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The manner in which energy-storing white adipose tissue (WAT) expands and remodels
in obesity is tightly linked to the development of metabolic syndrome. The recruitment of
new fat cells ensures adequate energy storage in WAT and prevents against ectopic lipid
accumulation and is therefore considered as ‘“healthy expansion”. Pathologic WAT
expansion is characterized by chronic tissue inflammation and fibrosis, and is tightly linked
to the development of diabetes.

Our lab previously identified functionally distinct subpopulations of PDGFRB+
perivascular progenitor cells within adult WAT depots that differentially impact tissue

remodeling in obesity. PDGFRb+ APCs contribute to adipocyte hyperplasia associated with
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diet-induced obesity, whereas PDGFRb+ fibro-inflammatory progenitors, or “FIPs,” regulate
collagen deposition and inflammation in pathophysiological settings.

My work aims to understand when and where these distinct cells emerge during the
initial period of WAT development, and how manipulating the fate and function of these
progenitors during the perinatal period can influence metabolism in adulthood. I used single-
cell transcriptomics to unveil the cellular landscape of the perinatal murine epididymal WAT
(eWAT) primordium. I reveal that adipocyte precursor cells (APCs) and fibro-inflammatory
progenitors (FIPs) emerge as functionally distinct PDGFRb+ subpopulations within the
eWAT anlagen prior to adipocyte accrual, at postnatal day 3 (P3). Importantly, I identify
important molecular and functional differences between perinatal and adult FIPs, including
differences in their pro-inflammatory response, adipogenic capacity, and anti-adipogenic
behavior. Additionally, I found that transient overexpression of Pparg in PDGFRB+ cells
only during postnatal day 0.5 to 7.5 leads to hyperplastic WAT development, durable
progenitor cell reprogramming, and protection against pathologic wat remodeling and
glucose intolerance in adult-onset obesity. Thus, factors that alter the adipogenic capacity of
perinatal adipose progenitors can have long-lasting effects on progenitor plasticity, tissue

expandability, and metabolic health into adulthood.
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CHAPTER ONE
INTRODUCTION

(This section contains content from a manuscript in preparation for Cell Metabolism)

The Role of Adipose tissue in the Regulation of Energy Balance

Throughout evolution, organisms have evolved mechanisms for energy storage that
ensure nutrient availability in times of energy deficit. The evolution of fat cells, or
“adipocytes,” in mammals provided a safe compartment for the storage of excess energy in
the form of triglyceride. Placental mammals possess two classes of adipocytes. “White”
adipocytes are characterized by the presence of a single large lipid droplet. These cells have
the capacity to convert glucose and fatty acids to triglyceride in times of nutrient excess.
Adipocytes also can hydrolyze stored lipids to free fatty acids in times to increased energy
demand. “Brown” and “beige” adipocytes represent a distinct class of energy-burning, heat-
producing (or “thermogenic”) fat cells. Thermogenic fat cells are characterized by their
multi-locular fat droplet appearance, high mitochondrial content, and presence of cellular
mechanisms that enable futile energy cycling (e.g. UCP1). These cells likely evolved as a
mechanism to defend against cold environmental temperatures. Importantly, adipose tissue
is an endocrine organ; adipocyte secrete hormones and peptides (“adipokines™) that enable
cross talk with other organs such as the brain, liver, heart, and pancreas (Rosen and
Spiegelman 2014). For example, Leptin is secreted almost exclusively by adipocytes,
generally in proportion to adiposity. This hormone serves as a major regulator of food intake

and promotes energy expenditure through central mechanisms. Animals and humans with
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mutations in either Leptin or the Leptin Receptor are obese (Unger 2005). The initial
discovery of leptin and its role in regulating food intake revealed the ability of adipose tissue
to regulate energy balance in ways other than energy storage. Leptin also acts on peripheral
tissues (muscle, adipose, liver) to regulate glucose and lipid homeostasis. Adiponectin is
another well-characterized adipokine (Scherer, Williams et al. 1995, Hu, Liang et al. 1996).
Adiponectin secretion from adipocytes promotes insulin sensitivity and prevents against
ectopic lipid accumulation in non-adipose tissues. The importance of functional adipose
tissue is highlighted by the condition of lipodystrophy (Mann and Savage 2019).
Lipodystrophy can occur because of failure in the development of adipocytes
(“adipogenesis”) or inability to synthesize triglyceride (lipogenesis). When excess energy is
not stored in adipose due to lipodystrophy, fatty acids will overflow into non-adipose tissues,
including skeletal muscle, heart, pancreas, and liver. This ectopic lipid deposition is
deleterious, as accumulated lipid species (e.g. ceramides and diacylglycerols) can interfere
with insulin signaling pathways and other functions of the tissues (initially termed,
“lipotoxicity” by the late Dr. Unger)(Unger 2005). Therefore, individuals with lipodystrophy
have dys-functional adipocytes and are generally quite thin and develop hepatic steatosis and
severe diabetes. As such, adipocytes are essential. They play a critical role in the regulation
of all aspects of energy balance; functioning as a metabolic sensor that controls energy

storage, energy utilization, and food intake.

The Obesity Pandemic
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Obesity is a disorder of energy balance resulting in the excessive expansion of energy-storing
white adipose tissue. Obesity is diagnosed when body mass index (BMI) exceeds 30 or
higher (Engin 2017). The condition of obesity highlights the tremendous and unique ability
of energy storing white WAT to expand in mass. The expansion of adipose tissue in the face
of overnutrition is a necessary consequence of the increased demand for energy storage
(Cohen and Spiegelman 2016). Nevertheless, the condition of obesity is closely linked to the
development of Metabolic Syndrome: a cluster of chronic conditions including dyslipidemia,
hypertension, and hyperglycemia (Ghaben and Scherer 2019).

Today, obesity is a global epidemic and a major contributor to many leading causes of
death including heart disease, stroke, diabetes, and cancers. Moreover, the condition of
obesity significantly increases risk for severe complications resulting from SARS Co-V2
infection (Stefan, Birkenfeld et al. 2021). According to the CDC, over one-third (~35%) of
adults in the United States are obese. It is predicted that by 2030 nearly 42% of the
population will be obese, with rates above 60% in 12 states (Hales, Carroll et al. 2020).
Strikingly, obesity is not only a concern in adults, but is increasingly evidence in more and
more children and even infants. The rise of childhood obesity has linked hypertension and
type Il diabetes, to earlier and earlier onset ages, which was not thought to be common
(Flynn 2013). More importantly, obese children are likely to stay obese into adulthood
(Gordon-Larsen, The et al. 2010), which results in a longer progression and higher risks of
more severe disease conditions (Bass and Eneli 2015). The estimated medical costs for

treating obesity and associated illnesses is between $147-$210 billion a year.



Adipose Tissue Distribution and the Development of Metabolic Disease

Interestingly, not all individuals with obesity develop metabolic disease. In fact, a large
proportion of individuals with obesity remain insulin sensitive, at least for a period of time
(Kloting, Fasshauer et al. 2010, Smith, Mittendorfer et al. 2019). This suggests that factors
outside of increased BMI per se trigger metabolic disease. Great effort is now placed on
understanding all aspects of adipose tissue biology, including the function of adipocytes, how
adipose tissue expands in obesity, and how expanded adipose tissues in adults can impact
physiology.

Epidemiological studies have focused on elucidating better predictors of metabolic
syndrome in the setting of obesity. These efforts have led to the concepts that WHERE
adipose tissue expands is a key determinant of metabolic health. White adipocytes can be
found throughout the body but is invariably organized into anatomically distinct “depots”. In
general, white adipose depots appear in subcutaneous regions or within the intra-abdominal
area while BAT accumulates in distinct regions (Figure 1). Subcutaneous white adipose
depots in part provide support and cushioning to surrounding organs include orbital fat,
cranial fat, and fat in heel pad (Hepler and Gupta 2017, Cypess 2022). The mostly studied
subcutaneous depot in humans is the gluteofemoral fat depot, whose expansion results of in a
“pear-shaped” body fat distribution (Jensen 2008). On the other hand, preferential expansion
of intrabdominal, or visceral, WAT depots results in an “apple-shaped” body fat distribution.
It is widely appreciated that in obesity, “apple-shaped” fat distribution is closely linked with
metabolic complications, while “pear-shaped” obese individuals appear relatively protected

against the development of insulin resistance, at least for a period of time (termed
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“metabolically healthy”). The exact reasons why body fat distribution impacts disease
susceptibility is still unclear; however, it may be due to location of the depots (e.g. portal
delivery of pro-inflammatory cytokines) or intrinsic properties of subcutaneous vs. visceral
adipocytes. Another important factor in body fat distribution is sex hormone; however, recent
human GWAS studies implicate genetics in the determination of body fat distribution
(Shungin, Winkler et al. 2015, Lotta, Wittemans et al. 2018). A notable finding from the
work of O’Rahilly and colleagues is that those genes linked to body fat distribution and
insulin resistance encode factors controlling adipogenesis and adipocyte function. This
highlights the need to better understand the biology of adipocyte progenitor cells and the
mechanisms controlling their differentiation in anatomically distinct regions.

The expansion of adipose tissue mass is driven by an increased in both adipocyte number
(cellular hyperplasia) and adipocyte size (adipocyte hypertrophy). Adipocytes are post
mitotic; therefore, an increase in adipocyte number is dependent on de novo adipocyte
differentiation from adipocyte precursor cells, or “APCs.” Moreover, WAT expansion in
obesity is accompanied by extensive tissue remodeling, including alterations in immune cell
composition and extracellular matrix reorganization. It is now widely appreciated that the
manner by which adipose expands and remodels is tightly linked to the development of
metabolic syndrome (Sun, Kusminski et al. 2011). Pathologic WAT expansion, associated
with insulin resistance, is characterized the presence of large hypertrophic adipocytes. This
suggests that there is an inadequate level of de novo adipogenesis while the existing
adipocytes enlarge to store more lipid. The prevailing hypothesis is that enlarged adipocytes

eventually become uncapable to store more lipid and lipid subsequently accumulates into
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other organs and tissues such as muscle, liver and heart (Ghaben and Scherer 2019).
Hypertrophic WAT is also linked with tissue hypoxia, inflammation, and fibrosis, which
further accelerate the loss of tissue function. On the other hand, WAT in the “metabolically
healthy” obese exhibits a healthier tissue phenotype, characterized by the presence of smaller
and more numerous adipocytes. It is widely postulated that the recruitment of additional
adipocytes through “adipogenesis” from adipocyte progenitor cells ensures safe energy
storage in adipose, preserves tissue health (less inflammation and fibrosis), and protects
against ectopic lipid deposition (Ghaben and Scherer 2019). As such, the activity of
adipocyte precursor cells in adults in an important determinant of metabolic health in obesity.
Understanding the identity of adipocyte precursor cells and their molecular and functional

properties remains a high priority for the field of adipose tissue biology.

Evolving methodologies to study adipocyte progenitors

Much of our knowledge regarding of the cellular aspects of adipocyte differentiation and
functional properties of mature adipocytes was derived from studies of immortalized
fibroblast cell lines capable of undergoing adipocyte differentiation in vitro and upon
transplantation in vivo. In the 1970’s, Howard Green and colleagues derived clonal sublines
of immortalized Swiss 3T3 mouse embryonic fibroblasts that exhibited potential to
accumulate lipid and adopt an adipocyte-like morphology (Green and Meuth 1974). This
discovery suggested that adipocytes arise from fibroblast-like cells through multiple steps,
including lineage determination (the formation of “preadipocytes”) and then terminal

differentiation (transformation of a preadipocyte into a mature fat cell). One of these
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sublines, termed 3T3-L1 cells, had subsequently become the most widely used model for
study of adipocyte differentiation. 3T3-L1 cells are viewed as being a “committed”
preadipocyte cell line. These cells are morphologically indistinguishable from less- or non-
adipogenic fibroblasts but are highly competent to undergo adipogenesis. Other useful
cellular models were also developed, including preadipogenic OP9 cells (Wolins, Quaynor et
al. 2006) and multi-potential C3H10T1/2 cells (Tang, Otto et al. 2004). In response to a
hormonal/pharmacological cocktail consisting of dexamethasone, iso-butyl-methyl-xanthine,
and insulin (generally referred to as “DMI medium™), 3T3-L1 cells can differentiate into
lipid-laden adipocytes that exhibit a molecular and functional phenotype resembling native
adipocytes. 3T3-L1 cells remain a powerful model for many critical aspects of adipocyte
biology. In fact, the discoveries of many transcription factors controlling adipogenesis,
including the master regulatory protein PPARY, have been identified through analysis in 3T3
cells (Chawla and Lazar 1994, Tontonoz, Hu et al. 1994). Nevertheless, there are notable
limitations to the use of immortalized cells lines. In particular, the relationship between these
cultured preadipocytes and adipose progenitors found in adult and fetal animals in vivo
remains uncertain. Moreover, to what extent 3T3-L1 adipocytes can resemble any of the
anatomically distinct white adipocytes found in vivo remains unclear.

In more recent years, the field has leveraged primary cell cultures of adipose tissue-
derived fibroblasts. Studies from the 1970’s revealed that adherent fibroblast-like cells within
cultures of the adipose stromal vascular fraction (SVF) can be differentiated into mature
adipocytes in vitro using largely the same conditions utilized for immortalized cells

(Poznanski, Waheed et al. 1973, Van, Bayliss et al. 1976, Van Robin and Roncari 1977).
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Cultured stromal cells from human and mouse WAT give rise to adipocytes that molecularly
resemble adipocytes located in their tissue of origin (Tchkonia, Giorgadze et al. 2006,
Macotela, Emanuelli et al. 2012). Notably, these cells can be isolated from genetic mouse
models of interest, enabling critical gain and loss of function studies. Nevertheless, there are
still numerous limitations to the use of cultured SVF cells as a model of adipose precursor
biology. First, it is not clear if only certain subpopulations of adipose precursor cells may be
selected through the culture process, and how these cells may change during the
growth/passage of these cultures. Moreover, the kind of cell types that these precursors
represent in vivo cannot easily be inferred from these culture systems. Importantly, the
abilities of cultured cells to differentiate in vitro do not always reflect their capacity to
differentiate in vivo under different physiological conditions.

In 2013, Scherer and colleagues reported the derivation and use of the “AdipoChaser”
model; a doxycycline-inducible genetic lineage tracing system that enables a precise analysis
of adipocyte turnover in mice and a quantitative measure of de novo adipogenesis occurring
in vivo (Wang, Tao et al. 2013). This study reported the surprising finding that high-fat diet
feeding of mice triggers adipocyte differentiation in a depot-selective manner. In the murine
inguinal WAT depot of C57BL/6 male mice, relatively little de novo adipogenesis occurs
upon high fat diet feeding. This depot expands almost exclusively through cellular
hypertrophy. This is notable since primary SVF cells from this depot have a strong capacity
to differentiate in vitro upon isolation. On the other hand, the expansion of the epididymal
WAT depot in the same mice involves an appreciable degree of de novo adipogenesis.

Interestingly, plastic-adherent SVF cells from this depot are more resistant to undergo
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differentiation in culture. These observations suggested that the plastic-adherent SVF cells
obtained through common isolation protocols do not entirely reflect native progenitor cells
found in vivo and/or the signals that drive or inhibit adipogenesis in vivo are not
recapitulated in a dish.

In 2008, Friedman and colleagues developed a strategy to prospectively purify adipocyte
progenitor cells (APCs) from freshly isolated murine adipose SVF (i.e. before cell culture)
(Rodeheffer, Birsoy et al. 2008). These authors utilized antibodies raised against known
mesenchymal stem cell cell-surface proteins to identify and separate distinct cell populations
within the SVF by fluorescent-activated cell sorting (FACS). Through this approach, they
isolated and characterized two functionally distinct SVF subpopulations with adipogenic
potential. Both populations are devoid of endothelial and hematopoietic markers (CD31 and
CD45, respectively), in support of most lineage tracing studies indicating that most
adipocytes arise from non-endothelial and non-hematopoietic lineages. Instead, both cell
populations were positive for common mesenchymal stem cell markers, SCA1, CD34, and
CD29, but distinguishable by the expression of CD24. Follow-up studies by Rodeheffer and
colleagues indicated that the CD24" APCs represent a proliferative stem cell-like adipose
progenitor population, whereas CD24- APCs appear to represent a more committed
“preadipocyte” population that expresses lineage-selective genes such as Pparg and Cebpa.
Upon transplantation, CD24" APCs give rise to CD24" APCs in route to becoming mature
adipocytes adipocytes (Berry and Rodeheffer 2013). These data were important because they
revealed the existence of hierarchical populations of adipose precursors residing within adult

adipose tissue.
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The FACS-based method to isolate CD24" and CD24" APCs provides a convenient
approach to purify and study adipose precursors from various rodent models, using
commercially available antibodies. Within the following years, multiple cell separation
strategies emerged based on the expression of different cell surface receptors (e.g. platelet
derived growth factor receptor alpha (PDGFRa) (Berry and Rodeheffer 2013). Nevertheless,
one limitation to the approach lies in the inability to visualize these cells in vivo in their
natural environment since the identification of APCs will depend on the use of multiple cell
surface markers. Contemporaneous studies from the Graff lab established a complementary
approach to identifying native adipocyte precursors in their native localization. Tang et al.
postulated that cells within the SVF with the greatest adipogenic potential will be those cells
with the highest expression of Pparg. Indeed, using a genetic reporter system of Pparg
expression, they demonstrated that functional APCs can be isolated on the basis of Pparg
expression and that Pparg-expressing APCs reside within the adipose tissue vasculature as a
subset of perivascular “mural” cells (pericytes and vascular smooth muscle cells)(Tang, Zeve
et al. 2008). In fact, the hypothesis that committed APCs reside within the adipose tissue
vasculature was first suggested many decades ago using microscopy approaches. My
mentor’s postdoctoral studies supported this hypothesis. Using a genetic reporter mouse
strain, Gupta et al discovered that APCs can be isolated based on the expression of Zfp423,
an upstream regulator of Pparg expression in adipogenesis (Gupta, Arany et al. 2010).
Zfp423-expressing cells can also be identified within the adipose tissue vasculature,
appearing as a subset of peri-endothelial mesenchymal cells expressing platelet derived

growth factor receptor beta (PDGFRp). In 2016, the Gupta lab at UTSW extended this
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hypothesis by performing pulse-chase genetic lineage tracing of Pdgfrb-expressing cells in
vivo using (the “MuralChaser” mouse). Vishvanath et al. demonstrated that adipocytes
emerging in the gonadal WAT depots upon high fat diet feeding originate from Pdgfrb-
expressing cells (Shao, Vishvanath et al. 2018). This model thus represents another model
(complementary to the AdipoChaser model) that allows for a quantitative analysis of

adipocyte formation in mice.

