechanisms
underlying changes between the relative abundance of subpopulations are unclear; however,
it is likely that adipocytes can switch between “cell states” in response to extrinsic and
intrinsic signals. The reduction in LGA in response to HFD-induced obesity may explain
the decrease in de novo lipogenesis and insulin sensitivity that has previously been reported
in obese human and mouse WAT 155-157 More recently, snRNA-seq analyses of murine
inguinal and perigonadal WAT depots, including both epididymal and periovarian WAT,
identified six subpopulations of mature adipocytes with no notable enrichment across depots
or sex 122, Some subpopulations could be associated with a lipogenic signature (mAd1,
mAd4 and mAd5) similar to the LGASs reported previously; however, the abundance of these
subpopulations increase rather than decrease in the obese condition. The discrepancy may
relate to the different age and sex of the mice as well as the duration of the HFD-feeding

in these studies. More careful time course studies are required to determine and resolve the
temporal change in adipocyte plasticity in different depots in response to HFD.

snRNA-seq of WAT from human visceral and subcutaneous adipose tissue depots identified
seven subpopulations of mature adipocytes 122, several of which are associated with a
lipogenic gene signature, including expression of FASN, ACACA and DGAT1/2. Generally,
the overlap between human and mouse subpopulations in this study is limited; however,
similar to the decrease in LGA abundance in obese mouse epididymal WAT, the abundance
of one of the human lipogenic subpopulations correlates negatively with increased BMI in
the subcutaneous WAT depot. A smaller, yet significant, population of adipocytes seem to
be associated with functions related to smooth muscle cells, such as calcium ion handling/
signaling along with focal adhesion and cell substrate junctions.

Spatial transcriptomics of human subcutaneous abdominal WAT using Visium spatial

arrays showed that despite the limited resolution of the arrays, three subpopulations

of white mature adipocytes displaying distinct transcriptomic signatures (Table 1) and
spatial organization could be detected 121, Interestingly, the Adipo”-/N subpopulation, (high
expression of PL/INI/4), has a transcriptomic signature similar to the LGAs and is correlated
with higher /in vivo insulin sensitivity. Another subpopulation, Adipo>A4, are enriched for
genes involved in lipid uptake and handling, thereby resembling LSAs in mice, and the
AdipoL£” subpopulation and SLSAs seemed to share common enriched pathways related to
leptin synthesis/signaling and ECM remodeling (Table 1). Similar to what was observed in
mice, the relative abundance of the Adipo”-/V adipocytes were reduced in obese subjects.
Taken together, all studies agree that mice as well as human adipose tissue contain several
white adipocyte subpopulations with one or more being more lipogenic and others being
more involved in lipid uptake (Figure 3). Going forward, it will be important to gain insight
into the developmental and transitional trajectory of these subpopulations to determine for

Cell Metab. Author manuscript; available in PMC 2024 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maniyadath et al.

Page 11

example whether some subpopulations of adipogenic progenitors are more likely to give
rise to specific adipocyte subpopulations and to determine how the tissue microenvironment
influence adipocyte cell states. Furthermore, it will be important to determine the role of
different adipocyte subpopulations in defining short-term and long-term plasticity of WAT.

Thermogenic Adipocyte Heterogeneity

Investigation of mouse interscapular BAT have identified 10 subpopulations of brown
adipocytes many of which are selectively enriched under specific temperature settings

123 One subpopulation (P4) marked by CypZel and Aldhial increased in abundance

in thermoneutrality and appears to be involved in inhibition of thermogenic capacity

by a mechanism that involves a paracrine effect of acetate synthesized by aldehyde
dehydrogenase 1 Al. Adipocytes with a similar transcriptomic signature were also found

in mouse inguinal adipose tissue. In sSnRNA-seq of human BAT, several of the 8 adipocyte
subpopulations display a P4-like transcriptomic signature but the functional relevance of this
remains to be determined.

Previous histological and lineage tracing studies in mouse intrascapular BAT have indicated
the existence of two distinct subpopulations of brown adipocytes with high (H) and low (L)
expression of Ucpl and adiponectin (termed “BA-H” and “BA-L"). These subpopulations
display differential functional parameters like mitochondrial numbers and lipid droplet

sizes 158,159 Multidimensional reconstruction of published sShRNA-seq of mouse iWAT
adipocytes 40, identified a unique thermogenic subpopulation (Ad1- Ucp1719M) induced in
response to cold or B-adrenergic activation 160, This population is similar to the mAd1
mouse iIWAT adipocyte subpopulation and to the human hAd6 adipocyte subpopulation
characterized by others as by the higher expression of browning markers such as £EBF2,
ESRRG and PPARGC1A 122, These subpopulations may represent beige adipocytes,

which, as noted above, are remarkable in their plasticity to revert between a dormant and
thermogenic state 49158, Future studies employing combined transcriptomics with chromatin
accessibility profiling (e.g., SNATAC-seq) may aid in predicting and understanding the major
transcriptional drivers for such change in cell state.

