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SUMMARY

Adipose tissue mass and adiposity change throughout the lifespan. During aging, while visceral
adipose tissue (VAT) tends to increase, peripheral subcutaneous adipose tissue (SAT) decreases
significantly. Unlike VAT, which is linked to metabolic diseases, including type 2 diabetes, SAT
has beneficial effects. However, the molecular details behind the aging-associated loss of SAT
remain unclear. Here, by comparing scRNA-seq of total stromal vascular cells of SAT from young
and aging mice, we identify an Aging-dependent Regulatory Cell (ARC) population that emerges
only in SAT of aged mice and humans. ARC express adipose progenitor markers but lacks
adipogenic capacity; they secrete high levels of pro-inflammatory chemokines, including Ccl6, to
inhibit proliferation and differentiation of neighboring adipose precursors. We also found Pu.1 to
be a driving factor for ARC development. We identify an ARC population and its capacity to
inhibit differentiation of neighboring adipose precursors, correlating with aging-associated loss of
SAT.

eTOC blurb:

Nguyen et al. identify an Aging-dependent Regulatory Cell (ARC) population that emerges
specifically in subcutaneous adipose tissue (SAT) during aging. ARCs inhibit differentiation and
proliferation of neighboring adipogenic precursors and may contribute to loss of SAT during
aging. Pu.l is critical for ARC development and phenotype of ARC.
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INTRODUCTION

Adipose tissue mass, adiposity, is flexible and undergoes changes throughout the human
lifespan. The total number of adipocytes in adipose tissue is set mainly during adolescence,
and thus, changes in WAT mass mostly reflect alterations in lipid storage (Spalding et al.,
2008). However, the adipocyte number can also increase via recruitment of precursors in the
stromal vascular fraction (SVF) of adipose tissue to differentiate into adipocytes. Certain
extrinsic factors, such as obesogenic signals and hyperphagia, can stimulate the proliferation
and differentiation of these adipose precursors in mice (Wang et al., 2013; Jeffery et al.,
2015). Precursors undergo adipogenic differentiation by a cascade of transcription factors, a
transient increase in expression of C/ebpp and C/ebp$, followed by expression of Ppary and
Clebpa (Gregoire et al., 1998; Jiang et al., 2017). Although adipose progenitors have been
traditionally identified by certain markers, such as CD24, Pdgfra, and Pref-1 (also called
DIk1), fluorescence-activated cell sorting (FACS) and genetic lineage tracing revealed
heterogeneity of adipose precursors (Smas and Sul, 1993; Lee et al., 2003; Rodeheffer et al.,
2008; Hudak and Sul, 2013; Berry and Rodeheffer, 2013; Hudak et al., 2014; Gulyaeva et
al., 2018; Burl et al., 2018; Merrick et al., 2019). Recently, single-cell RNA-sequencing
(scRNA-seq) has emerged as a tool to study heterogeneous adipose precursors, providing
new insights into their developmental hierarchies from multipotent mesenchymal stem cells
(MSC) to committed adipose precursor cells (APC). However, many scRNA-seq studies
used SVF cells after initial FACS to eliminate immune cell types, and thus, they may not
reflect all populations of adipose precursors to illustrate complete hierarchies of these cells.

During aging, visceral adipose tissue (VAT) and inter-muscular fat tend to increase. In
contrast, peripheral subcutaneous adipose tissue (SAT) is known to be reduced significantly
with aging in both mice (Kirkland et al., 2002) and human (Arner, 1995; Ibrahim, 2010;
Wollina et al., 2017). While VAT is associated with pathological conditions, such as insulin
resistance and cardiovascular diseases, SAT is protective against these diseases in human
(Arner, 1995; Ibrahim, 2010; Mancuso and Bouchard, 2019). Although the developmental
origin of VAT and SAT is known to differ, in general, the proliferation and differentiation
capacities of adipose progenitors are believed to drastically decline during aging in human
(Kirkland and Dobson, 1997; Caso et al., 2013). These cells may even undergo cell
senescence and death, altering WAT mass and producing systemic consequences in both
mice and human (Kirkland and Dobson, 1997; Tchkonia et al., 2010). However, the potential
changes of SVF cell populations and interrelationship among different populations during
aging that could lead to quiescence and/or impaired adipocyte differentiation are not well
understood.

To investigate the aging-associated loss of SAT, we performed scRNA-seq to compare total
cells of SVF of SAT from young and aging mice. We found a drastic decrease in adipose
precursor populations in aging. More importantly, we detected the aging-dependent
emergence and accumulation of a subpopulation in SAT, that we refer to as ‘Aging-
dependent Regulatory Cells’ (ARC) in mice. We also detected the ARC population in SAT
of older, but not young human volunteers. Even though these APCs are positive for adipose
progenitor markers, they exhibit impaired differentiation capacity and have high expression
of proinflammatory cytokines, such as Ccl6. ARC do not express pan-immune marker,
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CD45, but have high expression of proinflammatory genes. We find that, by secreting
cytokines, ARC inhibit proliferation and differentiation of neighboring bona fide adipose
precursors. Thus, ARC lead MSCs in SAT to become increasingly quiescent, and APCs and
preadipocytes to lose their capacity to proliferate and differentiate into adipocytes.
Moreover, we show that Pu.1 (also called Spil) is involved in the development of ARC in
SAT and that preadipocytes ectopically expressing Pu.1 can inhibit differentiation of
neighboring cells in vivo. Taken together, the aging-dependent emergence of ARC may play
arole in the decrease of adipose precursor number, inhibition of adipogenesis, the loss of
SAT that we detect during aging.