Single-ing out adipocyte precursor cells through single-cell RNA sequencing

By 2018, multiple strategies to isolate adipocyte precursor cells existed; however, to
what degree these described populations are overlapping was unclear. Moreover, whether
additional/multiple APC populations exist in adipose tissue was known. Beginning in 2018,
our understanding of the identity, function, and heterogeneity of APCs, had begun to change
drastically due to the emergence of robust single-cell RNA sequencing (scRNA-seq)
technology. Over the past 4 years alone, we have learned a great deal about the functional
and molecular heterogeneity of adipose precursor cells in adult mice and humans. In
particular, it is now clear that exact identity and heterogeneity of adipocyte precursors is both
depot and sex-dependent and varies between mice and humans. Moreover, the previously
described FACS strategies to isolate APCs actually purified heterogeneous pools of cells
containing subpopulations exerting opposing functions. In the following paragraphs, I
summarize the current knowledge of adipose precursor cell heterogeneity in mice. Single-cell
RNA sequencing studies of multiple anatomically distinct adipose tissue depots (both BAT

and WAT) have now been reported. A detailed discussion of each depot is beyond the scope
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of my dissertation work. As such, I focus here on the current knowledge of mesenchymal
stromal cell heterogeneity in the two best-characterized WAT depots in mice as examples:

the subcutaneous inguinal WAT (iWAT) and intra-abdominal epididymal WAT (eWAT).

Adipocyte Progenitor cell Hierarchy in iWAT

The subcutaneous inguinal WAT depot in mice begins to develop in the late stages of
fetal developed (~embryonic day 16.5) with primitive adipocytes emerging in proximity to a
dense vascular network. Most adipocytes are differentiated in this depot by the time of birth,
with lipid-filling occurring in the early postnatal period. As noted above, the SVF of this
depot is a rich source of highly adipogenic fibroblasts. Contemporaneous studies from the
laboratories of Granneman, Wolfrum, Depanke, and Seale, were the first to shed considerable
insight the identity of APCs in this depot through scRNA-seq (Burl, Ramseyer et al. 2018,
Schwalie, Dong et al. 2018, Merrick, Sakers et al. 2019). All three studies support the notion
that adult iWAT harbors hierarchical subpopulations of adipocyte precursor cells that
represent cells at different stages of lineage commitment. One subpopulation represents
multipotent mesenchymal cells with stem cell-like characteristics. These cells have been
referred to by many names, including “P1” (Wolfrum/Deplanke), “Group 1 or “interstitial
progenitor cells” (Seale), and “APC2” (Granneman). In all three studies, in silico cell
trajectory analysis predicted that these multipotent stem cells give rise to a lineage committed
“preadipocyte” population termed as, “P2” (Wolfrum/Deplanke), “Group 2 or “Committed
Preadipocytes” (Seale), and “APC1” (Granneman). Merrick et al. demonstrated that these

multipotent cells can be identified based on DPP4 expression (DPP4+) and localize to the
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interstitial region on the outer edge of the iIWAT depot. The more committed preadipocytes
(DPP4-) are enriched in the expression of Pparg and other lineage-selective genes and appear
in proximity to the adipose vasculature. Functional studies of isolated cell subpopulations
also supported this hypothesis. Both subpopulations exhibit adipogenic capacity in vitro;
however, the committed preadipocytes (Pparg+) have a greater capacity to undergo
adipocyte differentiation. Moreover, upon transplantation into mice, the multipotent cell
subpopulation gives rise to more committed preadipocyte population in the process of
forming adipocytes (Stefkovich, Traynor et al. 2021). These studies confirm and greatly
extend the earlier findings by Rodeheffer that a progenitor cell hierarchy exists in adult
iWAT. Importantly, human adipose tissue harbors stromal cell subpopulations closely
resembling these murine APCs, suggesting that this progenitor cell hierarchy also exists in
adult humans.

Our own work in the Gupta lab corroborates the findings of these scRNA-seq studies.
We demonstrated that two distinct cell subpopulations reside amongst the pool of PDGFR[3+
cells in iWAT (Shao, Hepler et al. 2021). One subpopulation of cells, marked by DPP4
expression (DPP4+ PDGFRf+ cells), is nearly identical to the multipotent progenitor cells
described above. DPP4- PDGFRp+ cells represent the committed preadipocyte fraction,
enriched in the expression of Pparg and highly adipogenic in vitro and in vivo. Importantly,
our analysis of scRNA-seq profiles revealed insight into the mechanisms restraining the
ability of these subcutaneous adipose precursor cells to differentiate in vivo upon high fat

diet feeding. We discovered that high fat diet feeding induces PPARy S112 phosphorylation

in PDGFRB+ cells of the iWAT depot; this inhibitory phosphorylation event occurs to a
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lower degree in eWAT progenitors, which retain adipogenesis capacity in vivo. We
determined that this inhibitory PPARY S112 phosphorylation is driven by HIF1a signaling,
which drives APCs to adopt a fibrogenic, rather than adipogenic, phenotype. Remarkably,
doxycycline-inducible inhibition of HIFla signaling in Pdgfrb-expressing adipose
progenitors of mice unlocks the adipogenic activity of iWAT APCs and promotes a

metabolically healthy hyperplastic expansion of iWAT in obese mice.

Non-adipogenic roles of adipocyte precursor cells subpopulations in iWAT

Our group’s expression analysis of these distinct PDGFRB+ APC subpopulation
identified an important non-adipogenic role for DPP4+ APCs in the context of cold-induced
thermogenic remodeling (i.e. “browning”) of iWAT. We observed that inguinal DPP4+
APCs, but not DPP4- APCs, exhibit a robust transcriptional response to acute cold challenge
(Shan, Shao et al. 2021). This transcriptional response of DPP4+ APCs includes B-adrenergic
receptor/CREB-dependent upregulation in the expression and secretion of the pro-
thermogenic cytokine, IL33. scRNA-seq revealed that DPP4+ APCs represent the principal
source of IL33 in iWAT. IL33 functions, at least in part, to promote eosinophil accumulation
and the subsequent secretion of eosinophil-derived met-enkephalin peptides which promote
beige adipocyte accumulation (Brestoff, Kim et al. 2015). Doxycyline-inducible deletion of
1133 in Pdgfrb-expressing cells strongly diminished cold-induced beige cell recruitment.
Collectively, these data reveal that distinct subpoulations in iWAT respond to adrenergic
signaling events and couple adrenergic signaling to immune cell activity under physiological

conditions.
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Anti-adipogenic regulatory cells in iWAT
One of the most interesting and surprising findings from scRNA-seq studies is the
presence of anti-adipogenic regulatory cells. The study by Schwalie et. al. defined a
previously unrecognized population of iWAT stromal cells that exert an anti-adipogenic
effect on APCs in vitro and upon transplantation in vivo. These adipogenesis-regulatory cells,
termed “Aregs,” inhibit adipogenesis through the production of secreted molecules. In a
recent follow-up study, Dong et al searched for the identity of anti-adipogenic secreted
factors, with a focus on genes that encoded for secreted proteins and were selectively
expressed in Aregs vs. adipocytes and other progenitor cell subpopulations (Dong, Sun et al.
2022). This analysis led to the identification of Rspo2 as an Areg-enriched secretory protein.
Notably, co-culture assays indicate that the full anti-adipogenic effect of Aregs is dependent
on Rspo2. Rspo2 encodes R-spondin 2, a modulator of the WNT signaling pathway, a well-
known suppressor of adipogenesis. Dong et al. revealed that R-spondin 2 targets the LGR4
receptor to exert an anti-adipogenic effect. Moreover, the study indicates that R-spondin 2
selectively inhibits the stem cell to committed preadipocyte transition, and thus commitment
of multi-potent cells to the adipocyte lineage. Importantly, cells bearing the signature genes
of Aregs are present in human WAT; however, the importance of these cells in controlling
adipose tissue hyperplasia under physiological conditions still needs to be evaluated further.
The Sul laboratory also identified a unique population of regulatory stromal cells
(Nguyen, Lin et al. 2021). Nguyen et al. compared the scRNA-seq profiles of stromal

vascular cells of inguinal WAT from young and aging mice. They identified an aging-
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asssociated subpopulation that is distinct from the aforementioned APC populations
described above and termed these cells, “Aging-dependent regulatory cells” (ARCs, CD36"
LGALS3"). ARCs raised in numbers during aging in mice; this occurred only in the iWAT
depot. ARCs could secrete CCL6 and other cytokines to inhibit the differentiation and
proliferation of neighboring adipocyte precursors. The emergence of these cells may
contribute, at least in part, to the well-known known age-related reduction of subcutaneous

adipose tissue mass and plasticity observed in human aging.

Distinct adipogenic and fibroinflammatory progenitor cells in adult eWAT

When 1 first started in the laboratory, I helped a senior graduate student, Chelsea
Hepler, complete her work that reported the discovery of functionally distinct adipogenic and
fibroinflammatory progenitors in murine eWAT. eWAT was the initial focus of the lab’s
work since this depot expands through adipocyte hyperplasia. Using scRNA-seq analysis, she
discovered three molecularly distinct PDGFRB+ subpopulations in eWAT, now termed
“adipocyte precursor cells” (APCs), “fibro-inflammatory progenitors” (FIPs), and
“mesothelial-like cells” (MLCs) (Hepler, Shan et al. 2018). APCs, defined as LY6C- CD9-
PDGFRp+ cells, are enriched in the expression of Pparg and differentiate robustly in vitro in
presence of growth media supplemented with insulin. These cells are highly committed to the
adipocyte lineage; the differentiation of these cells does not require the full adipogenic
cocktail (“DMI”) used in studies of 3T3-L1 differentiation. Transplantation of APCs led to

the formation of an ectopic fat depot in a mouse model of lipodystrophy (Adiponectin-Cre;
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Pparg®?°*") On the other hand, FIPs from adult mice were refractory to pro-adipogenic
stimuli, both in vitro and in vivo. MLCs represent a small subset of mesothelial cells that
express both epithelial and mesenchymal markers. To date, the function of these cells is
unclear; however, we have observed that these cells do not differentiate into adipocytes under
any of the conditions we have examined. Interestingly, FIPs are not only “non-adipogenic.”
These cells exhibit an anti-adipogenic phenotype in which FIPs can inhibit the differentiation
of APCs in vitro through the production of secreted factors. In this regard, FIPs are
functionally similar to Aregs found in the iWAT depot; however, the gene expression profile
of eWAT FIPs strongly differs from that of Aregs. Moreover, FIPs are enriched in the
expression of genes associated with extracellular matrix remodeling and pro-inflammatory
signaling. Upon HFD feeding, the expression of this fibroinflammatory gene expression
profile increased in FIPs, to a much greater degree than observed in APCs. As such, our
findings revealed the presence of functionally distinct adipogenic and fibro-inflammatory
progenitor subpopulations that reside within the broader pool of PDGFR+ perivascular cells

of adult eWAT.

Over the past three years, I have contributed to multiple projects that determined the
functional significance of FIPs and APCs in obesity. The study from Shan et al. determined
that the pro-inflammatory phenotype of FIPs is activated immediately (1-3 days) upon HFD
feeding and drives macrophage accumulation in adipose tissue (Shan, Shao et al. 2020).
Inducible disruption of 7/r4 in Pdgfrb-expressing cells blocked the induction of this pro-

inflammatory gene program in FIPs and diminished the overall degree of macrophage
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accumulation in eWAT by 50%. These data indicate that FIPs are a stromal cell

subpopulation that mediates activation of metabolic inflammation in obesity.

Our data align closely with scRNA-seq studies from other laboratories (Burl,
Ramseyer et al. 2018, Spallanzani, Zemmour et al. 2019, Sarvari, Van Hauwaert et al. 2021).
Shortly after our 2018 publication, the Mathis and Artis labs independently reported their
own scRNA-seq analyses of eWAT, confirming the presence of molecularly distinct
adipogenic and fibroinflammatory cell populations in this depot. Both groups note the
selective expression of IL-33 in FIPs of lean adult mice. IL-33 regulates the activity of Tregs,
immune cells that are critical to maintain an “anti-inflammatory” phenotype in adipose tissue
under homeostatic conditions. As such, FIPs do not only play a pathogenic role but also play

a role under homeostatic conditions.

When joining the Gupta laboratory, I became very interested in the heterogeneity of
adipose precursor cells. Given my interest in developmental biology, I decided to address the
following unresolved questions: When does the adipose precursor cell heterogeneity emerge
during development? Do we have these distinct precursor populations from the time of birth?
Do the properties of these cells change during life? What happens if the activity of these
cells is altered early in life rather than in adulthood. In the chapters ahead, I describe my

studies (currently under revision for Nature Metabolism) that aim to address these questions.



Figure 1. Human Adipose-Tissue Depots (Cypess 2022)
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CHAPTER TWO

Distinct Functional Properties of Perinatal Versus Adult Adipose
Progenitor Subpopulations

(This section contains content from a manuscript in revision at Nature Metabolism)

SUMMARY

Adult white adipose tissue (WAT) harbors distinct mesenchymal stromal cell
subpopulations that differentially impact WAT function and plasticity. Here, we use single-
cell transcriptomics to unveil the cellular landscape of the perinatal murine epididymal WAT
(eWAT) primordium. We reveal that adipocyte precursor cells (APCs) and fibro-
inflammatory progenitors (FIPs) emerge as functionally distinct PDGFR[+ subpopulations
within the eWAT anlagen prior to adipocyte accrual, at postnatal day 3 (P3). Importantly, we
identify important molecular and functional differences between perinatal and adult FIPs,
including differences in their pro-inflammatory response, adipogenic capacity, and anti-
adipogenic behavior. These data reveal the complex changes that occur in adipose progenitor

cell function over the course of tissue development.

20
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INTRODUCTION

White adipocytes are specialized lipid-storing cells that evolved as a safe and efficient
compartment for long term energy storage in the form of triglyceride. These cells can appear
throughout the body but are generally organized into distinct tissues, or “depots,” with
remarkable cellular heterogeneity. In fact, adipocytes comprise of only 30-60% of the
cellular components in the tissue (Roh, Tsai et al. 2017). Under homeostatic conditions, the
non-parenchymal fraction of adipose tissue (termed “stromal-vascular fraction) consists of a
vast array of cell types, including immune cells, endothelial cells, mural cells, and fibroblast-
like subpopulations. WAT expansion in the setting of obesity involves qualitative and
quantitative changes in cellular composition of the tissue, including a shift from an anti-
inflammatory phenotype to a low grade chronic pro-inflammatory state, alterations in
adipocyte number and size, and extracellular matrix remodeling (Hepler and Gupta 2017,
Ghaben and Scherer 2019). Activity within the adipose tissue microenvironment is critical as
these various cell types interact with adipocytes to coordinate local and systemic adaptations
to changing environmental and physiological conditions. The emergence of single-cell RNA-
sequencing (scRNA-seq) has greatly facilitated the derivation of several cellular atlases of
the mouse and human adipose tissue microenvironment (Corvera 2021). Of particular interest
has been the murine perigonadal WAT depot. The perigonadal WAT depot of male mice
(epididymal WAT, or “eWAT”) is a well characterized site of immune cell residence,
adipose progenitor heterogeneity, and robust tissue remodeling and expansion in obesity. As
such, the eWAT depot of mice offers a model for many aspects of adipose tissue remodeling

observed in human obesity.
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Multiple groups have utilized scRNA-seq to unveil functionally distinct APC
subpopulations in eWAT of adult mice (Burl, Ramseyer et al. 2018, Hepler, Shan et al. 2018,
Spallanzani, Zemmour et al. 2019). Our own efforts have focused on two functionally
distinct fibro-inflammatory and adipogenic PDGFR-expressing cell subpopulations within
adult eWAT (Hepler, Shan et al. 2018, Shan, Shao et al. 2020). The LY6C- CD9- PDGFRf+
subpopulation in eWAT represents functional APCs. These cells are enriched in the
expression of Pparg, encoding the “master regulator” of adipocyte differentiation, and
possess robust adipogenic capacity both in vitro and in vivo (Hepler, Shan et al. 2018). De
novo differentiation from PDGFRb+ APCs drives adipocyte recruitment in the setting of
diet-induced obesity and ensures healthy tissue remodeling and proper lipid storage in WAT
(Shao, Vishvanath et al. 2018, Vishvanath and Gupta 2019, Shao, Hepler et al. 2021). In

contrast, LY6C+ PDGFR[+ cells represent fibro-inflammatory precursors, or “FIPs.” FIPs

exert strong pro-inflammatory, fibrogenic, and anti-adipogenic phenotypes (Hepler, Shan et
al. 2018). These cells are activated upon high-fat diet (HFD) feeding and play an important
role in controlling pro-inflammatory macrophage accrual and tissue collagen deposition
associated with obesity (Shan, Shao et al. 2020, Joffin, Paschoal et al. 2021, Shao, Hepler et
al. 2021).