MESENCHYMAL STROMAL CELL HETEROGENEITY

Preadipocytes and Fibro-adipogenic Progenitors

The subcutaneous inguinal WAT (iWAT) and intra-abdominal perigonadal WAT (gWAT)
depots of mice were the focus of several of the first published adipose ScCRNA-seq
analyses designed to interrogate stromal cell heterogeneity. The consensus from these
studies is that there are at least two molecularly and functionally distinct subclusters of
adipocyte progenitors reside within the iWAT and gWAT depots of adult mice 122.124,161-163
One subcluster represents cells with a high degree of adipogenic potential /n vitro and
upon transplantation /n vivo and with expression of adipocyte marker genes (e.g., Pparg,
LpL, Ca36) along with the common mesenchymal markers used for lineage tracing such
as both Padgfraand Pdgfrb, and thus can be considered, “preadipocytes”. These cells
have been referred to by many names across both depots (Table 2), including “APCs”
(adipocyte precursor cells) 164, “(ASC 1)” (adipocyte stem cell 1) 165 “vVmSC4/5” (VAT
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mesenchymal stromal cell 4/5) 166, “FAP1/2” (fibro-adipogenic progenitor 1/2)124, “ES2/3”
167 and “mASPC1/5” (mouse adipose stem and progenitor cell 1/5) 122, Furthermore, some
studies observed a highly committed preadipocyte subpopulation that expresses Adijpog and
Lep, two lineage-defining transcripts associated with terminal differentiation of adipocytes
124,167 Bjoimaging studies indicated that the committed preadipocyte subpopulation appear
in proximity to the adipose vasculature, consistent with the long-standing hypothesis that
preadipocytes are a subset of adipose perivascular mesenchymal cells 161,163,

The second major cluster of mesenchymal stromal cells lacks Pparg expression and

instead is enriched in gene signatures associated with extracellular matrix remodeling and
inflammation. This cell cluster has also been referred to by many names across both the
iWAT and gWAT depots (Table 2), including “fibro-inflammatory precursors” or “FIPs”

164 Group 1/"Interstitial progenitor cells” (IPCs), “adipocyte stem cell 2” (ASC 2)” 165,
“VmSC1/2” 166 “FAP3/47 124 «CD34High~ ce|s 168 «ES1™ 167 “collagen-rich (C09)
progenitors” 151 and “mASPC2/3” 122, The proposed functions of these cells in iWAT
and/or gWAT include the regulation of inflammation, collagen deposition, and adipogenesis.
As such, this distinct subcluster of stromal cells exhibits many properties of interstitial
skeletal muscle “fibro-adipogenic progenitors,” or “FAPs,” and could thus be considered the
corresponding “FAPs” of adipose tissue 169, In iWAT and gWAT, FAPs can be identified
based on DPP4 expression (DPP4+). FAPs have been observed in proximity of the adipose
vasculature 163; however, they are readily apparent within the interstitial region on the outer
edge of the depots 161, As such, adipose progenitor cells reside in multiple anatomical
progenitor niches. Importantly, human subcutaneous adipose tissue harbors FAPs (DPP4+)
and preadipocyes (DPP4-) populations that closely resemble the murine populations,
suggesting that distinct progenitor subpopulations also exist in adult humans and can be
selected based on DPP4 expression 161170,

Depot, age, and sex-dependent Properties of Adipocyte Progenitor Cells.

Transcriptomic analyses based on sScCRNA-seq suggest that subcutaneous iWAT
preadipocytes and FAPs are highly similar to their counterparts in intra-abdominal gWAT;
however, functional analyses of these distinct subpopulations upon isolation reveal striking
depot dependent properties. One notable depot difference lies in the adipogenic potential of
isolated FAPs. Both preadipocytes and FAPs isolated from iWAT exhibit a strong capacity to
differentiate into adipocytes /n vitro and upon transplantation into mice. Here, iWAT FAPs
give rise to committed preadipocytes in the process of forming adipocytes 161, This lineage
relationship was predicted by cell trajectory analyses of single-cell transcriptomic profiles
and supports the existence of a progenitor cell hierarchy 111171 Cell trajectory analysis also
suggests a hierarchical developmental relationship between gWAT preadipocytes and FAPs
124,167 however, multiple studies have demonstrated that adult gWAT FAPs lack significant
adipogenic potential /n vitro, even in the presence of strong pro-adipogenic stimuli such

as PPARy agonists. Moreover, gWAT FAPs, unlike iWAT FAPs, do not differentiate into
adipocytes upon transplantation into lipodystrophic mice 164166, Importantly, these in vitro
assays and /n vivo transplantation studies do not preclude the possibility that gWAT FAPs
undergo adipocyte differentiation /7 vivo under some conditions. In fact, genetic lineage
tracing indicates that FAPs expressing DPP4 in e WAT do undergo ade novo adipocyte
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differentiation at a low frequency in association with HFD feeding 172. Additional studies
will be needed to fully understand the developmental relationship between FAPs and
preadipocytes in each depot and the relative contribution of each subpopulation to the
maintenance and expansion of the adipocyte pool /n vivo.

One of the surprising findings from scRNA-seq studies and the functional analyses of
isolated subpopulations is the age-dependent changes in function of both preadipocytes and
FAPs. In iWAT, a small subpopulation of stromal cells resembling preadipocytes emerges
early in the postnatal period. After four weeks of age, this subpopulation, referred to as
Aregs, lacks intrinsic adipogenic capacity and can exert an anti-adipogenic effect on adipose
stromal cells in vitro and upon transplantation /7 vivo 173, Cells bearing the markers of
Aregs can also be found in human adipose tissue; however, the functional properties of
these are unknown. Another aging-associated stromal cell subpopulation, termed “aging-
dependent regulatory cells (ARCs),” was also described 174, ARCs arise during aging in
mice only in the iWAT depot. ARCs secrete CCL6 and other cytokines to inhibit the
differentiation and proliferation of neighboring adipocyte progenitors. The emergence of
these cells may contribute to the well-known reduction of subcutaneous adipose tissue mass
and plasticity observed in human aging. Interestingly, isolated gWAT FAPs from adult mice
have the capacity to inhibit preadipocyte differentiation through the production of secreted
factors. This anti-adipogenic property of FAPs is not apparent at the perinatal stage but
rather develops with age 175, Moreover, perinatal gWAT FAPs have a greater potential to
undergo adipogenesis when Pparg is overexpressed or when exposed to PPARy agonist
compared to their adult counterparts 172,

Sex differences in adipose tissue remodeling and function are widely appreciated; however,
less consideration has been given to the intrinsic sex differences in preadipocytes or

FAP function. Bulk proteomics analyses of isolated stromal subclusters also highlight
considerable sex differences in the expression of genes related to mitochondrial function
and lipid metabolism 176, These findings should serve as a caution to investigators that

the functional and molecular properties of adipose progenitors are depot, age, and sex
dependent. Age and depot differences in the function of adipose stromal subpopulations
may not be readily discerned by single-cell transcriptomics alone 176, As such, careful
consideration should be made to these relevant biological variables in both the design,
integration, and interpretation, of studies related to stromal cells.