Emergence of Aging-dependent Regulatory Cells (ARC) in Subcutaneous Adipose Tissue
in Aged Mice

By performing scRNA-seq, we investigated the heterogeneity of SVF cell populations in
inguinal WAT (iWAT), as a representative SAT, from 10 wk-old (young), 48 wk-old (aged),
and 72 wk-old (old) mice. To prevent potential bias arising from cell sorting, we used total
SVF of iWAT without depleting Lin* cells (CD45*, CD31%, Ter119*) (Rodeheffer et al.,
2008) comprised of immune and endothelial cells. iWAT pads of 2 mice from each age
group were subjected to scRNA-seq. For analysis, Partek Flow was used to generate t-
distributed stochastic neighbor embedding (t-SNE) plots. Unsupervised clustering of gene
expression profiles identified 10 clusters in young mice and 11 clusters in aged and old
mice, with each cluster containing ~500 to 2,500 cells with the average of approximately
190,000 reads per cell (Fig. 1a). We repeated our sScRNA-seq three times to ensure
reproducibility (Fig. S1a). Remarkably, this unbiased approach to sScRNA-seq enabled us to
visualize distinct subpopulations of iIWAT. The comparable number of cells we obtained for
both Lin* and Lin~ populations reflects an accurate representation of the SVF environment
in iIWAT.

We detected 3 immune subpopulations, including B cells, T cells, and macrophages, as well
as endothelial cells, that were all Lin* using B cell-, T cell- and macrophage-specific
markers, such as Fcgr3, Cd79b, Ccl5 (Fig. S1b) (van Mourik et al., 1985; Kraus et al., 2001;
Lau et al., 2004; Cho et al., 2014; Eberlein et al., 2020). Lin™ cell populations in adipose
tissue contained adipose progenitor populations marked by CD34. Among adipose lineage
populations, in addition to the previously recognized 3 adipose precursor populations,
mesenchymal stem cells (MSC), adipose precursor cells (APC), and CD142M3" APC (Lee et
al., 2013; Merrick et al., 2019; Wang et al., 2013; Plikus et al., 2017; Hepler et al., 2018;
Marangoni et al., 2015; Schwalie et al., 2018; Jiang et al., 2014; Berry et al., 2016; Xue et
al., 2015), we detected 3 additional populations: adipose-specific ‘Adipogenic Fmod*
fibroblasts (AFFs)’, capable of differentiating into adipocytes (Fig. S1d); preadipocytes; and
early adipocytes. AFFs are specific to SAT since we did not detect them in VAT by scRNA-
seq (Data not shown). Overall, detection of these additional precursor populations may be
resulted from the use of total SVF without FACS. The previous reports using SVF depleted
of Lin* populations or cells expressing certain specific markers for scRNA-seq may have
missed the heterogeneity within cell populations. Apart from the previously known cell-type
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specific markers (Fig. S1b), we also identified new and more specific markers for adipose
lineage populations: Pil5 (Peptidase inhibitor 15) and CD121a for both MSCs and APCs,
Gpr1 specific for MSCs, Pref-1 for APCs, Ramp1 and Aox3 for CD142"9" APCs, and Fgfl
and Fmod for AFFs (Fig. S1c).