There is now considerable consensus that the APC pool in adult WAT is molecularly
heterogeneous (Rondini and Granneman 2020); however, it is unclear when functionally
distinct adipose progenitor subpopulations emerge during development, where they are
localized, and if/how their molecular and functional properties change over time. Here, we

combined scRNA-seq, in silico cell trajectory analysis, and functional analyses in cells and
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genetic mouse models to define the developmental origin of murine eWAT and the unique
functional properties of perinatal adipose progenitor subpopulations. My results highlight the
emergence of functionally distinct progenitor cell subpopulations prior to the formation of
parenchymal adipocytes and reveal important molecular and functional differences between

perinatal and adult progenitor cell subpopulations.
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RESULTS

Progenitor cell heterogeneity emerges at the onset of eWAT development.

Murine eWAT develops shortly after birth. The accumulation of lipid-laden epididymal
adipocytes becomes readily apparent by approximately postnatal (P) day 7 (P7) (Han, Lee et
al. 2011, Wang, Tao et al. 2013). I visualized the eWAT anlagen by histological analysis of
transverse sections of the lower abdominal/inguinal region of newborn C57BL/6 mice at PO,
P3, and P7 (Fig. 1a). At PO, the presumptive eWAT depot appears as an evagination of the
caput epididymis. By P3, the eWAT anlagen appears as a thin, translucent structure
surrounded by a continuous mesothelial layer expressing Mesothelin (MSLN+). At P7,
unilocular PLIN1+ adipocytes are readily apparent within a distinct depot that is
encapsulated by the surrounding mesothelium.

In adult mice, de novo differentiation of epididymal adipocytes originates from PDGFRJ3

+ mesenchymal cells (Vishvanath, MacPherson et al. 2016). I asked whether the initial
perinatal development of epididymal adipocytes involves differentiation from Pdgfrb-
expressing cells present within the observed perinatal eWAT primordium. First, I utilized
our previously developed genetic lineage tracing system that enables labeling and fate-
mapping of Pdgfrb-expressing cells. In WAT, Pdgfrb expression is found in mural cells
(pericytes and vascular smooth muscle cells) and adventitial fibroblasts, but not differentiated
adipocytes. This doxycycline-inducible “MuralChaser” model consists of the Pdgfib™
transgene, TRE-Cre transgene, and the CRE-dependent Rosa26R™™S membrane-bound

GFP reporter (mGFP) allele (Fig. 1b) (Vishvanath, MacPherson et al. 2016). Newborn
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MuralChaser pups were exposed to doxycycline at their time of birth (P0.5) through
postpartum feeding of lactating mothers with doxycycline-containing chow diet (DOX-
Chow). This enables permanent mGFP labeling of Pdgfrb-expressing cells in MuralChaser
mice at the earliest stages of perinatal eWAT development. Upon tissue harvest at P28, I
observed widespread labeling of lipid-laden adipocytes with mGFP (Fig. 1c¢). These data
provide evidence that epididymal adipocytes develop from perinatal Pdgfrb-expressing cells.
I utilized single-cell RNA-Seq (scRNA-Seq) analysis to reveal the overall cellular
landscape of the eWAT primordium and identified putative adipose progenitor
subpopulations. Our earliest time point of analysis was P3, which was the earliest stage in
which discernible eWAT could be reliably dissected. I also profiled the stromal-vascular
fraction (SVF) of P7 eWAT, a stage when adipocytes are first readily apparent, as well as
adult (P35) eWAT SVF. An integrated analysis of the three datasets identified the presence
of endothelial cells, immune cells, mesenchymal stromal cells, epithelial (mesothelial) cells,
and committed preadipocytes, across each stage of tissue development (Extended Data Fig.
la-c). Upon further sub-clustering, I observed the vast array of immune cells that are known
to reside within adult perigonadal WAT, including T cells, B cells, neutrophils, dendritic
cells, and two main subtypes of macrophages (Perivascular macrophages and non-
perivascular macrophages) (Fig. 2a). Remarkably, many of these hematopoietic lineage cells
were present at the onset of eWAT development. Sub-clustering of the mesenchymal stromal
cells (PDGFRa/B+) revealed the presence of distinct cell subpopulations in P3 and P7 eWAT
that cluster together with those previously identified in adult eWAT. This includes cell types

bearing the previously described molecular markers of adult APCs (e.g Agt, Apoe, Fndc5;
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Cluster 9) and FIPs (e.g., Ly6cl, Efhdl, Mfap5, Fnl; Cluster 1). Our analysis also identified
smooth muscle cells (“SMCs”, Cluster 10) as well as a small population of mesothelial-like
cells (“MLCs”; Cluster 17) expressing a mixed mesenchymal/epithelial phenotype and are
distinct from the large cluster of classical mesothelial cells (Fig. 2a, b). Across all time
points, I also observed a distinct cluster of cells expressing adipocyte lineage-selective
transcripts, including Pparg, Fabp4, and low levels of Adipog (Extended Data Figure 1c¢ and
Extended Data Figure 2a, b). Notably, expression of Pparg and Fabp4 increases over time
within this cell cluster, suggesting that these cells likely represent committed preadipocytes
and/or immature adipocytes.

I developed a strategy to quantify and isolate these distinct perinatal PDGFRB+
subpopulations using FACS (Extended Data Fig. 3a, b). Perinatal APCs and FIPs both reside
amongst the PDGFRB+ CD9- fraction of CD45- CD31- (Lin-) eWAT SVF cells and can be
distinguished from one another based on LY6C expression (Perinatal FIPs= PDGFRp+
LY6C+; Perinatal APCs= PDGFRB+ CD9- LY6C-). SMCs and MLCs are enriched in the
PDGFRB+ CD9+ fraction of Lin- SVF cells and can be distinguished by the expression of
DPP4 (Perinatal SMCs= PDGFRB+ CD9+ DPP4-; Perinatal MLCs= PDGFRB+ CD9+
DPP4+). At P7, APCs were the most abundant PDGFR 3+ subpopulation, followed by FIPs
(Extended Data Fig. 4a). This differs from adult mice, where FIPs outnumber APCs in lean
and obese eWAT (Hepler, Shan et al. 2018, Shan, Shao et al. 2020). Gene expression
analysis of subpopulation-selective genes confirmed that the sorting strategy indeed enriched

for the appropriate cell population (Extended Data Fig. 3c). I performed global bulk-RNA
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sequencing to confirm that APCs, FIPs, MLCs, and SMCs, represent molecularly distinct
subclusters of cells and to better define their molecular profiles. P7 cell subpopulations were
isolated by FACS and lysed immediately for RNA extraction and library production.
Principal component analysis and sample clustering based on global transcriptomes
confirmed that these four subpopulations within perinatal eWAT are molecularly distinct,
with APCs and FIPs bearing more resemblance to one another than to SMCs and MLCs
(Extended Data Fig. 4b-d). I utilized Gene Set Enrichment Analysis to identify gene
signatures that distinguish perinatal APCs and FIPs. Much like their adult counterparts,
perinatal APCs are enriched in a gene signature of “adipogenesis,” whereas FIPs are enriched
in gene signatures reflecting heightened pro-inflammatory signaling (Extended Data Fig. 5a).
All together, these data establish that the molecular heterogeneity of adipose progenitors

observed in adult mice emerges at the onset of eWAT development.

Peri-endothelial PDGFRB+ LY6C- CD9- cells are the highly adipogenic subpopulation
within perinatal eWAT.

In adult mice, the LY6C- CD9- fraction of PDGFR+ cells (termed APCs) represent the
highly adipogenic subpopulation within the eWAT SVF, whereas adult LY6C+ fraction of
PDGFR+ cells (termed FIPs) lack adipogenic potential even in the presence of strong pro-
adipogenic stimuli (e.g. PPARY agonism) (Hepler, Shan et al. 2018). In silico cell trajectory
analysis based on the single-cell transcriptomes predicted a direct developmental relationship
between APCs and committed preadipocytes and suggested that APCs may be the only direct

source of committed preadipocytes amongst these populations (Fig. 3a). I explored the
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adipogenic capacity of perinatal APCs and FIPs directly by testing the ability of these
subpopulations to undergo adipocyte differentiation in vitro and in vivo. I isolated and
maintained these PDGFR+ subpopulations in growth medium containing 2% FBS and 1%
ITS (insulin, transferrin, selenium). These represent culture conditions that I previously
established for growth and differentiation of adult eWAT PDGFRB+ cells (Vishvanath,
MacPherson et al. 2016, Hepler, Shan et al. 2018). Under these conditions, perinatal LY 6C-
CD9- PDGFR+ cells (APCs) underwent adipocyte differentiation at a high efficiency within
6 days of reaching confluence (Day 6 after confluence) (Fig. 3b, ¢). Even by the time that
APCs reach confluence (Day 0), the expression of several adipocyte-selective transcripts can
be readily detected (Fig. 3c). On the contrary, very few adipocytes emerged within cultures
of perinatal FIPs or MLCs, indicating that APCs are the subpopulation most committed to the
adipocyte lineage (Fig. 3b, c).

I also tested the abilities of these perinatal progenitor subpopulations to undergo
differentiation in response to the more commonly used hormonal adipogenic cocktail
(dexamethasone, IBMX, and insulin) with the addition of the PPARYy agonist, Rosiglitazone.
Under these very strong pro-adipogenic conditions both perinatal APCs and FIPs can
undergo differentiation with high efficiency, whereas only occasional lipid-laden adipocytes
were present in cultures of MLCs (Fig. 3b, c). The latent adipogenic potential of P7 FIPs is
remarkably different from the potential of adult FIPs, which are largely refractory upon the
same strong adipogenic stimuli. I also evaluated the ability of P7 APCs and FIPs to undergo
adipocyte differentiation upon transplantation into the remnant subcutaneous WAT depots of

loxP/loxP

Adipog-Cre; Pparg animals, a well-described model of lipodystrophy (Wang, Mullican
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et al. 2013). Three weeks following cell transplantation, the WAT depot of Adipog-Cre;

Pp argloxP/loxP

mice injected with P7 APCs contain numerous clusters of lipid-laden fat cells
(Fig. 3d). The contralateral depots of the same animals injected with P7 FIPs, or matrigel
alone, remained devoid of mature adipocytes. Collectively, these data indicate that perinatal
APCs represent the highly adipogenic subpopulation of the developing eWAT. Importantly,
these data also highlight the difference between perinatal FIPs and adult FIPs in their lineage
plasticity.

In adult eWAT, committed preadipocytes and APCs reside within small blood vessels
where they take on the appearance of PDGFRB+ mural cells (pericytes or vascular smooth
muscle) (Tang, Zeve et al. 2008, Gupta, Mepani et al. 2012). I performed indirect
immunofluorescence assays to assess the localization of APCs and FIPs in perinatal eWAT.
I utilized a commercially available antibody recognizing AGT (angiotensinogen), whose
expression is selective to APCs (Figure 2b, Extended Data Figure 4d). I identified FIPs on
the basis of EFHD1 (EF-hand domain family D1) protein expression. In P7 eWAT, AGT
expression was readily detected within blood vessels, specifically within peri-endothelial
cells resembling mural cells (Fig. 4a). The expression of EFHD1 was found in both
perivascular cells and cells resembling interstitial fibroblasts (Fig. 4b). Moreover, I observed
the occasional EHFDI+ in association with the tissue mesothelium (Fig. 4c). These
histological data provide evidence that perinatal eWAT APCs reside in the vasculature as

peri-endothelial cells; however, FIPs at this stage appear more broadly distributed within the

tissue.
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Perinatal FIPs are less anti-adipogenic and pro-inflammatory than adult FIPs.

A notable feature of adult FIPs is their capacity to block adipocyte differentiation
from APCs through the production of paracrine factors. Given the difference between
perinatal and adult FIPs in their abilities to undergo differentiation under strong adipogenic
conditions, I asked whether these two populations also differed in their anti-adipogenic
potential. As previously reported, adult APCs exposed to conditioned media from adult FIPs
fail to undergo adipogenesis (Fig. 5a) (Hepler, Shan et al. 2018). On the other hand, adult
APCs exposed to conditioned media from parallel cultures of APCs maintain their
adipogenic potential (Fig. 5a). Remarkably, APCs exposed to conditioned media from
perinatal FIPs also maintain nearly their full adipogenic potential (Fig. 5a). This indicates
that perinatal FIPs are not anti-adipogenic, in contrast to their adult counterparts.

Another notable feature of adult FIPs is their ability to exert a pro-inflammatory
phenotype in response to pro-inflammatory stimuli (Shan, Shao et al. 2020). GSEA indicated
that perinatal FIPs are enriched in gene signatures reflecting heightened pro-inflammatory
signaling when compared to perinatal APCs. I observed that cultured perinatal FIPs indeed
exhibit a stronger pro-inflammatory gene expression response to LPS treatment than
perinatal APCs (Extended Data Fig. 5b). Nevertheless, cross comparison of these data to the
published data on adult FIPs and APCs caused us to speculate that the response of perinatal
FIPs to pro-inflammatory stimuli may not be as robust as observed in adulthood. I examined
the pro-inflammatory responses of perinatal vs adult FIPs more closely by first comparing
their transcriptional response to LPS in vitro. Upon LPS stimulation, levels of several key

pro-inflammatory cytokines were elevated to a greater degree in adult FIPs when compared
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to P7 FIPs (Fig. 5b). Similar results were observed when cells were instead treated with
TNFa (Extended Data Fig. 5c¢).

The NF«kB signaling cascade is a classical signaling pathway that integrates both
TNFa and LPS signaling. I previously demonstrated that adult FIPs differed from adult APCs
in their transcriptional response to genetic NF«B activation (Shan, Shao et al. 2020). Thus, I
asked whether the differential gene expression response of adult FIPs and perinatal FIPs to
pro-inflammatory signals reflects an intrinsic difference in their potential to respond to NFxB
activation. I utilized our previously described “Pdgfib-Ikk2“*” model in which the addition
of doxycycline results in expression of a constitutively active form of IKK2 (IKK2¢%), an
activator of NFxB, in PDGFRB+ cells (Fig. 5c¢) (Shan, Shao et al. 2020). Following the
addition of Dox in vitro, the induction in mRNA levels of all of the pro-inflammatory genes
examined were 2-3 fold greater in adult FIPs than in perinatal FIPs (Fig. 5d). Taken together,
data provide evidence that perinatal FIPs are less anti-adipogenic and less pro-inflammatory

than adult FIPs.
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DISSCUSION

The development of scRNA-seq has enabled rapid progress in unraveling the
molecular heterogeneity and complexity of the adipose tissue microenvironment. One key
question that arises from these studies is whether cell subpopulations of interest emerge
during the initial development of the tissue, or instead, emerge and adopt their unique
phenotypes in adulthood. Here, I demonstrate that APCs and FIPs emerge at the earliest
stages of murine eWAT development. Their presence within the eWAT primordium at P3
provides evidence that these distinct cell subpopulations emerge even prior to formation of
lipid-laden adipocytes. The scRNA-seq data provide evidence of global transcriptomic
similarities between perinatal and adult adipose progenitors; however, our functional studies
reveal important differences that can be observed upon isolation of the cells. Most notably,
perinatal FIPs lack the anti-adipogenic phenotype exhibited by adult FIPs. It is tempting to
speculate that such a change in phenotype over time may be advantageous, at least for
periods of time. The lack of anti-adipogenic signals in the early postnatal period may help
enhance adipocyte differentiation during this key period of WAT development. In adults, the
presence of such anti-adipogenic signals may help maintain APCs in a quiescent state under
homeostatic conditions. Recent independent studies have highlighted the impact of aging on
progenitor activity and the age-dependent accumulation of anti-adipogenic cells in
subcutaneous WAT (Berry, Jiang et al. 2017, Wang, Ishibashi et al. 2019, Gao, Daquinag et
al. 2020, Kodani and Tseng 2021, Nguyen, Lin et al. 2021). In aging, the imbalance between
anti-adipogenic and pro-adipogenic signals may contribute to progenitor exhaustion and an

inability to maintain WAT plasticity.
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Our work here also sheds insight into the cellular origin of adipocytes during tissue
development. The exact origin of adipocytes and the timing of their emergence varies with
depot(Wang, Tao et al. 2013, Sebo and Rodeheffer 2019). Murine epididymal adipocytes
differentiate during the early postnatal period. This stands in contrast to inguinal white
adipocytes and classical brown adipocytes which emerge during the late stages of fetal
development. Over the past few years, the prevailing view has been that epididymal
adipocytes originate, at least in part, from a mesothelial cell origin (Chau, Bandiera et al.
2014, Gupta and Gupta 2015). This hypothesis is attractive given the presence of mesothelial
cells in intra-abdominal, but not subcutaneous, WAT depots. Our lineage tracing, SCRNA-seq
analyses, and functional analyses, point to mesenchymal PDGFRB+ cells as precursors to
epididymal adipocytes during the early postnatal period. Given the limitations of all
approaches utilized, further studies will be needed to understand the complexity of eWAT
development and the inductive signals that initiate tissue development during the perinatal

period.
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MATERIALS AND METHODS

Animals and diets

All animal experiments were performed according to procedures approved by the
UTSW Animal Care and Use Committee. MuralChaser mice were derived from breeding
Pdgfrb"™ (JAX 028570), TRE-Cre (JAX 006234), and Rosa26R™"™S (JAX 007676) mice as
previously described (Vishvanath, MacPherson et al. 2016). Pdgfib-Ikk2“* mice were
derived through intercrosses of Pdgfib"™, TRE-Cre, and Rosa26R™%*CA (JAX008242) as

loxP/loxP

previously described (Shan, Shao et al. 2020). Lipodystrophic Adiponectin-Cre; Pparg
animals were derived by crossing Adiponectin-Cre mice (JAX 028020) and Pparg'®?/loxP
(JAX 004584) animals and were previously described (Wang, Mullican et al. 2013).
C57BL/6 wildtype mice were obtained from Charles River Laboratories. Postnatal day 0.5, 3,
and 7 (P0.5, P3, P7), 4-6 weeks old male mice were used in this study.