Beige Adipocyte Progenitors

scRNA-seq has also been utilized to identify putative beige/BRITE adipocyte progenitors
in murine iWAT. Fluidigm C1 system-based scRNA-seq identified a subset of PDGFRa+
Scal+ cells marked by high levels of CD81 gene expression (CD81High) 177 cpg1High
stromal cells exhibit a vascular smooth muscle cell (VSMC) expression profile (enriched
in Acta2and SmZ22transcripts), congruent with prior lineage tracing studies, suggesting

a contribution of the smooth muscle cell lineage to beige adipogenesis. In comparison

to CD81LoW cells, CD81Hi9M cells are more adipogenic /7 vitro and differentiate into

beige adipocytes upon transplantation and cold stimulation /7 vivo. Genetic lineage tracing
(CD81-CreERT2) of CD81+ cells provide clear evidence supporting the proliferation and
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differentiation of native CD81 expressing cells into iWAT beige adipocytes upon cold
exposure. Notably, CD81 represents a functional marker of beige progenitor cells. CD81
forms a complex with integrins that mediate the integrin-FAK signaling cascade induced
by irisin 177 Importantly, CRISPR-mediated inactivation of Cd81 attenuates cold-induced
beige adipogenesis. Moreover, in line with the rodent data, reduced frequency of CD81+
cells in human subcutaneous WAT is an indicator of metabolic risk, indicating that beige
adipocyte biogenesis influences systemic metabolic health. CD81 expression is present
within a high proportion of iWAT PDGFRa+ cells, enriched within the aforementioned
DPP4-preadipocyte pool. As such, whether CD81+ progenitors also give rise to white
adipocytes under permissive conditions remains unclear.

Classical brown adipocyte progenitors

In adult rodents, the adaptation to cold environmental temperatures involves activation of
preexisting brown adipocytes within BAT as well as de novo differentiation of brown fat
cells from resident progenitor cells. Single-cell RNA-seq of BAT stromal vascular cells from
mice exposed to cold temperatures (5°C) for either 2 or 7 days followed by cell lineage
trajectory analysis pointed to vascular smooth muscle cells (VSMCs) expressing TRPV1

as possible progenitors to cold-induced brown adipocytes 178, Lineage tracing using the
TrpovI-Cre line, supported this hypothesis and showed that genetically labeled 7rovi-lineage
cells proliferate upon cold exposure and differentiate into labeled thermogenic adipocytes.
Trpvi expression in BAT appears quite specific to VMSCs and these data therefore support
the notion of a mural cell origin of adipocytes 17°.

Independent single-cell studies of thermogenic adipose depots raise the likelihood that
multiple pools of distinct stromal subpopulations give rise to thermogenic adipocytes.
scRNA-seq analysis of BAT stromal vascular cells following cold exposure identified
multiple fibroblastic Pdgfra-expressing subpopulations with distinct tissue localization 180,
One subpopulation, termed “ASC1,” proliferates upon cold exposure and appear poised for
differentiation. Genetic pulse-chase lineage tracing confirms that Pagfra-expressing cells
undergo brown adipogenesis upon cold exposure. Importantly, Pdgfra-expressing fibroblasts
are distinct from 7rpvI+ VSMCs, indicating that multiple progenitor cells populations
contribute to cold-induced brown adipogenesis in iBAT.

Aortic perivascular adipose tissue (PVAT) shares several characteristics with iBAT

and harbors distinct progenitor cells committed to the brown adipocyte lineage 181.
scRNA-seq analysis of perinatal mouse PVVAT supported the notion of brown adipocyte
progenitor heterogeneity and indicated that VSMCs as well as multiple Pdgfra-expressing
fibroblastic subpopulations, including committed preadipocytes (Pparg+) and stem cell-

like mesenchymal progenitors bearing resemblance to the multipotent cells identified in
iIWAT (Pi16+) 182, At this stage of development, the preadipocytes and FAPs, but not

the VSMC:s, are able to differentiate to brown adipocytes /n vitro. The same progenitor
subpopulations are present in adult mouse aortic PVAT; however, here 7Trpvi+ VSMCs

can also undergo brown adipocyte differentiation. Lineage tracing using the My#h11-Cre
confirmed a contribution of VSMCs to the maintenance of brown adipocyte number in adult
PVAT 182 Collectively, these data support a model in which multiple progenitor populations
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are utilized within a tissue, with adipogenic PDGFRa.+ stromal cells driving tissue genesis,
and adipogenic VSMCs serving to help maintain tissue homeostasis in adults. Moreover,
these data further highlight how the adipogenic potential of cell populations can change over
time.