Mice were maintained on a 12 hr light/dark cycle in a temperature-controlled
environment (22°C) and given free access to water and diets as indicated in the manuscript.

Diet utilized include, standard rodent chow diet, or doxycyline-containing chow diet (Dox-

Chow, 600 mg/kg doxycycline, Bio-Serv, S4107).

Histological analysis
Transverse cuts through the mid-thoracic to lower abdominal/inguinal region of PO, P3
and P7 pups were fixed in 4% paraformaldehyde for 24h and maintained in 50% ethanol

solution. Paraffin embedding, perinatal tissue sectioning and H&E staining was performed by
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the Molecular Pathology Core Facility at UTSW. Brightfield and fluorescent images were
acquired using a Keyence BZ-X710 microscope. Indirect immunofluorescence was
performed as previously described (Vishvanath, MacPherson et al. 2016). Primary antibodies
used for immunofluorescence include: guinea pig anti-PERILIPIN 1:1000 (Fitzgerald #20R-
PP004), rabbit anti-MESOTHELIN 1:1000 (LSBio #LS-C407883), rabbit anti-MAC-2 1:500
(Cedarlane #CL8942AP), rabbit anti-EFHD1 1:100 (Sigma #SAB3500392), mouse anti
EFHD1 1:100 (Abnova #HO00080303-M05), mouse anti-AGT 1:100 (Santa Cruz
Biotechnology #sc-374511), rat anti-ENDOMUCIN 1:100 (Santa Cruz Biotechnology #sc-

65495).

Gene expression analysis by qPCR

RNA was isolated using RNAqueous-Micro Total RNA Isolation Kit (Thermo Fisher
Scientific). cDNA was synthesized using M-MLV Reverse Transcriptase (Invitrogen) and
Random Primers (Invitrogen). Relative mRNA levels were determined by quantitative PCR
using SYBR Green PCR Master Mix (Applied Biosystems). Values were normalized to

tAA

Rpsi8 levels using the 2-Ct®® method. Unpaired Student’s t-test was used to evaluate

statistical significance. All primer sequences are listed within Supplementary Table 1.

Isolation of adipose SVF and flow cytometry
Adipose tissue from five P3 or P7 pups or one 6-8 weeks old male mouse were
combined and minced with scissors in a 1.5 mL tube containing 100ul of digestion buffer

(1X HBSS, 1.5% BSA, and 1 mg/mL collagenase D) and then transferred to a 50 mL Falcon
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tube containing 5 mL digestion buffer. The mixture was incubated in a 37°C shaking water
bath for 30 mins or 1h. The solution of digested tissue was passed through a 100 [Im cell
strainer, diluted to 30 mL with 2% FBS/PBS, and centrifuged at 500 x g for 5 min. The
supernatant was aspirated, and cells were washed once with 2% FBS/PBS and resuspended in
blocking buffer (2% FBS/PBS containing anti-mouse CD16/CD32 Fc Block (1:200)).
Primary antibodies were added to the cells in blocking buffer for 15 mins at 4°C in the dark.
After incubation, the cells were washed once with 2% FBS/PBS and resuspended in 200 []
of 2% FBS/PBS for sorting. Cells were sorted for collection into 100% FBS using a BD
Biosciences FACSAria cytometer (UTSW Flow Cytometry Core Facility). Flow cytometry
plots were generated using FlowJo.

Primary antibodies and the working concentrations were as follows: CD45—
PerCP/Cyanine 5.5 1:400 (Biolegend, clone 30-F11, no. 103132), CD31-PerCP/Cyanine 5.5
1:400 (Biolegend, clone 390, no. 102420), PDGFRB-PE 1:75 (Biolegend, clone APBS, no.
136006), LY6C-APC/Cyanine7 1:400 (Biolegend, clone HK1.4, no. 128026), CD9-FITC
1:400 (Biolegend, clone MZ3, no. 124808), CD26(DPP4)-APC 1:400 (Biolegend, clone

H194-112, #137807).

Isolation of adipose tissue associated mesothelial cells

eWAT associated mesothelial cells were isolated using a protocol previously described
(Darimont, Avanti et al. 2008). Dissected eWAT depots from P7 mice were placed in 10 mL
of 0.25% trypsin for 20 min at 37°C with continuous end over end rotation. The entire

solution was passed through a 400 um cell strainer to remove adipose tissue. Flow-through
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cells were then centrifuged at 600 x g for 5 min. Cell pellets were then resuspended in
appropriate solution for RNA-seq analysis or cell culture. For cell culture assays, cell pellets
were resuspended in 2% ITS growth media [2% FBS in 60% pH7-7.4 low glucose DMEM,
40% pH 7.25 MCDB201 (Sigma M6770), 1% ITS premix (BD Bioscience 354352), 0.1 mM
L-ascorbic acid-2- 2phosphate (Sigma A8960-5G), 10 ng/mL FGF basic (R and D Systems
3139-FB-025/CF), Pen/Strep, and gentamicin] and plated in a 12-well collagen-coated plate.

The cells were incubated at 37°C in 10 CO2 and the media was replaced daily.

Single-cell RNA-sequencing and analysis

eWAT SVF from P3 or P7 male pups or 5 weeks old male mice were isolated and
digested as described above and used immediately for single-cell RNA library preparation
using the 10X Genomics Single Cell 3’ v3 kit according to the manufacturer’s instructions
and as previously described (Hepler, Shan et al. 2018). Sequencing was performed by the
McDermott Center Next Generation Sequencing Core in UTSW. Cell Ranger software
(v3.1.0) was used to perform demultiplexing, aligning reads, filtering, clustering, and gene
expression analyses, using default parameters. GRCh38 was used as the genome reference
for reads alignment and aggregation.Further analysis, including clustering, dimensionality
reduction and differential gene expression analysis, was performed using Seurat (Hao, Hao et
al. 2021). Cells with less than 200 genes and more than 6500 (P3), 5000 (P7) and 5500
(Adult) genes detected were removed. Genes expressed less than 3 cells were removed. Cells
with percentage of mitochondrial gene expression greater than 20% and those with

percentage of ribosome gene expression less than 5% were also removed. The final input
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data for Seurat after the quality control and filtering were composed of 23320 cells for P3,
18585 cells for P7 and 11769 for adults. Data from different developmental stages were
integrated using SCTransform (Hafemeister and Satija 2019). Cell clusters were then
identified for the integrated data using the top 30 dimensions from the principal component
analysis (PCA) at the resolution of 1. Cluster marker genes were identified using
“FindAllMarkers” function in Seurat. Differential gene expression analysis between
developmental stages or cell types was done using "FindMarkers" function in Seurat. Cell
types were annotated manually using cell type specific marker genes collected from the
literature (citations maybe). Clusters with ambiguous or unknown annotation were removed,
resulting in 11553 cells for P3, 14538 cells for P7 and 10442 cells for adults. Trajectory
analysis was performed for APC, FIP, SMLC, MLC, and committed preadipocytes using
Slingshot (v1.8.0) (Street, Risso et al. 2018). All Single-cell mRNA-seq data have been

deposit to GEO (Accession number: GSE180987).

Bulk mRNA-sequencing and analysis

RNA was isolated using RNAqueous-Micro Total RNA Isolation Kit (Thermo Fisher
Scientific). mRNA libraries were prepared using the NEB Poly(A) mRNA Magnetic
Isolation Module (NEB #E7490) and NEBNext Ultra II RNA Library Prep Kit for Illumina
(NEB #E7770). Indices used were from NEBNext Multiplex Oligos for Illumina (NEB
#7335, E7500, E7710). Sequencing was performed by the McDermott Center Next

Generation Sequencing Core in UTSW. FASTQ files were aligned by HISAT2 and
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differential gene expression was determined using DEseq2. All Bulk mRNA-seq data have

been deposit to GEO (Accession number: GSE181245).

Cell culture and cellular assays

Sorted PDGFRB+ sub-populations cells were plated at a density of 4 x 10* cells/ well in
a 48-well plate or 2 x 10* cells/ well in a 96-well plate containing 2% ITS growth media
[consisting of 60% low-glucose DMEM, 40% MCDB-201 medium, 2% FBS, 1% ITS premix
(Insulin—Transferrin—Selenium) (BD Biosciences, no. 354352), 0.1 mM l-ascorbic acid-2-
2phosphate (Sigma, no. A8960-5G), 10 ng ml-1 FGF basic (R&D systems, no.3139-FB-
025/CF), penicillin—streptomycin and gentamicin] and incubated at 37°C in 10% COsx.

For in vitro adipocyte differentiation assay, cells were grown to confluence in 2% ITS
growth media and switched to induction media (growth media supplemented with 1 mM
dexamethasone, 0.5 mM isobutylmethyxanthine, £1 mM rosiglitazone) for 48 hrs. After 48
hrs., cultures were maintained in 2% ITS growth media. Media were changed every two days
until harvesting.

For conditioned media assay, donor cells and recipient cells were derived simultaneously
using FACS and plated in separate plates. Media from equally confluent cultures of APCs,
FIPs, P7 APCs, P7 FIPs was harvested and placed onto APCs or P7 APCs beginning 48 hrs.
after initial plating in a 1:1 ratio with 2% FBS in ITS media. Cells were harvested at the
indicated time points for RNA expression analysis. Images were obtained using a Leica
DMIL LED microscope and a Leica DFC3000g camera. For LPS treatment, cells were

grown to confluence and starved overnight with serum-free ITS medium. Cells were then
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treated with 100ng/ml LPS or PBS for 2 hrs. prior to harvest. For TNFa treatment, cells were
grown to confluence and starved overnight with serum-free ITS medium. Cells were then
treated with 20ng/ml TNFa or PBS, for 2 hrs. prior to harvest. For in vitro /kk2“! expression,
cells were grown to confluence and then serum starved starved overnight in serum-free ITS

medium. Cells were then treated with 5 uM Doxcycline or PBS for 8 hrs prior to harvest.

QOil red O staining

Cells were pre-fixed in 4% PFA for 15 min at room temperature and then washed twice with
ddH20. Following 1 hour of additional fixation, cells were rinsed with ddH2O six times and
then incubated in Oil Red O working solution (2 g Oil red O in 60% isopropanol) for 10
minures. Stained cells were then washed three times with ddH20O and then bright field

images were acquired using Keyence BZ-X710 Microscope.

Cell transplantation assays

0.8~1 x 10° cells (P7 APCs or P7 FIPs) collected by FACS were suspended in 100 mL
transplantation media (50% Matrigel in PBS, supplemented with 2 ng/mL FGF) and injected
subcutaneously into the remnant inguinal WAT region of 3-month-old lipodystrophic mice
(Adiponectin-Cre; Pparg®?'*"). Three weeks later, the remnant inguinal WAT depots were

harvested for histological analysis.
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Statistical analysis
Statistical methods were not used to predetermine sample size. The experiments were not
randomized, and the investigators were not blinded. All data were expressed as the mean
+SEM. GraphPad Prism 9.1.2 (GraphPad Software, Inc., La Jolla, CA, USA) were used to
perform the statistical analyses. For comparisons between two independent groups, unpaired
Student’s t-test was used and p<0.05 was considered statistically significant. All statistical
analyses were performed using Microsoft Excel or GraphPad Prism 9.1.2 (GraphPad
Software). All statistical information, including P values, samples sizes and repetitions, are

provided in the Source Data associated with each figure.
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FIGURE LEGENDS
Figure 1. Postnatal emergence of epididymal WAT from the Pdgfirb lineage.

a) Histological analysis of perinatal eWAT development. Top two rows: representative H&E
staining of transverse sections of the lower abdominal region of mice at postnatal (P) day 0
(PO), day 3 (P3), and day 7 (P7). First row H&E images are captured at 4x magnification.
Second row H&E images are 10x magnifications of the dotted-lined boxes shown in the top
row. Bottom two rows: indirect immunofluorescence (IF) assay of PLIN1 (Green) and
MSLN (Red) expression within the presumptive eWAT at PO, P3, and P7. First row IF
images are captured at 10x magnification. Second row IF images are 20x magnifications of
the dotted-lined boxes shown directly above. EP = epididymis, T = testis, iWAT =

subcutaneous inguinal WAT.

b) Genetic alleles of the “MuralChaser” lineage tracing system. In the presence of
doxycycline (Dox), rtTA activates Cre expression in Pdgfrb-expressing cells. CRE excises
the loxP-flanked membrane tdTomato cassette and allows constitutive activation of
membrane GFP (mGFP) reporter expression in Pdgfrb-expressing cells and cells

subsequently descending from this lineage.

¢) Representative whole mount 63x confocal image of direct GFP and tdTomato expression
in P28 eWAT of Control (Cre-) or “MuralChaser” mice. Lactating mice were administrated

Dox-containing chow diet from PO to P28.
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Figure 2. Cellular heterogeneity of perinatal and adult eWAT.

a) UMAP analyses of transcriptional profiles of eWAT stromal-vascular cells harvested at P3

(n= 11553 cells), P7 (n= 14538 cells) and 5-weeks old (adult) (n= 10442 cells).

b) Heatmap depicting expression of 10 selected signature genes for PDGFRI]+ sub-
populations: APCs (cluster 9), FIPs (cluster 1), MLCs (cluster 17) and SMCs (cluster 10).

Scaled by cluster mean expression and normalized by z-score.
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Figure 3. PDGFRp+ LY6C- CD9- cells are the highly adipogenic subpopulation within
perinatal eWAT.

a) Cell lineage trajectory analysis using Slingshot. Committed preadipocytes (Preads), APCs,
FIPs, MLCs and SMCs from merged datasets were subclustered as input for Slingshot,
indicated by panels “Cell Origin” and “Cell Type”. Committed Preads was specified as the
end state, and either APCs (“APCs as origin”) or FIPs (“FIPs as origin”) was set as the root

for pseudotime analysis.

b) Representative 10x magnification brightfield images of P7 APCs, P7 FIPs, Adult (5 weeks
old) FIPs, and P7 MLCs, 6 days following the induction of in vitro adipocyte differentiation.

Cultures are stained with oil red-O to visualize lipid accumulation.

c) mRNA levels of adipocyte-selective genes in P7 APCS and P7 FIPs at confluence (Day 0)
or 6 days following the induction of in vitro adipocyte differentiation (Day 6). Bars represent

+ SEM. * denotes p<0.05 by student t-test, ** denotes p<0.01, *** denotes p<0.001.

d) Representative 10x magnification image of H&E stained sections of the remnant inguinal

loxP/loxP

WAT depot from lipodystrophic Adipog-Cre, Pparg
of either matrigel (vehicle control), 100,000 P7 APCs or 100,000 P7 FIPs.

mice 3 weeks after transplantion

Exact p values and numbers of repetitions can be found in Supplementary Table 2.
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Figure 4. Localization of APCs and FIPs in P7 eWAT.

a) Representative 63x magnification confocal image of CD31, ANGIOTENSINOGEN
(AGT), and PERILIPIN (PLIN) in P7 eWAT sections. Nuclei were counterstained with
DAPL

b) Representative 63x magnification confocal image of ENDOMUCIN (EMCN), EFHDI1,
and PLIN, in P7 eWAT sections. Nuclei were counterstained with DAPI.

c) Representative 63x magnification confocal image of MESOTHELIN (MSLN), EFHDI,
and PLIN, in P7 eWAT sections. Nuclei were counterstained with DAPI.
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Figure 5. Perinatal FIPs are less anti-adipogenic and pro-inflammatory than adult FIPs.

a) Representative 10x brightfield images of adult (5 weeks-old) APCs after 8 days of culture
in conditioned media from parallel cultures of adult APCs, adult FIPs and P7 FIPs. Cultures

are stained with oil red-O to visualize lipid accumulation.

b) mRNA levels of indicated proinflammatory genes in P7 FIPs and adult (5 weeks-old) FIPs
treated with PBS or LPS (100ng/ml) for 2 hours. n=3 for each group. Bars represent = SEM.
* denotes p<0.05 by student t-test, ** denotes p<0.01, *** denotes p<0.001.

¢) Scheme of Pdgfib-Ikk2“* mice. Derived by breeding Pdgfib'"™ transgenic mice to animals
expressing Cre recombinase under the control of the tetracycline-response element (TRE-Cre)
and carrying the Rosa26RIkk2““ allele. Littermates carrying only Pdgfib"™ and
Rosa26R™CA alleles were used as the control animals. The addition of doxycycline leads to
activation of the Rosa26RIkk2" allele and constitutively active (CA) IKK2 in Pdgfib-

expressing cells which leads to activation of NF-kB signaling.

d) mRNA levels of indicated proinflammatory genes in cultured P7 FIPs and adult (5 weeks-
old) FIPs 24 hours the addition of doxycycline (1pg/ml). n=3 for each group. Bars represent
+ SEM. * denotes p<0.05 by student t-test, ** denotes p<0.01, *** denotes p<0.001.

Exact p values and numbers of repetitions can be found in Supplementary Table 2.
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Extended Data Figure 1. Cellular composition of developing e WAT

a) Cell clusters of merged transcriptional profiles of eWAT stromal-vascular cells harvested
at P3 (n= 11553), P7 (n= 14538) and Adult (5-weeks old, n= 10442). Unsupervised
clustering identifies distinct lineages corresponding to mesenchymal stromal cells (MSC),

mesothelial cells, immune cells, endothelial cells, and committed preadipocytes (Preads).
b) Cell clusters from a at each developmental stage.
c) Expression of selected signature genes defining each cell cluster depicted in a and b.

Exact p values and numbers of repetitions can be found in Supplementary Table 2.
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Extended Data Figure 2. Expression of preadipocyte markers in perinatal PDGFRO+
subpopulations and committed preadipocytes.

a) Pparg expression in Pdgfrb+ sub-populations and committed preadipocytes.
b) Fabp4 expression in Pdgfrb+ sub-populations and committed preadipocytes.
c) DIkl expression in Pdgfrb+ sub-populations and committed preadipocytes.

d) Wil expression in Pdgfrb+ sub-populations and committed preadipocytes.
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Extended Data Figure 3. FACS strategy for the isolation of perinatal eWAT Pdgfrb+

sub-populations.
a) Expression of marker genes used for FACS in the single cell clusters.

b) Gating strategy for isolating P7 Pdgfrb+ sub-populations. After live cell and singlet
selection, CD31-Cd45- (Lin-) PDGFRB+ cells are selected. Pdgfrb+ sub-populations can
then be separated based on LY6C, CD9, and DPP4, expression.

c¢) Validation of the sorting strategy: qPCR analysis of the expression of genes identified by
scRNA-seq as markers of P7 Pdgfrb+ sub-populations. n=3 for each group.

Exact p values and numbers of repetitions can be found in Supplementary Table 2.
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Extended Data Figure 4. Bulk-mRNA-seq reveals distinct global transcriptomes of P7
eWAT PDGFRp+ subpopulations.

a) Bar graph depicting the relative frequency of individual PDGFRf+ subpopulations
amongst total eWAT PDGFRp+ cells based on flow cytometry analysis. n=8 for each group.

b) Principal component analysis (PCA) of global transcriptomes obtained by bulk-mRNA-

seq analysis.
c) Sample clustering based on global transcriptomes obtained by bulk-mRNA-seq analysis.

d) Heatmap depicting the expression of top 10 signature genes defining each P7 PDGFR+

sub-populations. Expression normalized by z-score.
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Extended Data Figure 5. Pro-inflammatory responses of P7 FIPS.

a) GSEA reveals gene signatures/pathways differentially expressed between P7 APCs and P7
FIPS. Pathways of statistical significance (Pval < 0.05) are shown. NES = Normalized

Enrichment Score.

b) mRNA levels of indicated proinflammatory genes in cultured P7 APCs and P7 FIPs
treated with PBS or LPS (100ng/ml) for 2 hours. n=3 for each group. Bars represent = SEM.
* denotes p<0.05 by student t-test, ** denotes p<0.01, *** denotes p<0.001.

c) mRNA levels of indicated proinflammatory genes in P7 FIPs and adult (5 weeks-old) FIPs
treated with PBS or TNF[ ] (20ng/ml) for 2 hours. n=3 for each group. Bars represent + SEM.
* denotes p<0.05 by student t-test, ** denotes p<0.01, *** denotes p<0.001.

Exact p values and numbers of repetitions can be found in Supplementary Table 2.
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Gene Forward (5’ -3°) Reverse (5’ -3°)
Adipog AGATGGCACTCCTGGAGAGAA TTCTCCAGGCTCTCCTTTCCT
Crd CTACATGGCTTCCGTGCAAGT AGTCGTCATCCGTCACTCCAT
Fabp4 GATGAAATCACCGCAGACGAC ATTCCACCACCAGCTTGTCAC
Cel2 CCACAACCACCTCAAGCACTTC AAGGCATCACAGTCCGAGTCAC
Col3al ATTCTGCCACCCCGAACTCAA ACAGTCATGGGGCTGGCATTT
Cxcll CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC
Cxcll0 CTCAGGCTCGTCAGTTCTAAGT CCCTTGGGAAGATGGTGGTTAA
Cxcl2 ACTAGCTACATCCCACCCACAC GCACACTCCTTCCATGAAAGCC
Icaml GTGATGCTCAGGTATCCATCCA CACAGTTCTCAAAGCACAGCG
Veaml AGTTGGGGATTCGGTTGTTCT CCCCTCATTCCTTACCACCC
16 AAGCCAGAGTCCTTCAGAGAGA ACTCCTTCTGTGACTCCAGCTT
Pparg? GCATGGTGCCTTCGCTGA TGGCATCTCTGTGTCAACCATG
Pparg™ TCAGGCAGATCGTCACAGAG TTTGCCCCTCCATATAACA
Rpsi8 CATGCAAACCCACGACAGTA CCTCACGCAGCTTGTTGTCTA
Acta?2 TGACGCTGAAGTATCCGATAGA GTACGTCCAGAGGCATAGAGG
Tgfbi TTTAGGAAGGACCTGGGTTGG TGTTGGTTGTAGAGGGCAAGG
Hifla GTCCCAGCTACGAAGTTACAGC CAGTGCAGGATACACAAGGTTT
Tnfa CCTGTAGCCCACGTCGTAG GGGAGTAGACAAGGTACAACCC
Lox TCGCTACACAGGACATCATGC ATGTCCAAACACCAGGTACGG
Mmpll CCGGAGAGTCACCGTCATC GCAGGACTAGGGACCCAATG
Mmpl4 ACCCACACACAACGCTCAC GCCTGTCACTTGTAAACCATAGA
Timpl CTTGGTTCCCTGGCGTACTC ACCTGATCCGTCCACAAACAG
Agt GTTCTGGGCAAAACTCAGTGC GAGGCTCTGCTGCTCATCATT
Apoe CTCCCAAGTCACACAAGAACTG CCAGCTCCTTTTTGTAAGCCTTT
Fndc5 TTGCCATCTCTCAGCAGAAGA GGCCTGCACATGGACGATA

Ly6c

ACTGTGCCTGCAACCTTGTCT

GGCCACAAGAAGAATGAGCAC
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Lims2 GCGGATTCTGTGGTGAATTTGT CTGGCAGATGAATTTGCCCA
Mfap5 TCAACGCGGAGATGATGTGC TCAGCCAGAGCTGTATCGTCT
Fmo2 AGCATCTACCGCTCTGTCATT CAGGAGTTTAGAGTTGTGCAGG
Fxdy6 GTGCAAGTGCAGTTTCAATCAG GCGTTTGTAGTGATGAGGTTCT
Mslin CTTGGGTGGATACCACGTCTG GTCCCCGGAGTGTAATGTTCT
Upk3b GCTTGGCCAACTTAACCTCCT TGCTGCGTTCTCTGAAGTCTG

Krt8

GAATGGCCACTGAAGTCCTTG

AGTTCCCTGCACTCTGCCATA
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Supplemental Table 2: Statistical data (exact p values and sample/cohort sizes for each

dataset in the study).
Statistical EX([))fer’fl’lnn;Ieli
Figure N(sample size) | test was Description p-value
method Performed
Day 0: P7 APCs vs
P7 FIPs 2.16716E-06
Day 6 Insulin only:
Pparg? P7 APCs vs P7 | 0.000717546
FIPs
. Day 6 DMI + Rosi:
FDIE;’YS) noz'3; g; P7 APCs vs P7] 0.602732433
APCs) n=3 FIPs
Day 0: P7 APCs vs 1.68761E-05
P7 FIPs )
Day 6 Insulin only:
Fabp4 P7 APCs vs P7 | 8.44799E-05
FIPs
Day 6 DMI + Rosi:
Unpaired 3 P7 APCs vs P7 | 0.01538233
Figure two-tailed independent FIPs
3b Day 6 Insulin | Student’s tlr) 1 Day 0: P7 APCs vs 0.000254745
only: (P7 FIPs) |  ttest 1ais P7 FIPs :
n=3; (P7 APCs) Day 6 Insulin only:
n=3 Adivo P7 APCs vs P7 | 0.000183963
Pod | FIPs
Day 6 DMI + Rosi:
P7 APCs vs P7 | 0.250503785
FIPs
Day 0: P7 APCs vs
P7 FIPs 4.03364E-05
Day 6 DMI Day 6 Insulin only:
+ Rosi: (P7 i P7 APCs vs P7] 0.000341353
FIPs) n=3; (P7 FIPs
APCs) n=3 Day 6 DMI + Rosi:
P7 APCs vs P7 | 0.168505852
FIPs
Cel2 0.00029766
LPS (PTFIRS) ' Cxell 9.03455E-05
. LPS ( Adult | Dnpaired 2
Figure ‘L W two-tailed | . Cxcl2 LPS: P7 FIPs vs | 0.002111
5b FIPs) n=3; Student’s mdep.erlldem Adult FIPs
;7161)1181)0116:3;( P7 | test TS Cxelto 0.011274
;’I‘“iflsl)"f:;;‘*duh 116 0.000810
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Icaml 0.000326
Ccl2 0.002426135
Pdgfrb-
Tkk2C4( P7 Cxcll 0.000287902
FIPs) n=3;
Pdgfrb- Unpaired 5
Figure Tkk2¢A( Adult | two-tailed indenendent Cxcl2 Pdgfib-1kk2A: P7 | 0.001072
5d FIPs) n=3; Student’s P FIPs vs Adult FIPs
Control ( P7 | ttest trials
FIPs) n=3: Cxcll0 0.036203
Control ( Adult
FIPs) n=3; 116 0.042594
Icaml 0.040140
Agt P7 APC P7
_ s Vs
P7APCs n=3 Apoe FIPS/SMCS/MLCs
Fndc5
Ly6e P7 FIP P7
_ : s Vs
Extended | P7 FIPs n=3 3 Lims2 | ApCs/SMCs/MLCs
Data . Mfap5
. independent
2 trials | A¢102 P7 SMC P7
2¢c _ S Vs
P7 SMCs n=3 Fmo2 | ApCs/FIPS/MLCs
Fxyd6
Msln P7 SMLC P7
B S Vs
P7MLCs n=3 Upk3b | ApCs/FIPS/SMCs
Krt8
Extended | P7 APCs 3 Frequency
Data P7 FIPs ind dent of
Figure | P7 SMCs mn ifizrlls it | PDGFRb+
3a P7 MLCs cells
Control APCs Adipog 0.250928256
Extended | (POXPO.S-PT.5)
Date | n=4 3 Cfd Dox P0.5-P7.5: | 0269367455
ata .
Fi independent Control vs
1eure trials PpargTG
4b Pparg™ APCs parg
(DoxP0.5-P7.5) Cebpa 0.904338906

n=4
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Figure 1
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Figure 3
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Figure 4
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Figure 5
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Extended Data Figure 1

Adult

P3
[T cellType
Pdgfrb

Pdgfra
MsIn

Ptprc

Pecaml

Adipoq

15
1

0.5
0
-0.5
-1
1.5

P7
[T cellType

Pdgfrb
Pdgfra

MslIn

Ptprc

Pecaml

Adipoq

15
1

05
0
0.5
-1
15

Adult

[T cellType
Pdgfrb

Pdgfra

Msin

Ptprc

Pecaml

Adipoq

15 CellType
: Committed_Preads

1 Endothelial_cells

05 Immune_cells
Mesothelial_cells

0 MSC

-0.5

-1

-1.5



Expression level

Expression level

63

Extended Data Figure 2
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Extended Data Figure 3
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Extended Data Figure 4
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Extended Data Figure 5
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CHAPTER THREE

Transient Perinatal Manipulation in Pdgfrp+ Cells Have Long-Term

Consequences on Progenitor Cell Plasticity

(This section contains content from a manuscript in revision at Nature Metabolism)

SUMMARY

The observed differences in the functional properties of adult vs. perinatal PDGFR[3+
progenitor subpopulations prompted us to ask whether increasing the adipogenic capacity of
PDGFRp+ precursors specifically during the perinatal period would impact adipose tissue
development and expandability in adulthood. We found that transient overexpression of
Pparg in PDGFRB+ cells only during postnatal day 0.5 to 7.5 leads to hyperplastic WAT
development, durable progenitor cell reprogramming, and protection against pathologic
WAT remodeling and glucose intolerance in adult-onset obesity. Thus, factors that alter the
adipogenic capacity of perinatal adipose progenitors can have long-lasting effects on

progenitor plasticity, tissue expandability, and metabolic health into adulthood.
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INTRODUCTION

The prevailing hypothesis in the field is that the recruitment of adipocytes from
adipose progenitors in the setting of caloric excess is a protective mechanism to ensure safe
energy storage in expanding adipose tissue. As proof of concept, we previously induced
adipocyte hyperplasia in mice undergoing high fat diet feeding by inducing overexpressing
the master regulator of adipogenesis, Pparg, in PDGFRB+ cells. These Pparg transgenic
mice (Pparg'®) mice had improved insulin sensitivity, and their adipose tissues were less
fibrotic and less inflamed (Shao, Vishvanath et al. 2018). This study highlighted the
protective role of adipogenesis against pathologic adipose adipose tissue remodeling in
obesity and revealed the significant contribution of PDGFR+ progenitors during the process.
In the previous chapter, we showed conclusively the unique functional properties of
perinatal adipose progenitor subpopulations in murine eWAT. Specifically, we revealed
important molecular and functional differences between postnatal day 7 (P7) and adult
progenitor cell subpopulations. With this novel knowledge, we utilized the well-established
Pparg overexpression genetic model and demonstrated that transient perinatal exposure to
pro-adipogenic stimuli can exert long-lasting effects on progenitor plasticity and tissue

cellularity into adulthood.
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RESULTS

Perinatal Pparg overexpression in PDGFRp+ cells have long-term consequences on

progenitor cell plasticity.

We previously described a model in which the adipogenic capacity of PDGFRB+
progenitors can be increased through Dox-inducible overexpression of Pparg. (Pdgfrb™™;
TRE-Pparg, herein “Pparg'®” mice) (Fig. 1a) (Shao, Vishvanath et al. 2018). Inducing
PPARY overexpression in adult Pparg'® mice at the onset of high fat diet (HFD) led to a
doubling of the amount of de novo adipogenesis that normally occurs in the gonadal WAT
depot in association with HFD feeding (Shao, Vishvanath et al. 2018). This observed
increase in de novo adipogenesis was associated with healthy WAT remodeling; eWAT
accumulated smaller and more numerous fat cells, relatively fewer pro-inflammatory
macrophages, and maintained local insulin sensitivity. Importantly, inducible PPARy
overexpression in adult PDGFRB+ precursors was not sufficient to drive de novo
adipogenesis in adult chow-fed mice (Shao, Vishvanath et al. 2018).

The observed differences in the functional properties of adult vs. perinatal PDGFR 3+
progenitor subpopulations prompted us to ask whether increasing the adipogenic capacity of
PDGFR+ precursors specifically during the perinatal period would impact adipose tissue
development and expandability in adulthood. Newborn littermate Control (carrying
Pdgfrb"™ only) and Pparg™ pups were transiently exposed to doxycycline from P0.5 to

P7.5 through postpartum feeding of lactating mothers with DOX-Chow. After P7.5, lactating
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mice were switched back to standard chow diet without Dox until the time of weaning and
harvesting (P28) (Fig. 1b). I confirmed by gene expression analysis that the Pparg transgene
mRNA levels were induced to comparable levels in both APCs and FIPs following seven
days of perinatal Dox exposure (Fig. 1c). Importantly, by P28 (3 weeks after Dox washout),
transgene expression was turned off with mRNA levels returning to baseline levels. I did not
observe any effect of transient perinatal Pparg overexpression in PDGFRB+ cells on P28
body weights (Fig. 1d). Moreover, the frequency of eWAT APCs and FIPs at P28 was also
not impacted by perinatal Pparg overexpression (Fig. 1e). I isolated APCs and FIPs from
eWAT depots of both P28 Control and Pparg'®mice to test their differentiation potential in
vitro. APCs from Control and Pparg'® mice underwent differentiation to a similar degree
(Extended Data Figure 1a,b); however, transient Pparg overexpression only between P0.5-
P.7.5 had a striking and durable pro-adipogenic impact on the differentiation capacity of FIPs
(Fig. 1f,g). P28 FIPs from Pparg'® mice underwent adipocyte differentiation to a much
greater extent than Control P28 FIPs upon induction. Histological analysis of P28 eWAT
sections revealed the presence of smaller and more numerous adipocytes (Fig. 1h,i). To
investigate whether the presence of smaller adipocytes is a matter of beiging, I put 5-weeks
old Control and Pparg"® mice in 6°C for one week (Extended Data Figure 1c) and found no
significant elevation of thermogenesis genes especially Ucpl(Extended Data Figure 1d), and
no significant amount of emerging beige adipocytes in eWAT(Extended Data Figure 1d).
Taken together, my data indicate a hyperplastic eWAT development in response to transient

Pparg overexpression during the first week of life.
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I also asked whether transient Pparg overexpression in PDGFRB+ cells at a later

stage of life can exert the same long-lasting effects. 1 weaned Control and Pparg'® mice at
P21 and placed them directly on a Dox-chow diet for one week (P21-P28) (Fig. 1b). This is a
period considered to represent murine adolescence (Holtrup, Church et al. 2017). Three
weeks after Dox diet was removed (P49), body weights of Pparg™ mice were
indistinguishable from Controls (Fig. 1d). Moreover, transient expression of Pparg did not
impact the frequency of APCs and FIPs or the adipogenic capacity of FIPs (Fig. le-g).
Histological analysis of eWAT sections revealed that transient Pparg overexpression from
P21-P28 also did not impact the cellularity of tissue at P49 (Fig. 1h,i). Taken together, these
data suggest that the early perinatal period (P0.5-7.5) is a unique window for adipose

progenitor plasticity.

Transient perinatal Pparg overexpression have prolong impact on functional properties
of PDGFRp+ cells after adult-onset obesity.

I next engaged to decipher the roles of PDGFRp+ subpopulations in the long-term
impact of obese transient Pparg'® mice. Technical limitations prevented investigation of
APCs and FIPs independently in vivo, but I managed to isolate the two populations post-HFD
and conducted a series of in vitro experiments.