Non-classical adipose depots: Dermal and skeletal adipose stromal cells

Some of the most plastic WAT depots are relatively understudied and one such depot is

the dermal white adipose depot (dWAT). dWAT plays an important role in a wide range

of processes including local infection, hair cycling, and wound healing 183-186 and dWAT
mass expands and contracts in association with hair cycling and wound healing 187. scRNA-
seq studies have fueled the discovery of an unexpected plasticity of adipocytes within
dWAT. Lineage tracing of mature adipocytes and scRNA-seq analysis revealed that mature
adipocytes can “de-differentiate” under pathophysiological and physiological conditions
into FAP-like cells that can subsequently re-differentiate into mature adipocytes 187.188,
This phenomenon of mature adipocytes reverting to a more primitive lineage state was

also unveiled through single cell transcriptomics of mammary gland remodeling during
lactation and involution as well as during adipose tissue remodeling in response to a tumor
microenvironment 52:189_ As such, scRNA-seq has been instrumental in revealing previously
unrecognized lineage relationships.

Bone marrow adipose tissue (BMAT) represents another depot with tremendous plasticity
and heterogeneity 190192 Here, scRNA-seq has been utilized to explore the heterogeneity
of skeletal mesenchymal stromal cells 193, Cell trajectory analysis identified multiple
progenitor subpopulations representing different stages of lineage commitment, and the
study revealed the presence of a unique population of committed preadipocytes expressing
Adlipog, Pparg, Cebpa, and Lpl, but devoid of Plin1 and lipid droplets. These cells, termed
“marrow adipogenic lineage precursors” (MALPs) closely resemble pericytes. MALPs are
readily found within bone marrow capillaries where they express Pagfrb and share a
basement membrane with endothelial cells. MALPs express notable angiogenic factors,
including Vegfa, and genetic ablation of these cells resulted in a loss of overall blood vessel
density. The identification of MALPs reinforces the notion that pericyte-like cells contribute
to the adipogenic lineage and further highlights the multifaceted roles of adipose progenitors
in the regulation of tissue homeostasis.

IMMUNE CELL HETEROGENEITY

Obesity-associated adipose tissue macrophages

Adipose tissue macrophages (ATMs) play an important role in adipose tissue homeostasis
and adaptive remodeling 76194, Obesity is associated with a major increase in the
recruitment of bone marrow-derived monocytes into adipose tissues, contributing to a
dramatic accumulation of ATMs promoting metabolic inflammation and insulin resistance
195 ATMs were initially thought to undergo polarization towards proinflammatory M1
macrophages under obese conditions 196:197: however, in-depth analyses of adipose immune
cell populations from mice and humans challenged this view and indicated that obesity
rather programs ATMs towards lipid uptake, storage, and catabolism 198-200, Recently,
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single cell technologies have made it possible to resolve the full heterogeneity and plasticity
of the adipose immune cell compartment (Figure 4), and these studies all support the notion
that ATMs are not strongly polarized towards the classical M1 and M2 macrophage states.
Instead, sSCRNA-seq of human and mouse adipose immune cells or snRNA-seq of whole
adipose tissues indicate that macrophage subpopulations constitute a continuum of cell
states, where some are more proinflammatory, and others are more metabolically active
124,165201-204 |mportantly, careful computational analyses using the MacSpectrum tool to
classify all macrophages according to their polarization and differentiation indexes support
the absence of classical M1 and M2 states 20°,

Interestingly, recent results from high-resolution scRNA-seq of Lin* cells in murine and
human obesogenic conditions 293.206 C|TE-seq analyses of mouse eWAT 1, and whole
tissue SNnRNA-seq of mouse eWAT 122124 and human WAT 122 showed that obesity induces
a unique ATM subpopulation marked by Cad9and 7rem?2. This subpopulation expresses
high levels of lipid handling genes including Cd36, Lp/and Lipa, and is now consensually
termed lipid-associated macrophages (LAMs) (Table 3). LAMs are enriched at crown-like
structures, where they appear to play an important and Trem2-dependent role in adipose
tissue remodeling 293, Intriguingly, some studies report a smaller subpopulation of LAMs
that expresses proliferative genes, hence termed “proliferative-LAMs” (P-LAMs) 124 or
“cell-cycling macrophages” (CMs) 61, indicating that the pool of LAMs can expand by
local proliferation and not just by increased recruitment and activation of monocytes. In
addition to LAMs, “inflammatory macrophage” (IM) subpopulations with high expression

of inflammatory gene programs have been shown to be positively associated with obesity
206,207

Single cell studies have also investigated macrophage subpopulations during obesity
regression. Analysis of mouse eWAT by CITE-seq during weight loss demonstrated a
decrease in LAMs with weight loss; however, despite the complete normalization of body
and tissue weight, the abundance of LAMs in the tissue was higher than that of the lean
controls 6. In addition, the weight regain group in the study showed a rapid increase

in LAMs, over and above the obese cohort, suggesting that these cells may encode an
obesogenic anticipation or memory.

Despite the clear depot and species differences between obesity-associated ATMs, the
metabolic and inflammatory programming is relatively conserved across WAT depots and
species (Table 3). A recent direct comparison of mouse and human WAT depots 122

reported differences in the relative abundance of myeloid and lymphoid cell populations
across species and depots (Table 3); however, the transcriptomic profiles of the individual
macrophage populations were notably similar. Surprisingly, however, this study did not seem
to detect the lipid handling gene program in their 7rem2* LAMs.

Vascular associated/perivascular macrophages

Various studies across depots and species have detected subpopulations of macrophages that
express genes relevant for vascular development and/or matrix remodeling and maintenance
124,201,208-210 The consensus across studies suggests that these “vascular-associated
macrophages” or “perivascular macrophages” (VAMs or PVMs), marked by Lyvel, are
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likely the most abundant tissue resident macrophages in lean WAT. The relative abundance
of VAMs and PVMs have been shown to decrease with obesity; however it is unclear
whether this is due to an increased conversion of PVMs to IMs, as suggested by RNA
velocity analyses 208, or primarily due to the large increase in LAM and IM populations.
Interestingly, a reduction in the abundance of VAMs in e WAT was observed in response

to acute fasting 210, Notably, the VAMs and PVMs co-express M2-like markers (such as
Mrcl, Clec10a, and Cd163) and genes involved in the regulation of complement function
and angiogenesis (Table 3). Finally, a minor subpopulation of ATMs with high levels

of collagens, especially Co/3a1 and Col5a2, have been identified as collagen-expressing
macrophages (CEMS) in mouse eWAT124,

Monocyte heterogeneity and link to ATM subpopulations

Single cell studies have also identified two subpopulations of monocytes in mouse eWAT,
termed “Mon 1” and “Mon 2” 203  or “classical” and “nonclassical” 61, whereas three
subpopulations have been reported in human sWAT (“Mo-1", “Mo-2" and “non-canonical”)
206 and mouse iBAT (Ly6c!oW, Ly6ci™, Ly6chigh) 211 (Table 4). Interestingly, RNA velocity
projections indicate that Mo-1 give rise to PVM and IMs in human sWAT, whereas Mo-2s
represent an additional transition state between Mo-1s and IMs in obesity. During obesity,
Mo-1 appears to preferentially transition to IMs, whereas PVMs transition to LAMs 206,

ATM subpopulations in BAT

Single cell sorting and transcriptome analyses have also enabled an extensive
characterization of the monocyte and macrophage subpopulations of BAT 211, many

of which seem to be concordant with those identified in WAT. For example, BAT

also contains lipid-associated £p/ and P/in2" subpopulations, as well as M2-like and
matrix macrophages analogous to the LAMs, M2-like, and CMs, of eWAT 211(Table 3).
However, further analyses are required to determine the functional similarities between
these subpopulations across depots. Trajectory analysis of monocyte subpopulations in
BAT indicates that Ly6cMi9" monocytes give rise to LAMSs, which further bifurcates into
terminally differentiated M2-like or matrix macrophages 211.

Dendritic cells

Adipose tissue dendritic cells (ATDCs) have been previously associated with obesity 212,
and single cell/nuclei analyses have now identified immuno-regulatory subpopulations in
mouse and human WAT 1206, Two major subpopulations of conventional DCs (cDC1 and
cDC2) have been found across mouse eWAT and human sWAT. While in humans two further
subclusters of cDC2 (cDC2A and cDC2B) were defined based on specific gene expression
modules (Table 4), mouse ATDCs were further assigned to subclusters based on their
activation state (Ccr7expression) and proliferation markers. In addition, monocyte-derived
DCs (moDCs) were found to be enriched in lean mouse WAT. Interestingly, activated cDCs
were elevated in obesity and failed to regress upon weight loss in mice 1.

Cell Metab. Author manuscript; available in PMC 2024 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maniyadath et al. Page 18

Lymphoid cells

The heterogeneity and plasticity of the lymphoid immune compartment of adipose tissue

is much less understood. Recent studies have indicated that the adipose tissue lymphoid
cells also form subpopulations with some being more responsive to thermogenic cues and
others being more responsive to obesogenic cues. Multiple subpopulations of tissue resident
T (Naive, memory and regulatory) and B lymphocytes were reported in mouse iWAT 40,
eWAT 61 and human sWAT 206, |n addition, subpopulations of effector memory T cells

in the human subcutaneous and omental adipose tissue (CD8*, CCL5 expressing cells),

as well as in mouse eWAT (CD8* TEM) were shown to increase with obesity 61206207,
Furthermore, single-cell analyses of human sWAT-resident immune cells demonstrated
subpopulations of adipose-resident Natural Killer (NK) cells and innate lymphoid cells
(ILCs) 206, Investigation of the developmental trajectories and inflammatory interactome

of the different ILCs identified the ILC3 subpopulation to be positively linked to obesity.
Interestingly, iWAT-resident immune cell subpopulations have been shown to undergo cold-
induced myeloid-to-lymphoid transition 41,

MESOTHELIAL AND ENDOTHEIAL CELL HETEROGENEITY

Intra-abdominal WAT depots in both humans and rodents contain a defined mesothelium
composed of a cobblestone-like monolayer of cells with a mixed mesenchymal/epithelial
expression profile. The primary function of this layer is to provide a protective, non-adhesive
surface within the abdominal cavity 213; however, several additional functions of the
adipose-associated mesothelium have been hypothesized 214, Studies of human WAT suggest
that these cells adopt a pro-inflammatory phenotype in obesity 215,

Lineage tracing studies in mice have suggested a mesothelial cell origin of intra-abdominal
adipocytes 216; however, recent studies utilizing a more specific Cre-driver targeting
epithelial cells (Krt19-Cre) did not find evidence of a mesothelial origin of fat cells. Single
cell/nuclei transcriptomics have offered an unprecedented view of these cells and have
identified distinct mesothelial subpopulations which are largely conserved between mice and
humans and appears to be differentially regulated in obesity 122.207,

Endothelial cells represent another important epithelial cell type within adipose tissues. The
importance of endothelial cells in the regulation of nutrient transport, hormonal signals, and
inflammation is clear; however, the potential heterogeneity of these cells within adipose
tissue is still largely unexplored. Single-cell transcriptomic studies have highlighted the
presence of multiple endothelial subpopulations in mouse and human WAT 122.207.217,
likely representing arteriolar, venular, and lymphatic endothelial cells. One subpopulation
expresses high levels of CD36 and other genes involved in lipid metabolism, possibly
representing “lipid handling” endothelial cells 207. Endothelial cell diversity has also been
studied through scRNA analyses of several other tissues 218219, |ntegrating these data

with single cell transcriptomics data from adipose tissues may help unveil WAT-specific
properties of endothelial cells.
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MECHANISTIC INSIGHTS FROM SINGLE CELL OMICS

Intercellular Communication

Intercellular communication between adipocytes and various cellular constituents of the
adipose microenvironment is critical for adipose tissue homeostasis and the adaptation

to environmental and physiological challenges. The ability to profile adipose tissue
transcriptomes at single cell resolution, combined with emerging computational tools, allows
for prediction of previously unrecognized intercellular signals. Such predictions can be
made based on the expression of known ligand-receptor pairs across different cell types
146,147 This approach was used to predict potential pro-adipogenic ligands acting on
preadipocyte receptors in eWAT 124, and to predict interactions between adipocytes and
adipose progenitors and endothelial cells in both murine and human obesity 122, Similarly,
ligand-receptor expression was used to infer cellular crosstalk within adipose tissue as

well as potential muscle-adipose crosstalk during exercise training 22°. These computational
approaches have huge hypothesis-generating potential; however, experimental studies are
required to further investigate and carefully validate predictions.