After 12 weeks of HFD feeding, APCs and FIPs from control and Pparg™® mice with
dox from P0.5-P7.5 as described above were isolated by FACS using the same strategy as in
Hepler et. al (Hepler, Shan et al. 2018). Frequency of total PDGFR+ cells out of all live

cells were not changed between control and Pparg™® mice, frequency of APCs and FIPs out
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of total PDGFRpB+ cells were also not altered (figure 2a); however, quantitative real-time
PRC showed lower expression levels of several key pro-inflammatory cytokines in freshly
isolated FIPs from Pparg'™® mice compared to control (figure 2b). Moreover, post-12w HFD
FIPs from Pparg'® mice also responded less to Ips stimulation (figure 2c). Strikingly, post-
12w HFD FIPs from Pparg'® mice were still capable of adipocyte differentiation upon
induction, while control FIPs could not differentiate, being consistent with when they were at
p28 (figure 2d,e). Post-12w HFD APCs from both control and Pparg'® mice remained
spontaneous differentiation capacity with no detectable difference (extended data figure 2a).
Notably, expression of pparg? was significantly elevated in post-12w HFD FIPs from
Pparg™ mice upon induction, but pparg transgene remained off with mRNA level remaining
at baseline (extended data figure 2b). Taken together, Pparg'® (dox P0.5-P7.5) FIPs
maintained their functional property differences that were observed at P28 in chow mice,
even after 12 weeks HFD feeding and now in obese mice.

The adipocyte fractions of eWAT were also collected for examination. Quantitative
real-time PCR of fibrogenesis and pro-inflammatory gene signatures suggested that
adipocytes from Pparg'® mice were also healthier (extended data figure 2c.d), consistent

with eWAT whole tissue level observations.

Transient perinatal Pparg overexpression in PDGFRp+ cells impact WAT plasticity in
adult-onset obesity.
The hyperplastic eWAT phenotype observed following perinatal Pparg

overexpression prompted us to ask how these Pparg'® mice would ultimately adapt to high-
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fat diet feeding in adulthood. I treated Control and Pparg'™ mice with Dox from P0.5-P7.5 as
described above, and then placed animals on a standard chow diet until 6 weeks of age. At 6
weeks of age, mice were then placed on a HFD (60% kcal) for up to 12 weeks (Fig. 3a).
During the 12 weeks of HFD feeding, Control and Pparg'® mice did not significantly differ
in body weights (Fig. 3b). After 12 weeks of HFD, WAT mass was also comparable
between the controls and transgenic mice (Fig. 3c); however, eWAT depots from HFD-fed
Pparg™ mice contained fewer MAC-2+ inflammatory cells and few crown-like structures
(Fig. 3d,e). This correlated with lower mRNA levels of pro-inflammatory genes and
fibrogenic genes assayed across whole depots (Fig. 3f,g). Moreover, eWAT from HFD-fed
Pparg"™® mice maintained smaller and more numerous adipocytes after the 12 weeks of HFD
feeding (Fig. 3h-j). The healthy eWAT phenotype correlated with systemic improvements in
metabolic health. Obese Pparg'® mice exhibit better glucose tolerance than Control animals
(Fig. 3k,1). Moreover, serum levels of ADIPONECTIN are higher in obese Pparg'™ mice,
further reflective of preserved WAT function (Fig. 3m). Furthermore, serum triglyceride
levels were lower in obese Pparg'®mice (Fig. 3n). Taken together, these data highlight the
long-term impact of modulating the adipogenic capacity of adipose progenitors during the

perinatal stage.
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DISCUSSION

My data here highlight the long-term impact of modulating the adipogenic capacity of
adipose progenitors specifically during the perinatal stage. Transient overexpression of
Pparg in PDGFRB+ cells during the first week of life led to healthy hyperplastic eWAT
development that can be observed at weaning and even after HFD feeding in adulthood.
Remarkably, PPARYy expression during this perinatal window exerted a long-lasting impact
on the adipogenic capacity of FIPs. These phenotypes were not observed when PPARy was
instead transiently expressed for the same duration in P21-P28 mice, suggesting a unique
plasticity to perinatal progenitors. The differences between perinatal vs. adult adipose
progenitors in molecular markers (e.g. DI/k1) and lineage plasticity may have implications for
the study of adipogenesis in mice. The use of gain and loss of function animals that lack
temporal control (e.g. constitutively active transgenes) may make it difficult to discriminate
between perinatal vs. adult effects on progenitor activity.

It 1s increasingly apparent that maternal obesity and maternal environmental factors
influence energy balance and nutrient homeostasis of offspring through durable reprograming
of cells (Rando and Simmons 2015). Going forward, it will be important to examine how
maternal nutrition and energy balance impact the distinct progenitor subpopulations of
adipose tissues, and whether long-term changes in these cell populations underly any of the
long-term effects on offspring physiology. Moreover, gaining deeper insight into the
molecular mechanisms underlying the observed differences between perinatal and adult FIPs

may identify strategies to enhance adipogenesis and healthy WAT remodeling in adulthood.
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MATERIALS AND METHODS

Animals and diets

All animal experiments were performed according to procedures approved by the
UTSW Animal Care and Use Committee. Pdgfirb™™* transgenic mice (C57BL/6-Tg(Pdgfrb-
tTA)58Gpta/J; JAX 028570) have been described previously. TRE-Pparg?2 transgenic mice
were derived by the UTSW transgenic core facility. Postnatal day 7 (P7), 4-6 weeks and 18
weeks old male mice were used in this study.

Mice were maintained on a 12 hr light/dark cycle in a temperature-controlled
environment (22°C) and given free access to water and diets as indicated in the manuscript.
For cold exposure, mice were housed at room temperature until 5 weeks of age and then
switched to cold housing chambers (6°C) for the indicated times. Diet utilized include,
standard rodent chow diet, or doxycyline-containing chow diet (Dox-Chow, 600 mg/kg

doxycycline, Bio-Serv, S4107), or HFD (HFD; 60% kcal fat; Research Diets no. D12492i).

Histological analysis

Adipose tissues were fixed in 4% paraformaldehyde for 24h and maintained in 50%
ethanol solution. Paraffin embedding, perinatal tissue sectioning and H&E staining was
performed by the Molecular Pathology Core Facility at UTSW. Brightfield and fluorescent
images were acquired using a Keyence BZ-X710 microscope. Indirect immunofluorescence

was performed as previously described (Vishvanath, MacPherson et al. 2016). Primary
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antibodies used for immunofluorescence include: guinea pig anti-PERILIPIN 1:1000

(Fitzgerald #20R-PP004) and rabbit anti-MAC-2 1:500 (Cedarlane #CL8942AP).

Gene expression analysis by qPCR

RNA was isolated using RNAqueous-Micro Total RNA Isolation Kit (Thermo Fisher
Scientific). cDNA was synthesized using M-MLV Reverse Transcriptase (Invitrogen) and
Random Primers (Invitrogen). Relative mRNA levels were determined by quantitative PCR
using SYBR Green PCR Master Mix (Applied Biosystems). Values were normalized to

tAA

Rpsi8 levels using the 2-Ct®® method. Unpaired Student’s t-test was used to evaluate

statistical significance. All primer sequences are listed within Supplementary Table 1.

Isolation of adipose SVF and flow cytometry

Adipose tissue from five P7 pups or one 6-8 weeks or one 18 weeks old male mouse
were combined and minced with scissors in a 1.5 mL tube containing 100ul of digestion
buffer (1X HBSS, 1.5% BSA, and 1 mg/mL collagenase D) and then transferred to a 50 mL
Falcon tube containing 5 mL digestion buffer. The mixture was incubated in a 37°C shaking
water bath for 30 mins or 1h. The solution of digested tissue was passed through a 100 pm
cell strainer, diluted to 30 mL with 2% FBS/PBS, and centrifuged at 500 x g for 5 min. The
supernatant was aspirated, and cells were washed once with 2% FBS/PBS and resuspended in
blocking buffer (2% FBS/PBS containing anti-mouse CD16/CD32 Fc Block (1:200)).
Primary antibodies were added to the cells in blocking buffer for 15 mins at 4°C in the dark.

After incubation, the cells were washed once with 2% FBS/PBS and resuspended in 200 pl of
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2% FBS/PBS for sorting. Cells were sorted for collection into 100% FBS using a BD
Biosciences FACSAria cytometer (UTSW Flow Cytometry Core Facility). Flow cytometry
plots were generated using FlowJo.

Primary antibodies and the working concentrations were as follows: CD45-—
PerCP/Cyanine 5.5 1:400 (Biolegend, clone 30-F11, no. 103132), CD31-PerCP/Cyanine 5.5
1:400 (Biolegend, clone 390, no. 102420), PDGFRB-PE 1:75 (Biolegend, clone APBS, no.
136006), LY6C-APC/Cyanine7 1:400 (Biolegend, clone HK1.4, no. 128026), CD9-FITC
1:400 (Biolegend, clone MZ3, no. 124808), CD26(DPP4)-APC 1:400 (Biolegend, clone

H194-112, #137807).

Cell culture and cellular assays

Sorted PDGFRB+ sub-populations cells were plated at a density of 4 x 10* cells/ well in
a 48-well plate or 2 x 10* cells/ well in a 96-well plate containing 2% ITS growth media
[consisting of 60% low-glucose DMEM, 40% MCDB-201 medium, 2% FBS, 1% ITS premix
(Insulin—Transferrin—Selenium) (BD Biosciences, no. 354352), 0.1 mM l-ascorbic acid-2-
2phosphate (Sigma, no. A8960-5G), 10 ng ml-1 FGF basic (R&D systems, no.3139-FB-
025/CF), penicillin—streptomycin and gentamicin] and incubated at 37°C in 10% COsx.

For in vitro adipocyte differentiation assay, cells were grown to confluence in 2% ITS
growth media and switched to induction media (growth media supplemented with 1 mM
dexamethasone, 0.5 mM isobutylmethyxanthine, £1 mM rosiglitazone) for 48 hrs. After 48
hrs., cultures were maintained in 2% ITS growth media. Media were changed every two days

until harvesting.
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For LPS treatment, cells were grown to confluence and starved overnight with serum-
free ITS medium. Cells were then treated with 100ng/ml LPS or PBS for 2 hrs. prior to

harvest.

QOil red O staining

Cells were pre-fixed in 4% PFA for 15 min at room temperature and then washed twice with
ddH20. Following 1 hour of additional fixation, cells were rinsed with ddH2O six times and
then incubated in Oil Red O working solution (2 g Oil red O in 60% isopropanol) for 10
minures. Stained cells were then washed three times with ddH2O and then bright field

images were acquired using Keyence BZ-X710 Microscope.

Glucose tolerance tests.
For glucose tolerance tests, overnight fasted mice were injected i.p. with glucose (Sigma,
no. G7021) at the dose of 1 g per kg (body weight). Blood glucose concentrations were

determined using Bayer Contour glucometers.

Serum measurements.
Serum levels of ADIPONECTIN and TG were measured using the mouse adiponectin
ELISA (Millipore, no. EZMADP-60K) and TG kit, respectively. Assays were performed

according to manufacturer instructions.

Statistical analysis
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Statistical methods were not used to predetermine sample size. The experiments were not
randomized, and the investigators were not blinded. All data were expressed as the mean
+SEM. GraphPad Prism 9.1.2 (GraphPad Software, Inc., La Jolla, CA, USA) were used to
perform the statistical analyses. For comparisons between two independent groups, unpaired
Student’s t-test was used and p<0.05 was considered statistically significant. All statistical
analyses were performed using Microsoft Excel or GraphPad Prism 9.1.2 (GraphPad
Software). All statistical information, including P values, samples sizes and repetitions, are

provided in the Source Data associated with each figure.
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FIGURE LEGENDS
Figure 1. Transient perinatal Pparg overexpression in PDGFRp+ cells has long-term

consequences on progenitor cell plasticity.

a) Pparg'™ mice (Bi-transgenic Pdgfib"™; TRE-Pparg2) are generated by breeding the
Pdgfirb"™ transgenic mice to animals expressing Pparg2 under the control of the tet-response
element (TRE- Pparg?). Littermates carrying only Pdgfib™™ or TRE-Pparg2 alleles were

used as the control animals.

b) Experimental Design: Transient perinatal Pparg overexpression was achieved by exposing
newborn pups to doxycycline from P0.5-P7.5 via lactating mothers fed a Dox-containing
chow diet (600 mg/kg). Animals were then maintained on standard chow diet (- Dox) until
harvest at P28 for analysis. Transient adolescent Pparg overexpression was achieved by
directly feeding animals Dox-containing chow diet from P21-P28. Animals were then

maintained on standard chow diet (- Dox) until harvest at P49 for analysis.

c) mRNA levels of Pparg?2 transgene levels (transgene-specific primers) in isolated APCs
and FIPs at the 7% day of Dox treatment and 3 weeks after the removal of Dox (washout).
n=3-5 for each group. Bars represent + SEM. ** denotes p<0.01 by student t-test, ***
denotes p<0.001.

d) Body weights of Control and Pparg'® 3 weeks after the indicated Dox-treatment periods
(left: Dox from P0.5-P7.5; right: Dox from P21-P28). n=5-11 for each group. Bars represent
+ SEM. N.S. denotes p>0.5 by student t-test.

e) Frequency of APCs and FIPs in eWAT of Control and Pparg'® 3 weeks after the indicated
Dox-treatment periods (left: Dox from P0.5-P7.5; right: Dox from P21-P28). n=5-6 for each
group. Bars represent = SEM. N.S. denotes p>0.5 by student t-test.

f) Representative 10x brightfield image of lipid accumulation in differentiated cultures of
FIPs derived from Control and Pparg'™. FIPs were isolated 3 weeks after the indicated
periods of Dox-treatment and transient Pparg expression. Cells were induced to undergo

adipogenesis with induction media containing dexamethasone, IMBX, insulin, and
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rosiglitazone. Oil Red O staining of lipid accumulation and imaging was performed 6 days

following the induction of differentiation.

g) mRNA levels of adipocyte-selective genes in differentiated cultures of FIPs corresponding
to panel f. n=3 for each group. Bars represent + SEM. * denotes p<0.05 by student t-test, ***
denotes p<0.001.

h) Representative 10x brightfield images of H&E stained eWAT obtained from Control and

Pparg™ 3 weeks after the indicated period of Dox-treatment and transient Pparg expression.

i) Adipocyte size distribution in eWAT of Control and Pparg™ 3 weeks after the indicated
period of Dox-treatment and transient Pparg expression. n = 4 for each group. Bars represent

+ SEM. * denotes p<0.05 by student t-test, ** denotes p<0.01, *** denotes p<0.001.

Exact p values and numbers of repetitions can be found in Supplemental Table 2.
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Figure 2. Transient perinatal Pparg overexpression has prolong impact on functional
properties of PDGFRp+ cells after adult-onset obesity.

a) Frequency of total PDGFRp+ cells, APCs, FIPs isolated from eWAT of Control and
Pparg™® mice after 12 weeks of HFD feeding.

b) mRNA levels of indicated proinflammatory genes in FIPs freshly isolated from eWAT of
Control and Pparg™ mice after 12 weeks of HFD feeding. n=4 for each group. Bars
represent + SEM. * denotes p<0.05 by student t-test.

c) mRNA levels of indicated proinflammatory genes in FIPs isolated from eWAT of Control
and Pparg'™ mice after 12 weeks of HFD feeding. FIPs treated with PBS or LPS (100ng/ml)
for 2 hours. n=4 for each group. Bars represent = SEM. * denotes p<0.05 by student t-test, **
denotes p<0.01.

d) Representative 10x brightfield image of lipid accumulation in differentiated cultures of
FIPs derived from Control and Pparg'™© after 12 weeks of HFD feeding. Cells were induced
to undergo adipogenesis with induction media containing dexamethasone, IMBX, insulin,
and rosiglitazone. Oil Red O staining of lipid accumulation and imaging was performed 6

days following the induction of differentiation.

e) mRNA levels of adipocyte-selective genes in differentiated cultures of FIPs corresponding
to panel d. n=4 for each group. Bars represent + SEM. * denotes p<0.05 by student t-test, ***
denotes p<0.001.

Exact p values and numbers of repetitions can be found in Supplemental Table 2.
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Figure 3. Transient perinatal Pparg overexpression in PDGFRp+ cells impacts eWAT

plasticity in adult-onset obesity.

a) Experimental design: Transient perinatal Pparg overexpression from PO0.5-P7.5 was
induced by exposing newborn pups to doxycycline via lactating mothers fed a Dox-
containing chow diet (600 mg/kg). Lactating animals were then switched to a standard chow
diet (- Dox) until weaning. 6 weeks-old Control and Pparg'™® offspring then administrated a

high-fat-diet (HFD) (60% kcal) for 12 weeks prior to analysis.

b) Weekly body weights of Control and Pparg'™ mice during the HFD feeding period. n=7

for each group.

c) Tissue weights of Control and Pparg™® mice after 12 weeks of HFD feeding. n=7 for each
group. Bars represent = SEM. N.S. denotes p>0.5 by student t-test.

d) Representative 10x immunofluorescence image of PERILIPIN (red) and MAC-2 (green)
expression in eWAT sections of Control and Pparg'® mice after 12 weeks of HFD feeding.

Nuclei counterstained with DAPL

e) Frequency of MAC-2 crown-like structures (Mac-2 positive) per 10x field in eWAT
sections of Control and Pparg"® mice after 12 weeks of HFD feeding. n=7 for each group.

Bars represent = SEM. *** denotes p<0.001 by student t-test.

f) mRNA levels of indicated proinflammatory genes in eWAT from Control and Pparg'™®
mice after 12 weeks of HFD feeding. n=7 for each group. Bars represent = SEM. * denotes
p<0.05 by student t-test, ** denotes p<0.01, *** denotes p<0.001.

g) mRNA levels of indicated fibrogenesis genes in eWAT from Control and Pparg'® mice
after 12 weeks of HFD feeding. n=7 for each group. Bars represent = SEM. * denotes p<0.05
by student t-test, ** denotes p<0.01, *** denotes p<0.001.

h) Adipocyte size distribution in eWAT from Control and Pparg™® mice after 12 weeks of
HFD feeding. n=7 for each group. Bars represent + SEM. * denotes p<0.05 by student t-test,
** denotes p<0.01, *** denotes p<0.001.
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i) Mean adipocyte size in eWAT from Control and Pparg'® mice after 12 weeks of HFD
feeding. n=7 for each group. Bars represent + SEM. * denotes p<0.05 by student t-test.

j) Adipocyte counts per 10x field in H&E stained sections of eWAT from Control and
Pparg™ mice after 12 weeks of HFD feeding. n=7 for each group. Bars represent + SEM. **
denotes p<0.01 by student t-test.

k) Glucose tolerance tests of Control and Pparg'® mice after 11 weeks of HFD feeding. n =7

for each group.

1) Area under curve measurements of glucose tolerance tests shown in k. Bars represent +

SEM. *** denotes p<0.001 by student t-test.

m) Serum adiponectin levels in Control and Pparg™ mice after 12 weeks of HFD feeding.

n=7 for each group. Bars represent + SEM. ** denotes p<0.01 by student t-test.

n) Serum triglyceride (TG) levels in Control and Pparg™® mice after 12 weeks of HFD
feeding. n=7 for each group. Bars represent + SEM. ** denotes p<0.01 by student t-test.

Exact p values and numbers of repetitions can be found in Supplemental Table 2.
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Extended Data Figure 1. Transient perinatal Pparg overexpression has no apparent
long-term effect on APCs differentiation capacity in vitro.
a) Representative 10x brightfield image of adipocyte cultures derived from APCs obtained
from P28 Control and Pparg'® mice treated with doxycycline (Dox) from P0.5-P7.5.

Cultures are stained with oil red-O to visualize lipid accumulation.

b) mRNA levels of adipocyte-selective genes in differentiated cultures of APCs

corresponding to panel a. n=4 for each group. Bars represent = SEM.

c) Experimental design: Transient perinatal Pparg overexpression from P0.5-P7.5 was
induced by exposing newborn pups to doxycycline via lactating mothers fed a Dox-
containing chow diet (600 mg/kg). Lactating animals were then switched to a standard chow
diet (- Dox) until weaning. 5 weeks-old Control and Pparg'® offspring then housed at 6°C

for one week prior to analysis.

Exact p values and numbers of repetitions can be found in Supplemental Table 2.
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Extended Data Figure 2. Transient perinatal Pparg overexpression has no apparent
long-term effect on APCs differentiation capacity in vitro but improved mature

adipocytes behavior after adult-onset obesity.

a) Representative 10x brightfield image of adipocyte cultures derived from APCs isolated
from eWAT of Control and Pparg"® mice after 12 weeks of HFD feeding.

b) mRNA levels of Pparg? and Pparg? transgene levels (transgene-specific primers) in
differentiated cultures of FIPs corresponding to Figure 3-panel d. n=4 for each group. Bars

represent + SEM. * denotes p<0.05 by student t-test, ** denotes p<0.01.

c) mRNA levels of indicated proinflammatory genes in mature adipocytes from Control and
Pparg"™® mice after 12 weeks of HFD feeding. n=4 for each group. Bars represent + SEM. *
denotes p<0.05 by student t-test, ** denotes p<0.01, *** denotes p<0.001.

d) mRNA levels of indicated fibrogenesis genes in mature adipocytes from Control and
Pparg"™® mice after 12 weeks of HFD feeding. n=4 for each group. Bars represent + SEM. *
denotes p<0.05 by student t-test, ** denotes p<0.01, *** denotes p<0.001.

Exact p values and numbers of repetitions can be found in Supplemental Table 2.



Supplemental Table 1: Sequences of PCR primers used in this study
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Gene Forward (5’ -3°) Reverse (5’ -3°)
Adipog AGATGGCACTCCTGGAGAGAA TTCTCCAGGCTCTCCTTTCCT
Crd CTACATGGCTTCCGTGCAAGT AGTCGTCATCCGTCACTCCAT
Fabp4 GATGAAATCACCGCAGACGAC ATTCCACCACCAGCTTGTCAC
Cel2 CCACAACCACCTCAAGCACTTC AAGGCATCACAGTCCGAGTCAC
Col3al ATTCTGCCACCCCGAACTCAA ACAGTCATGGGGCTGGCATTT
Cxcll CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC
Cxcll0 CTCAGGCTCGTCAGTTCTAAGT CCCTTGGGAAGATGGTGGTTAA
Cxcl2 ACTAGCTACATCCCACCCACAC GCACACTCCTTCCATGAAAGCC
Icaml GTGATGCTCAGGTATCCATCCA CACAGTTCTCAAAGCACAGCG
Veaml AGTTGGGGATTCGGTTGTTCT CCCCTCATTCCTTACCACCC
16 AAGCCAGAGTCCTTCAGAGAGA ACTCCTTCTGTGACTCCAGCTT
Pparg? GCATGGTGCCTTCGCTGA TGGCATCTCTGTGTCAACCATG
Pparg™ TCAGGCAGATCGTCACAGAG TTTGCCCCTCCATATAACA
Rpsi8 CATGCAAACCCACGACAGTA CCTCACGCAGCTTGTTGTCTA
Acta?2 TGACGCTGAAGTATCCGATAGA GTACGTCCAGAGGCATAGAGG
Tgfbi TTTAGGAAGGACCTGGGTTGG TGTTGGTTGTAGAGGGCAAGG
Hifla GTCCCAGCTACGAAGTTACAGC CAGTGCAGGATACACAAGGTTT
Tnfa CCTGTAGCCCACGTCGTAG GGGAGTAGACAAGGTACAACCC
Lox TCGCTACACAGGACATCATGC ATGTCCAAACACCAGGTACGG
Mmpll CCGGAGAGTCACCGTCATC GCAGGACTAGGGACCCAATG
Mmpl4 ACCCACACACAACGCTCAC GCCTGTCACTTGTAAACCATAGA
Timpl CTTGGTTCCCTGGCGTACTC ACCTGATCCGTCCACAAACAG
Cox8b TGCTGGAACCATGAAGCCAAC AGCCAGCCAAAACTCCCACTT
Cidea TCCTATGCTGCACAGATGACG TGCTCTTCTGTATCGCCCAGT
Dio2 CATTGATGAGGCTCACCCTTC GGTTCCGGTGCTTCTTAACCT

Elovi3

GTGTGCTTTGCCATCTACACG

CTCCCAGTTCAACAACCTTGC
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Prdml6 ACACGCCAGTTCTCCAACCTGT TGCTTGTTGAGGGAGGAGGTA
Pgcla AGGTTCCCTCTCTGCTGCTTT GGTGCTTTAGAAATGCGGGGT
Uepl TCTCAGCCGGCTTAATGACTG GGCTTGCATTCTGACCTTCAC
Cdl1b GGCTCCGGTAGCATCAACAA ATCTTGGGCTAGGGTTTCTCT
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Supplemental Table 2: Statistical data (exact p values and sample/cohort sizes for each

dataset in the study).
Statistic sxoiz;;n:s ¢
Figure N(sample size) al test P a Description p-value
method was
Performed
+
Control ( P(.)X Dox APCs:
APCs) n=3;
Control vs 0.000184
Control (+Dox Poare’G
FIPs) n=3; parg
Control (-Dox
WaSh‘;l“:t fPCS) Dox FIPs:
Control (-Dox C}())n;rrongs 0.001614
washout FIPs) Unpaired parg
. n=4, two- .
Fl%gre Pparg™ (+Dox tailed 2 lncifr:glelgldent Pp ?r Dox
APCs) n=5; Student’s £18 washout
Pparg™ (+Dox t test APCs: 0.429952
FIPs) n=>: Control vs
S s PpargTG
Pparg™ (-Dox
washout APCs) Dox
n=3 washout
Pparg™® (-Dox FIPs: 0.932471
Control vs
washout FIPs) TG
— Pparg
n=3;
Control (DcleO.S— Dox PO.5-
P7.5) n=11 P75
TG . .5:
Pparg Unpaired Pulled samples Control vs 0.558127
. (DoxP0.5-P7.5) two- Body TG
Figure - . from 2 : Pparg
1d n=10 tailed independent Weig
Control (DoxP21- | Student’s P : ht
P28) n=5 ¢ test trials Dox P21-
TG P28: Control | 0.686808
Pparg'® (DoxP21- vs Poare™o
P28) n=7 parg
Control APCs
(DoxP0.5-P7.5) Dox P0.5-
n=TgAPCS . P7.5 APCs: 0953671
Pparg Unpaired led | Cell Control vs
, (DoxP0.5-P7.5) two- | Pulled samples | Ce Pparg™
Figure n=7 tailed from 2 Freq
le Control APCs | Student’s 1ndeper11dent uenc - pox p21-
(DoxP21-P28) n=5 | ¢ test trials Yo | PBAPCs: | (sanno
Pparg"o APCs Control vs '
(DoxP21-P28) n=5 Pparg™
Control FIPs Dox PO0.5- 0.398517
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(DoxP0.5-P7.5) P7.5 FIPs:
n=6 Control vs
Pparg™ Pparg™
FIPS(DoxP0.5-P7.5)
n=7
Control
FIPs(DoxP21-P28) Dox P21-
n=5 P28 FIPs:
Pparg™@ Control vs 0.859028
FIPS(DoxP21-P28) Pparg™
n=5
TG .
Control FIPs Adi ]1;]; )c:rI?O 5'_
(DoxP0.5-P7.5) P : 0.043734
n=3 oq P7.5 vs Dox
P21-P28
Pparg™S:
Pparg™ FIPs .
(DoxP0.5-P7.5) Urilv’vifed cfd P?‘;XVI;%SC; | 0013175
Figure n=3 tailed 3 independent I;21-P28
lg , trials TG,
Control Stltlctl::tt s Fabp gﬁiri)go 5
FIPs(Dcr)lx:P321—P28) 4 P75 vs Dox 0.003194
P21-P28
Pparg™@
FIPs(DoxP21-P28)
n=3
size 0-1000
um?:Control 0.00009
vs PpargTG
size 1001-
2000
um?:Control 0.021131
vs PpargTG
Control (DoxP0.5- 5122 0200001-
P7.5) n=3 (2 mice ) Prece ). 0.00576
Unpaired um?*:Control
pulled as one) o ntof | ¢ PpargTG
. o- . .
Flggre Pparg’® tailed 2 1ndependent Adip size 4001-
li (DoxP0.5-P7.5) | Student’s trials ocyte | 6400 0.000006
n=4 (2 mice pulled t test count | ;m2Control '
as one) s vs PpargTG
Control (DoxP21- size 0-1000
P28) n=4 (2 mice um?:Control | 0.329577
pulled as one) vs PpargTG
Pparg™ (DoxP21- s1z§ 010000 I-
P28) n=4 (2 mice um? Control 0.975349
pulled as one) vs PpareTG
size 2001- 0.633365
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4000
um?:Control
vs PpargTG
size 4001-
6400
um?:Control 0.579723
vs PpargTG
Dox P0.5-
Control (DoxP0.5- Unpaired P7.5 APCs:
P7.5) n=9 t\P;JO- Cell Control vs
Figure tailed 2 independent | Freq Pparg™©
2a TG , trials uenc | Dox P0.5-
Pparg Student’s P75 FIPs:
(DoxP0.5-P7.5) t test y ' :
nea Control vs
Pparg™©
Ccl2 0.03789
Control (DoxP0.5- 6301 0.274641
P7.5)n=4 Unpaired T
cam
. two- . FIPs: 0.049247
Figure . 2 independent 1
> tailed trial Veam Control vs
Student’s riais Pparg™® 0.047494
Pparg"® t test !
(DoxP0.5-P7.5) cdil 0.01408
n=4 b
Tnfa 0.707905
Ccll)” 0.0018647
Control FIPs Crel
(DoxP0.5-P7.5) | Unpaired 10 0.3387376
n=4 WO- LPS:
i i Icam :
Flglclre tailed 3 1ndter:i1;elgdent ] Control vs 0.0340104
5 TG
Student’s ns | Freg 0.4155809
Pparg™ FIPs t test Veam
(DoxP0.5-P7.5) ] 0.0449464
=4
! Tnfa 0.0066155
Insulin: Control Adi
FIPs (DoxP0.5- 0”’ 0.0060174
P7.5) n=4 1
DMIR: Control Unpaired
FIPs (DoxP0.5- Ig;zfe cfd DMIR. 0.0002731
Figure P7.5) n=4 . 3 independent )
— e tailed . Control vs
2e Insulin: Pparg Student’s trials Fab Ppare™S
FIPs (DoxP0.5- © tost L 0.0089259
P7.5) n=4
DMIR: Pparg™
FIPs (DoxP0.5- Cd36 0.0227093

P7.5) n=4




93

s Body | DOXPOS-
Figure — two-way | 3 independent o P7.5:
Pparg : Weig 0.788632
3b ANOVA trials Control vs
(DoxP0.5-P7.5) ht P
o pargTG
n=7
iWA
Control (DoxP0.5- T
P7.5) n=7 weig 0.510685
. ht
o Unpaired gWA | Dox PO.5-
Figure Pparg two- 3 independent T P7.5:
3 (DoxPO_.S—P7.5) talled’ trials weig | Control vs 0.605399
n=7 Student’s
t test ht PpargTG
WA
T 0.81082
weig
ht
Control (DochO.S— Unpaired Dox PO 5-
Figure P7.5) n=7 two- 3 independent CLS P7.5:
£ Pparg™® tailed p count o 0.000398
3e s trials Control vs
(DoxP0.5-P7.5) Student’s s PrareTG
n=7 t test parg
Cel2 0.929153
C’Z‘d 0.032983
Control (DoxP0.5- Cxcl
P7.5) n=7 Unpaired 10 0.065065
el Dox PO0.5-
Figure Pparg two- 3 independent P7.5:
% . (DoxP0.5-P7.5) tailed trgls 06 | oo oo | 0.040822
n=7 Student’s
PpargTG
t test Icam 0.019333
] .
eam 0.001426
Tnfa 0.02267
A;’“ 0.040114
Tgfbi 0.427921
Control (DoxP0.5- Col3
P7.5)n=7 Unpaired al 0.312451
TG Dox P0.5-
Figure3 Pparg two- 3 independent P7.5:
& (DoxP0.5-P7.5) | tailed P Hifla > 0.004457
g = , trials Control vs
n=7 Student’s PoareTG
t test Lox | P98 0.012058
Mmp
I7 0.002796
Mmp 0.014602
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Timp 0.042168
size <=1500
um?:Control | 0.000006
vs PpargTG
size 1501-
Control (DoxP0.5- 5100
P7.5) n=7 Unpaired Prtec;: um?Control | 0318934
. two- . nto vs PpargTG
Figure . 3 independent | Adip -
TG tailed : size 5101-
3h Pparg Student’s trials ocyte 9100
(DoxP0.5-P7.5) count 5. 0.007714
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CHAPTER FOUR

CONCLUSION

Adipocytes are generally organized into anatomically distinct tissues which are also
called “depots”. The murine perigonadal WAT depot is of particular interest to adipose tissue
biologists. The perigonadal WAT depot of male mice (epididymal WAT, or “eWAT”) is a
well characterized site of immune cell residence, adipose progenitor heterogeneity, and
robust tissue remodeling and expansion in obesity. As such, the eWAT depot of mice offers a
model for many aspects of adipose tissue remodeling observed in human obesity. In recent
years, single-cell/nucleus RNA sequencing has helped reveal the remarkable cellular
heterogeneity of adipose tissue, including the sex and depot differences in adipose progenitor
cell heterogeneity. Our own efforts have focused on two functionally distinct fibro-
inflammatory and adipogenic PDGFRp-expressing cell subpopulations within adult eWAT
(Hepler, Shan et al. 2018, Shan, Shao et al. 2020). The LY6C- CD9- PDGFRp+
subpopulation in eWAT represents functional adipose precursor cells (APCs). These cells are
enriched in the expression of Pparg, encoding the “master regulator” of adipocyte
differentiation, and possess robust adipogenic capacity both in vitro and in vivo (Hepler,
Shan et al. 2018). De novo differentiation from PDGFRB+ APCs drives adipocyte
recruitment in the setting of diet-induced obesity and ensures healthy tissue remodeling and
proper lipid storage in WAT (Shao, Vishvanath et al. 2018, Vishvanath and Gupta 2019,
Shao, Hepler et al. 2021). In contrast, LY6C+ PDGFRB+ cells represent fibro-inflammatory

precursors, or “FIPs.” FIPs exert strong pro-inflammatory, fibrogenic, and anti-adipogenic
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phenotypes (Hepler, Shan et al. 2018). These cells are activated upon high-fat diet (HFD)
feeding and play an important role in controlling pro-inflammatory macrophage accrual and
tissue collagen deposition associated with obesity (Shan, Shao et al. 2020, Joftin, Paschoal et
al. 2021, Shao, Hepler et al. 2021).