Recently, several more concrete examples of intercellular communication have emerged
involving newly identified stromal cell subpopulations in adipose tissue (Figure 5). For
instance, R-spondin2 (RSPQO2), an enhancer of WNT signaling, was identified as a
secretory protein enriched in the aforementioned Areg subpopulation. RSPO?2 targets the
Leucine Rich Repeat Containing G Protein-Coupled Receptor 4 (LGR4) in FAPs to block
their transition to a more committed preadipocyte state 221, Likewise, ScRNA-seq and
follow-up multi-omics analyses of adipose progenitors identified a hypoxia-inducible factor
(HIF)1a-dependent inhibitory signaling mechanism underlying sex and depot differences
in preadipocyte activity in mouse iWAT and gWAT following the onset of HFD feeding
163 Activated HIF1a signaling drives the production and secretion of PDGFs, which act
in an autocrine/paracrine manner to drive a PDGFR-ERK signaling cascade culminating in
inhibitory phosphorylation of PPARy at serine 112 163,

Another emerging theme is the importance of intercellular communication between select
stromal subpopulations and distinct immune cell types. By applying NicheNet to single-
cell transcriptomic data it was proposed that senescent CD9+ macrophages accumulating

in obesity block the adipogenic potential of stromal cells via secreted factors (e.g.,
Osteopontin) 222, The communication between immune cells and adipose progenitors
appears bi-directional. Within the first few days of HFD feeding, e WAT FAPs activate

the expression of notable pro-inflammatory cytokines (e.g., //6, Cc/2) and extracellular
matrix components to a much greater degree than preadipocytes 223, Genetic mouse models
support a critical role for activated FAPs in the development of metabolic adipose tissue
inflammation associated with diet-induced obesity 223, Other sScRNA-seq studies of stromal
cells from eWAT have revealed the selective expression of IL-33 in FAPs of lean adult
mice 166.224 1|_-33 promotes the activity of Tregs, immune cells that are critical to maintain
an anti-inflammatory phenotype in adipose tissue. Inactivation of //33in Pdgfra-expressing
cells (which include FAPS) attenuates Treg accumulation in gonadal adipose tissue 166.224,
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These results indicate that, eWAT FAPs play a role in regulating adipose immune cell
composition under homeostatic conditions.

Within iWAT, FAPs represent the principal source of IL-33 225, Following acute cold
exposure, //33is induced in these cells through activation of B-adrenergic receptor/CREB
signaling 225, In the context of thermogenic remodeling, 1L-33 drives the recruitment and
activation of ILC2s to enhance beige adipocyte accrual 226, Contemporaneous studies
support and extend these observations and show that IL-33 expression is enriched within
the Bst21i9h subset of FAPs, which are suggested to reside in proximity to the lymph node
within iWAT 167 This is a region known to be enriched for beige adipocytes following
cold exposure. Surgical dissection of the iIWAT lymph node attenuated beige adipocyte
accumulation, suggesting that the lymph node might provide key signals that modulate
thermogenic tissue remodeling 167. Taken together, sScRNA-seq studies have highlighted the
important role of crosstalk between adipose progenitors and immune cells in regulating
tissue homeostasis and the adaptation to environmental challenges.

Differentiation Trajectories and Transcriptional Drivers

One of the exciting outcomes of sSnRNA-seq analyses of adipose tissue is the ability to apply
pseudotime trajectory analysis tools to map the different stages of /n vivo adipogenesis.
Using this approach, the adipogenic trajectory from early preadipocytes, late preadipocytes
and transitioning cells to mature adipocytes could be mapped in lean and obese e WAT 124,
The finding that very few transitioning cells can be detected and that late preadipocytes
appear to accumulate at the state just prior to the transition to mature adipocytes suggested
the existence of a metastable state highly sensitive to differentiation cues. Furthermore,
these findings indicate a switch-like mechanism for induction of differentiation. One of the
interesting questions is which are the cues and the drivers that control this switch. Based on
more than two decades of analyses of /n7 vitro adipogenesis, it seems likely that a main driver
of this switch is activation of the master regulator PPAR-y above a certain threshold level.
Projection of differential gene expression on the pseudo time scale revealed the sequential
expression of gene programs during /n7 vivo adipogenesis, including the temporal expression
of transcriptional regulators that are likely to drive activation of adipocyte genes 124, This
type of analyses combined with single cell epigenomic studies will be instrumental for
gaining insight into the transcriptional mechanisms driving cellular transitions, including
adipogenesis, /in vivo.