Given my strong interest in developmental biology, I became intrigued by the
important questions that remain unknown: when and where do these functionally distinct
adipose progenitor subpopulations emerge development? Where are they localized? Do the
molecular and functional properties of these distinct cell subpopulations change over time?
As such, I conducted a series of experiments to define the developmental origin of murine
eWAT and the unique functional properties of perinatal adipose progenitor subpopulations.
My scRNA-seq results indicated that molecularly distinct PDGFRP+ progenitor cell
subpopulations (APCs, FIPs, MLCs and SMCs) emerged as early as postnatal day 3, prior to
the formation of parenchymal adipocytes. Using a combination of in vitro functional analyses
and genetic mouse models, I identified a subpopulation of PDGFRB+ cells within postnatal
day 7 (P7) eWAT that exhibits a strong commitment to the adipocyte lineage. This
population of APCs appears similar (functionally and molecularly) to the corresponding APC
population previously identified in adult eWAT (Hepler, Shan et al. 2018). I also identified
cells in P7 eWAT that shared molecular similarity to adult FIPs; however, P7 FIPs differed
from adult FIPs in notable way. P7 FIPs showed latent adipogenic potential, were less pro-
inflammatory, and lacked the notable anti-adipogenic activity of adult FIPs. Taken together,
my data indicate that distinct adipose tissue progenitor subpopulations emerge early in tissue

development, even before the appearance of differentiated adipocytes. This work sets the
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stage for future studies to unravel the developmental signaling mechanisms controlling the
formation of these distinct cell subpopulations.

I investigated whether altering the functional properties of perinatal progenitors can have
lasting effects into adulthood. Using a genetic mouse model, I showed that overexpressing
Pparg2 in PDGFRB+ progenitor cells for only the first week of life (P0.5 to P7.5) could
impact the plasticity of adipose tissue in adulthood. Transient perinatal Pparg during this
early period resulted in a significant level of adipocyte hyperplasia in eWAT by the time the
mice were 5 weeks of age. Notably, adult FIPs from these transgenic animals now possessed
the ability to undergo adipocyte differentiation in vitro. As such, transient Pparg expression
had a lasting effect on the lineage plasticity of perinatal FIPs. Indeed, the beneficial effects of
transient Pparg activation in adipose progenitors persisted after 12 weeks of HFD feeding.
FIPs from transient perinatal Pparg'® mice maintained on HFD retained their heightened in
vitro adipogenic ability and were less responsive to pro-inflammatory stimuli. Transient
perinatal Pparg'® mice maintained on HFD feeding did not differ from Control animals with
respect to body weight or adiposity; however, obese perinatal Pparg'® mice exhibit an
improved GTT, higher serum Adiponectin levels, and lower serum TG levels. Moreover, the
eWAT expressed lower levels of fibrogenic and pro-inflammatory genes and maintained the
hypercellular phenotype that appeared at 5 weeks of age (before the onset of HFD feeding).
Taken together, these data highlight the long-term impact of modulating the adipogenic
capacity of adipose progenitors during the perinatal stage. It is important to note that

transient Pparg overexpression during a later period (P21-P28; chow diet) did not drive
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adipogenesis. Thus, the perinatal period represents a unique period of adipose progenitor
plasticity.

The stromal-vascular fraction of adult eWAT consists of a vast array of cell types, of
which the fibroblast-like subpopulations are greatly involved in activities such as
adipogenesis, immune cell regulation, and collagen deposition. My studies shed light into
when these fibroblast-like subpopulations emerge during development and how their
properties change over time. These findings can be valuable to efforts to understand how
early life physiological and pathophysiological events (e.g., material obesity, gestational
Diabetes, or perinatal exposure to “obesogens’) can impact metabolic health in the long term.
Importantly, these findings provide proof of concept that targeting adipose progenitors early
in life can elicit lasting benefits into adulthood, which may lead to strategies to prevent the

development of metabolic disease.
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FUTURE DIRECTIONS
Identify the origin of eWAT adipose tissue progenitors.

One important question that remains is where the distinct PDGFRJ subpopulations
emerge from during embryonic development. My in-silico cell trajectory analysis suggested
APC:s as the direct source of committed pre-adipocytes; however, this computational analysis
did not provide evidence of lineage hierarchy amongst APCs, FIPs, MLCs, and SMCs, from
the earliest observable timepoint (P3).

One of the existing hypotheses is the mesothelial origin of eWAT adipose tissue, given
that eWAT adipose tissues are outlined by a layer of mesothelial cells. Using lineage tracing,
Chau et al. observed that epididymal adipocytes descend from cells expressing Wt/ (Wilms’
tumor protein)(Chau, Bandiera et al. 2014). The enriched expression of Wt/ in mesothelial
cells during development suggests a mesothelial origin of adipocytes; however, we and
others have observed that Wt/ expression was not exclusive in mesothelial cells (Westcott,
Emont et al. 2021). To test this hypothesis further, I conducted scRNA-seq analysis of
dissociated eWAT mesothelium. The adipose mesothelium can be obtained upon gentle
trypsin digestion of intact whole adipose depots from P3 and P7 mice. My scRNA-seq
analysis revealed that the predominant cluster of cells (mGroupl, mGroup2) obtained from
the isolated population express markers of classical mesothelial cells, including Msin, Krt19,
and Wtl, with mGroup2 had a higher expression of proliferation hallmarks such as Ki67. A
small portion of residential immune cells were also detected (mGroup3), as well as a subset

of mesenchymal stromal cells that expressed Pdgfrb and Acta? (mGroup4) (Figure la, b).
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Indeed, we observed Wt expression within both mesothelial cells and mesenchymal stromal
cells. This pattern of expression makes it difficult to exclude the contribution of
mesenchymal stromal cells when using Wt/ as a lineaging tracing tool (Figure 1c). I
examined the differentiation potential of eWAT mesothelial cells directly by performing in
vitro adipocyte differentiation assays Isolated cells in culture exhibited the cobblestone
epithelial phenotype characteristic of classical mesothelial cells (Figure 1d). Notably, these
cells, much like MLCs, failed to undergo adipocyte differentiation in response to the
hormonal adipogenic cocktail containing dexamethasone, IBMX, insulin, and rosiglitazone
(Figure 1e). As such, my analysis does not reveal evidence in support of the hypothesis that
adipocytes emerge from mesothelial cells. Given the limitations of all approaches utilized,
further studies will be needed to understand the complexity of eWAT development and the

inductive signals that initiate tissue development during the perinatal period.

Understand the mechanisms by which transient perinatal manipulation of adipose
tissue progenitors drives long term changes in adipose tissue plasticity.

The phenomenon of perinatal progenitor cell reprogramming that I report here is novel
and interesting; however, it is undeniable that my studies have now raised more questions
than it has answered. One of the remaining questions is the underlying mechanism by which
Pparg overexpression drives stable long-term changes in the function of adipose progenitors.
PPARy has been shown to have important roles in adipose tissue other than driving
adipogenesis per se. PPARy regulates adipokine gene expression and broad inflammatory

programs both in adipocytes and in immune cells (Rosen and Spiegelman 2001, Chalise,
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Hashimoto et al. 2019). Ppary in other tissues/organs can also crosstalk with adipose tissue
(Liu, Bookout et al. 2014). Nevertheless, considering that PPARy was only transiently
overexpressed in PDGFRB+ cells, and returned to normal level after P7, long term effects on
the adipose progenitors are unlikely to be attributed to higher levels of PPARY expression in
stromal cells of other tissues.

I first investigated whether the frequency of PDGFRB+ subpopulations were altered as
consequence of transient Pparg2 overexpression. In the transient Pparg'® model, differences
in the frequency of APCs and FIPs between control and transgenic mice could not be
observed in both young/lean and old/obese conditions. Therefore, the cellular identity of
APCs and FIPs and their relative portion remained the same after transient perinatal
manipulation.

I next considered whether the change in function of APCs/FIPs in the transient Pparg
expression model were a result of epigenetic alterations. Indeed, the concept of “metabolic
memory” has been long been considered to be a result of epigenetic regulation (Reddy,
Zhang et al. 2015, Roh, Tsai et al. 2018). I conducted ChIP-seq of histone markers h3k27ac
and h3k4mel with freshly isolated FIPs from control and transient Pparg'® mice of 5 weeks
old on chow diet. This was a very difficult experiment as 1 million cells were required per
sample per antibody. Unfortunately, in both of my two attempts, I failed to get sufficient
numbers of peaks for my control group, thus no comparison could be made. Going forward,
this line of investigation should be pursued.

The long-term ability of FIPs to undergo adipogenesis in vitro after transient

overexpression of Pparg is remarkable; however, the physiological significance of this
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finding is still unclear. I conducted bulk mRNA-seq on confluent cultures of FIPs from
control and transient Pparg'® mice, prior to the addition of the differentiation cocktail. Genes
involved in early adipocyte lineage commitment such as Cepbd, Cebpb as well as adipocyte
genes such as Adipog, Plinl were all expressed of a higher level in transgenic FIPs (Figure
2a). GSEA also indicated an enrichment in adipogenesis and fatty acid metabolism (Figure
2b). Interestingly, adipogenesis genes were not expressed at higher levels in freshly isolated
FIPs (prior to culture) (Figure 2c). As such, it is unclear whether FIPs in Pparg'® mice are
indeed undergoing adipocyte differentiation in vivo. Specific lineage tracing of FIPs (not
total PDGFRp cells) using intersectional Cre-loxp systems will be needed to address this
question. If FIPs are differentiating into adipocytes in vivo, then it raises the intriguing
possibility that FIPs-derived adipocytes exhibit different properties than APC-derived
adipocytes. The use of Single nuclei sequencing and/or spatial transcriptomics may shed

insight into this question.

Explore human physiological/pathophysiological relevance of transient perinatal
manipulation of adipose tissue progenitors.

I choose to utilize Pparg'™ mice as a tool to manipulate the adipogenic activity of
perinatal adipocyte precursors in vivo; however, whether there is a physiological or
pathophysiological human condition that mimics this action is still unclear. In rodents,
subcutaneous WAT depots, such as interscapular and inguinal, form prior to visceral WAT
depots, which include retroperitoneal, perigonadal and mesenteric WAT (Berry, Stenesen et

al. 2013). Generally, subcutaneous WAT depots form prenatally, and are towards fully
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developed at postnatal stage, while visceral WAT depots emerge postnatally. In human,
adipose tissue development takes place at the beginning of the second trimester of gestation
period in various sites (buccal, neck, shoulder, gluteal, perirenal) (G. Ailhaud, P. Grimaldi et
al. 1992) and develops dynamically throughout fetus stage (Desoye and Herrera 2021).
Therefore, the gestational and perinatal stages are important for adipose tissue development
in both mouse and human. Moreover, mice during P0.5-P7.5 could roughly correspond to
newborn infants to 8 months of age (Dutta and Sengupta 2016); this is a period when breast-
milk or formula represent the predominant source of nutrition. It is tempting to speculate how
maternal or perinatal factors during this period might impact adipocyte precursor biology.

For instance, there are also multiple clinical case reports linking maternal obesity and
diabetes to increased risk of obesity, T2DM, cardiometabolic disease in children (Reece 2008,
Tam, Ma et al. 2008, Anness, Clark et al. 2022, Longmore, Titmuss et al. 2022). This
includes women presenting with obesity, diabetes, and hypertension at the onset of
pregnancy, and those metabolically healthy women could also develop diseases such as
Gestational Diabetes Melius (GDM) and preeclampsia, during pregnancy. The influence of
maternal and paternal obesity on offspring health is increasingly studied in rodents. Maternal
high fat feeding during the lactation-suckling period in rats leads to long-term eWAT
expansion in offspring (Butruille, Marousez et al. 2019). The mechanisms underlying these
long-term effects are not clear; however, an impact of adipose progenitors has been
postulated.

It is noteworthy that women are recommended to stop medications during pregnancy,

citing a risk (known or unknown) of pharmacological therapies to fetal development
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(Bazargan, Foster et al. 2016). Rosiglitazone and pioglitazone are antidiabetic drugs in the
thiazolidinedione (TZD) class. They promote insulin sensitization by binding to PPARY in
adipocytes and activating the expression of genes that directly or indirectly promote insulin
responsiveness. Animal studies have not provided evidence of TZD-induced birth effects or
miscarriage; however, it is recommended to discontinue TZDs as soon as pregnancy is
confirmed. In 2004, there was a case report where the subject took rosiglitazone during
undetected pregnancy till the 8" week of gestation with a normal pregnancy outcome (Yaris,
Yaris et al. 2004). In 2005, another case was reported to be exposed to rosiglitazone between
13th and 17th gestational weeks and successfully delivered a healthy infant (Kalyoncu, Yaris
et al. 2005). Besides its antidiabetic effect, many recent rodent studies have shown
rosiglitazone to have protective or therapeutic potentials in face of pregnancy-induced
hypertension, placenta inflammation, and can even reverse asthma in offspring (Liu, Sakurai
et al. 2015, Bo, Chen et al. 2016, Wu, Ruan et al. 2017). Motivated by my findings in our
transgenic mouse model, I treated newborn mice with rosiglitazone during from P0.5-P7.5
via gavage of lactating mothers. I harvested the mice at 5 week old as well as after 12-weeks
of HFD feeding (Figure 3a), and observed no body weight difference (Figure 3b,c). In
comparison with my transient Pparg'® model, TZD treatment during this period did not elicit
the same long-term effects in eWAT (Figure 3d) nor the same systematic improvements after
HFD feeding (Figure 3e,f) ; however, I did observe a lasting impact on beige adipocyte
recruitment in the inguinal WAT depot at both 5 weeks old and after 12-weeks HFD feeding
(Figure 3d, e). Therefore, existing drugs could be of beneficial effect for both mother and

offspring; however, a careful evaluation of these drugs during pregnancy/lactation is needed.
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The most widely used antidiabetic drug, metformin, has been used more often than
rosiglitazone during pregnancy. It is used for the treatment of GDM. GDM is associated with
substantial rates of maternal and perinatal complications and an increased risk of macrosomia
(Caroline A. Crowther, Hiller et al. 2005, Tam, Ma et al. 2008, Sweeting, Wong et al. 2022),
and increased long term risk of cardiometabolic diseases in offspring (Tam, Ching et al. 2017,
Scholtens, Kuang et al. 2019). Traditionally, subcutaneous insulin was the preferred
treatment for GDM (Metzger and Coustan 1998). Metformin treatment or metformin-insulin
combination therapy later became widely used in pursue of better cost effectiveness,
compliance, and acceptability (Ryu, Hays et al. 2014). (Glyburide has also been applied to
GDM in some cases, but were reported to have greater adverse effects compared to
metformin ((Oliveira, Andrade et al. 2022)), thus is not as commonly used.) Large up-to-date
cohort studies indicated no increased long-term risk associated with pregnancy exposure to
metformin (Landi, Radke et al. 2019, Anness, Clark et al. 2022, Brand, Saarelainen et al.
2022). Going forward, it may be interesting to evaluate the short-term and long-term effects

of GDM and metformin use on adipose tissue plasticity and progenitor cell function.
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Figure 1. scRNA-seq analysis and differentiation capacity of dissociated P7 eWAT

mesothelial cells.

a) UMAP analysis of 4857 single cell transcriptomes obtained by scRNA-seq analysis of
P7 eWAT mesothelium-associated cells.

b) Dot plot depicting the expression of indicated genes within cell clusters revealed by
UMAP analysis. Expression levels are normalized by z-score.

c¢) 10x brightfield image of cultured eWAT-associated mesothelial cells at confluence.

d) 10x brightfield image of indicated cell subpopulations following adipocyte differentiation.
P7 APCs were differentiated by maintaining cells in growth media containing insulin. P7
eWAT-associated mesothelial cells were induced to differentiate by maintaining cells in
growth media containing insulin or by induction with dexamethasone, IMBX, insulin (DMI),

and rosiglitazone. Cultures are stained with oil red-O to visualize lipid accumulation.
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Figure 2. Bulk-mRNA-seq reveals adipogenic capacity of Pparg™¢ FIPs after in vitro

culture.

a) Heatmap showing representative adipogenic genes from bulk-mRNA-seq of Control and

Pparg™® FIPs after confluency in cell culture plates (n=4). Expression normalized by z-score.

b) GSEA reveals gene signatures/pathways differentially expressed between Control and

Pparg™® FIPs. NES= Normalized Enrichment Score.

c) Heatmap showing representative adipogenic genes from bulk-mRNA-seq of freshly

isolated Control and Pparg'™® FIPs (n=5). Expression normalized by z-score.
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Figure 3. Transient perinatal Rosiglitazone treatment has lasting impact on beige
adipocyte recruitment in iWAT.
a) Experimental design: Transient perinatal Rosiglitazone treatment from P0.5-P7.5 was

induced by gavaging lactating mothers daily with Rosiglitazone solution (10mg/kg). 5
weeks-old Control and Rosiglitazone treated offspring were harvested for analysis, or 8
weekes-old Control and Rosiglitazone treated offspring were administrated a high-fat-diet

(HFD) (60% kcal) for 12 weeks prior to analysis.

b) Body weights of Control and Rosiglitazone treated mice at 5 weeks old. n=7 for each
group.

c) Weekly body weights of Control and Rosiglitazone treated mice during the HFD feeding

period. n=5 for each group.

d) Representative 10x brightfield images of H&E stained eWAT and iWAT obtained from

Control and Rosiglitazone treated mice at 5 weeks old.

e) Glucose tolerance tests of Control and Rosiglitazone treated mice after 11 weeks of HFD

feeding. n = 5 for each group.

f) Serum triglyceride (TG) levels in Control and Rosiglitazone treated mice after 12 weeks of

HFD feeding. n=5 for each group. Bars represent = SEM.

g) mRNA levels of indicated thermogenesis genes in iWAT from Control and Rosiglitazone
treated mice at 5 weeks old. n=6 for each group. Bars represent £ SEM. * denotes p<0.05 by

student t-test, ** denotes p<0.01, *** denotes p<0.001.

h) mRNA levels of indicated thermogenesis genes in iWAT from Control and Rosiglitazone
treated mice after 12 weeks of HFD feeding. n=5 for each group. Bars represent £ SEM. *
denotes p<0.05 by student t-test, ** denotes p<0.01, *** denotes p<0.001.
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