PERSPECTIVES, CHALLENGES, AND OPPORTUNITIES

The rapid development of single-cell transcriptomics and associated analytical tools has
completely reshaped our understanding of the distinct subpopulations of adipocytes, stromal
cells, and immune cells, that reside in adipose tissues. The discovery of these new cellular
subpopulations has provided new insight into the complex mechanisms by which adipose
tissues adapt and remodel under various conditions depending on age, anatomical location,
and sex. Moving forward it will be important to determine the role of different cellular
subpopulations in defining sex, age, and depot-specific functions of WAT and in regulating
short-term and long-term plasticity including metabolic functions of WAT.
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The identification of subpopulation selective markers has enabled refinements of the
classical strategies to study adipose tissue biology. In particular, the identification of new
cell surface markers of stromal cells has fueled the development of new strategies for

the isolation and functional analysis of distinct subpopulations by FACS. This now allows
investigators to complement classical cell culture studies of primary cells and immortalized
preadipocyte cell lines.

Nevertheless, the growing appreciation for intra-and inter-depot heterogeneity now presents
numerous challenges to investigators in the field and raises important questions. For
instance, do the distinct subpopulations of adipocytes and adipocyte progenitors cells
identified within a given depot represent distinct cellular subtypes with distinct cellular
origins and stable intrinsic properties (e.g., brown adipocytes vs. white adipocytes), or

do these distinct cell subpopulations represent interconvertible “cell states”? Is there even
more heterogeneity than current approaches can delineate? The depth of sequencing for
individual genes within a single cell can limit the sensitivity of defining subtle differences
within cell populations. Furthermore, what is the functional significance of the individual
cellular subpopulations? Addressing the functional importance of cell populations and their
signaling properties /n vivois an enormous challenge given the lack of subpopulation
specific strategies for targeting adipocytes, adipose progenitors, or immune cells. The
development of intersectional-CRE strategies to target cell subpopulations based on the
expression of two defining genes may help gain specificity 227. Moreover, cell type specific
targeting based on cell surface receptors may also constitute a valuable avenue 228,

A major challenge moving forward will be to understand to intercellular crosstalk and

the role of this in shaping cellular subpopulations. The emergence of high-resolution

spatial omics including transcriptomics approaches constitutes an important next step in
understanding cellular subpopulations with their microenvironment. The integration of
spatial omics data with single nucleus transcriptomics and epigenomics data constitutes a
powerful future approach for obtaining detailed insight into the role of intercellular signaling
mechanisms in adipose tissue plasticity.

Finally, as the field moves forward, the ability to integrate datasets gathered from
independent studies will rely on unified nomenclature and accurate metadata that enables
an accounting for these biological variables. The challenges associated with complexity

of adipose tissue can undoubtedly be daunting; however, embracing these challenges may
provide opportunities to unravel the natural cellular and molecular mechanisms that allow
adipose tissue to maintain its plasticity and function, and identify those mechanisms which
are disrupted in obesity. Such efforts may lead to the development of new therapeutic
strategies to shape the health and function of adipose tissue as part of an effort to prevent
and treat metabolic diseases.
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Figure 1: Classical techniques for studying adipose tissue
Conventionally applied microscopy, FACS analyses, genetic lineage tracing, /n vitro

cell culture models, and whole tissue (bulk) omics (genomics/proteomics/metabolomics/
lipidomics) represent classical tools for adipose tissue biologists and have been instrumental
for our current understanding of the morphological, compositional, functional, and
physiological aspects of adipose tissue.
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Figure 2: Deconvoluting adipose tissue through single cell/nucleus technologies
Summary of the current available single cell/nucleus technologies that are already in use, or

can be implemented, to study adipose tissue functional and compositional heterogeneity.
Single cell/nucleus omics based on various cell/nucleus barcoding have been widely
applied for whole adipose tissue as well as the stromal vascular fraction of the tissue.
Emerging spatial transcriptomics technologies include next generation sequencing-based
relying on unique positional barcodes and bioimaging-based approaches rely either on in
situ sequencing or hybridization of fluorescent probes to transcripts.
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Figure 3: White adipocyte heterogeneity
Subpopulations of white adipocytes identified across different studies in mice and humans,

classified based on their gene expression and enriched pathways. The four different
subpopulations identified across different studies in mouse and human WAT are shown.
Abbreviations: LGA, lipogenic adipocyte; LSA, lipid-scavenging adipocyte; SLSA, stressed
lipid-scavenging adipocyte 124, mAd1-6 are the mouse adipocyte subpopulations and
hAd1-7 are the human adipocyte subpopulations defined in 122, AdipotEP, AdipoPN and
AdipoSAA subpopulations were defined by expressing high levels of LER PLIN1/4and
SAALZ  respectively, in 151,
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Figure 4: Immune cell (myeloid lineage) composition of adipose tissue.
Obesity-associated remodeling of the myeloid-cell immune compartment of adipose tissue

in mice and humans. VAMs/PVMs and ncMos are abundant in the lean adipose tissue,
whereas the balance tips towards an enrichment of LAMSs, IMs and Mos during obesity
progression in mice as well as humans. Abbreviations: LAM, lipid associated macrophage;
PVM, perivascular macrophagel?4; IM, inflammatory macrophage 2°¢; Mos, Monocyte
subpopulations Mo1 and Mo2; ncMos, non-canonical monocytes 293,
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Figure 5: Critical insights from single-cell omics analyses.
Single-cell omics has revealed novel insight into /7 vivo adipogenesis, stromal cell-immune

cell crosstalk, and intrinsic regulators of tissue remodeling. Pseudo time analysis of gene
programs revealed distinct gene modules that are early/late repressed, induced or transiently
repressed during the progression of adipogenesis 124, Mesenchymal stromal cells, including
preadipocytes and FAPs, secrete numerous collagens and modifiers of the extracellular
matrix (ECM), thereby contributing to the pathologic tissue fibrosis observed in association
with obesity 163.222 These cells can also secrete angiogenic factors that promote blood
vessel growth/stability 193. Moreover, adipose stromal cells secrete proteins that act in an
autocrine or paracrine manner to stimulate or suppress adipocyte differentiation 163.221

and they also modulate the local immune cell composition through the production of pro-
(e.g. MCP1 and 1L6) 223 and anti-inflammatory factors (e.g. IL-33) 166.224.225 1mportantly,
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macrophages can influence the adipogenic and fibrogenic activity of adipose progenitors
through the production of secreted factors (e.g., Osteopontin) 222,
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Adipocyte subpopulations in white adipose tissue
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Species Gender Depot Subpopulationa Markers Pathways Reference
Mouse males WAT (epididymal) lipogenic adipocyte  Acaca, Acly, triglyceride biosynthesis  Sarvari et al.123
(C57BL/6J) (LGA) Fasn, Dgat1/2
lipid-scavenging Car3, Apoe, triglyceride handling
adipocyte (LSA) Cd36
stressed lipid- Apoe, Cd36, leptin synthesis +
scavenging Hifla, Ddr2 triglyceride handling +
adipocyte (SLSA) stress responses
male + WAT (inguinal + mAd1 Ebf2, Pckl insulin signaling + Emont et al.1?!
female perigonadal) lipid handling +
thermogenesis
mAd2 Sorbs2, Crim1 Ca?* signaling +
organization of cell-
substrate junction
mAd3 Apoe, campkld OxPhos + lipid handling
mAd4 Cacnala, Fgfl, PPAR and leptin
Lep signaling + ECM
remodeling + stress
response signaling
mAd5 Acss2, Prune2, lipogenesis +
Acly triglyceride biosynthesis
mAd6 Mt2, Casp4, Bcl3  stress response +
autophagy
Human men + WAT (subcutaneous  Adipo-EP LEP, DDR2, leptin signaling + ECM Béckdahl et
women + abdominal) TNSI remodeling al 150
AdipoPLIN PLIN1/4, LIPE, lipid biosynthesis and
DGAT1/2 lipolysis
AdipoSAA SAA1/2, MGLL,  retinol metabolism + FA
AGPAT2 handling
men + WAT (subcutaneous  hAd1 AFF3, WDPCP organization of cell- Emont et al 12!
women + abdominal) substrate junction
+ MAPK/Rapl/EGFR
signaling
hAd2 NAVZ FABP4 immune response to
infection + autophagy
hAd3 SAA1, CAV2 triglyceride biosynthesis
+ retinol metabolism
hAd4 GRIA4, leptin signaling + lipid
ANKRD30A handling + synaptic
control
hAd5 ATPIB3, PGAPI insulin signaling +
lipolysis regulation +
HIF1a signaling
hAd6 EBF2, ZNF804A lipolysis + thermogenic
signaling + axon
guidance
hAd7 THSD7B, hormonal secretion +
AGMO Ca?* ion handling

Distinguishing marker genes and pathways enriched in adipocyte subpopulations that have been identified in different depots of white adipose
tissue using sc/snRNA-seq studies across mice and humans. LGA, lipogenic adipocyte; LSA, lipid-scavenging adipocyte; SLSA, stressed lipid-

scavenging adipocyte.123 mAd1-6 are the mouse adipocyte subpopulations and hAd1-7 are the human adipocyte subpopulations defined in Emont
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etal 121 AdipoLEP, AdipoPLlN, and AdiposAA subpopulations were defined by their expression of high levels of LEP, PLIN1/4, and SAA1/2,

respectively. 150

aThe subpopulations that seem to have similar markers and gene programs identified across different studies can be grouped as LGA, mAd1,
AdipoPLIN hAD4; LSA, mAd3/4, AdipoSAA hAd3; SLSA, mAdS5/6, hAd2/5; mAd2, hAd1/7.
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Table 4.
Other myeloid cell subpopulations in adipose tissue
Obesity
correlation
Myeloid cell (—negative/
type Species Gender  Depot Subpopulation Markers +posotive) Reference
Monocytes mouse males WAT (epididymal) Monl Fni, Retnla - Jaitin et
(C57BL/6J) al 201
Mon2 Plac8, Clec4e no correlation
classical Ccr2, Ly6c2 no correlation Cottam et
a|'61
non-classical Ear2, Cx3crl no correlation
BAT (intrascapular)  monocytes Treml4 not reported Silva et
Ly60'°W al.208
monocytes Ly6cit  Plac8 not reported
monocytes Ly6cht  Ly6c2 not reported
human women  WAT ncMos FCGR3A, - Weinstock
(subcutaneous) HES4 et al.?04
Mo-1 FCERIA +
Mo-2 CSF3R, FCAR, +
SELL
Dendritic cells  mouse males WAT (epididymal) cDC1 Clec9a, Xcrl + Cottam et
(C57BL/6J) al.b1
activated cDC1 Clec9a, Xcr2, +
Cer7
cycling cDC1 Clec9a, Xcrl, no correlation
Pclaf, Stmn 1
cDC2 Sirpa, Cd209 -
activated cDC2 Sirpa, Ca210, +
Cer7
cycling cDC2 Sirpa, Cd209, no correlation
Pclaf, Stmn 1
moDCs Ear2 -
human women  WAT cDC1 IRF8, DPP4, + Weinstock
(subcutaneous) CADM1, XCR1 et al.204
cDC2A CDIC, IRF4, +
IL7R, LAMP3
cDC2B CDIC, IRF4, +
FCERIA,
CLECIOA

Subpopulations of adipose tissue monocytes and dendritic cells across white and brown adipose depots in mice and humans, defined by the
expression of specific marker genes. Their association with obesity, wherever reported, is depicted as + (positive correlation), — (negative
correlation), —— (strong negative correlation), or “‘no correlation.”” Mon1/2 and Mo1/2, monocyte subpopulations; ncMos, non-canonical

monocytes; cDCs, conventional dendritic cells.201
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