The most striking feature of SVF landscape in iWAT of aged mice was an additional cluster
that emerged as a population that we named Aging-dependent Regulatory Cells (ARC). This
cluster was detected only in SVF of iWAT from 48 wk-old aged but not young mice, and this
cluster increased further in 72 wk-old mice (Fig.1la, 2a). These ARC were CD34*, Pdgfra™,
and Pref-1*, which are known to be expressed in adipose progenitor cells (Smas and Sul,
1993; Lee et al., 2003; Rodeheffer et al., 2008; Hudak and Sul, 2013; Berry and Rodeheffer,
2013; Lee et al., 2013; Hudak et al., 2014; Gulyaeva et al., 2018; Burl et al., 2018; Merrick
etal., 2019; Oguri et al., 2020). Moreover, they expressed very low levels of an endothelial
marker, CD31, and a panleukocyte marker, CD45, demonstrating that they were not
endothelial or immune cells, respectively. Yet, these cells showed high levels of
inflammatory markers, such as CD163, F4/80 (Adgrel), Lgals3, CD36, and NFxB1
(Lumeng et al., 2007b; Papaspyridonos et al., 2008; Cai et al., 2012; Tourniaire et al., 2013).
They also expressed high levels of chemokines, such as Ccl6 and Ccl8 (Fig. 1b). Expression
of these chemokines was increased further in 72 wk-old mice (Fig. 2a). Because mice gained
weight as aging progressed, we tested whether high fat diet (HFD)-fed young mice that
gained similar weight as aged mice develop ARC. However, we did not detect the ARC
population in SVF from iWAT of HFD-fed young mice, reinforcing the notion that the
emergence of ARC is indeed primarily dependent on aging (Fig. S2c). We next examined the
potential origin of ARC or its relationship with other adipogenic clusters. We performed in
silico cell trajectory analyses. The analyses predicted both CD142-high-APC and APC are
derived from MSC. It also showed APCs give rise to preadipocytes and AFF, both of which
can differentiate to early adipocytes. Importantly, ARC are inferred to derive from APC, but
not CD142-high-APC. And ARC are predicted not to differentiate into adipocytes (Fig. le,
Sle). To further verify that ARC are not derived from immune lineage, we performed cell
trajectory analysis with adipose linage cells and immune cells. The analysis showed that
immune cells all highly expressed CD45 markers while ARC did not. Even though immune
cells do not share lineage with adipose populations, forced cell trajectory analysis further
indicated that ARC is not derived from macrophage or other immune cells (Fig. S1f).

When compared gene expression of the ARC population to the preadipocytes, ARC of 48
wk-aged mice had remarkably high expression of genes involved in innate immune
response, such as Jchain and C1qC (Complement C1Q C chain) (Brandtzaeg, 1983; van den
Berg et al., 1996); cytokine production, such as CD209 and Tmf1 (TATA element
modulatory factor 1) (Chen et al., 2006; Perry et al., 2004); T cell activation, such as CD151
and Ccl5 (Eberlein et al., 2020; Seu et al., 2017); and cytokines, such as Tgfp1, Ccl2 and
Ccl6. They had exceedingly low expression of pro-adipogenic factors, such as Dusp10, yet
expressed high levels of anti-adipogenic factors, including 1d3, KIf2, and KIf7, suggesting
that these cells may lack adipocyte differentiation capacity (Choi et al., 2013; Moldes et al.,
1997; Banerjee et al., 2003; Kawamura et al., 2006). Interestingly, unlike preadipocytes,
these cells expressed very low levels of adhesion molecules, such as Col4a3, Col4a4, and
Col5a2 (Fig. 1c) (Dai et al., 2017). Also expression of anti-adipogenic and inflammatory
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markers in ARC was increased further in 72 wk-old mice, suggesting amplification of their
pro-inflammatory effects and impairment of adipocyte differentiation as aging progresses
(Fig. 1d). Compared to ARC of 48 wk-old mice, those of 72 wk-old mice showed further
enrichment of genes involved in immune activation and angiogenesis (Fig. 1c). Overall,
these results demonstrate the aging-dependent emergence and accumulation of ARC in SAT.

Isolation of ARC by Lgals3 and CD36 and their Impairment of Adipogenic Differentiation

To isolate and characterize the ARC from SVF, we identified two highly enriched cell
surface proteins, Lgals3 and CD36, as markers (Fig. 2b). We first separated SVF of iWAT
into Lin* and Lin~ populations using CD45, CD31, and Ter119. From the Lin~ cells, we
selected Lgals3*, CD36" cells as ARC. Lgals3+ CD36+ cells were approximately 33% of
Lin- population, a similar percentage estimated from scRNA-seq data (Fig. 2¢). To
document aging-dependent changes in SAT, we sorted adipocytes from Lin~ population by
FACS using FABP4. As expected, percentage of early adipocytes were significantly lower in
SAT of 48-wk-old mice (3%) compared to 10-wk-old mice (10%). And adipocyte
percentage further decreased in 72-wk-old mice (0.8%) (Fig. 2a). We also compared weight
of SAT of young (20wk-old) and old mice (72wk-old). Indeed, SAT mass decreased
approximately 50% in old mice while VAT mass and total body weight increased upon
aging(Fig. S2a). These results clearly illustrate the decrease of newly formed adipocytes,
ultimately resulting in the loss of SAT in mice during aging. Next, to verify the identity of
ARC, we examined gene expression of FACS-sort ARC by RT-gPCR, which indicated
increased levels of Lgals3 and CD36 by approximately 5-fold compared to Lin™ cells. ARC
also showed as high levels of adipose progenitor markers, such as CD34, Pdgfra, and Pref-1,
as those of APCs sorted by Pdgfra and Pref-1. In contrast, ARC did not express pan-
immune marker, CD45, or endothelial cell marker, CD31, compared to Lin* populations
(Fig. 2d). Further examination revealed increased expression levels of immune-related
genes, such as Jchain, Ptafr, Adgrel (F4/80) by 5-, 60-, and 40-fold, respectively. In contrast,
expression of adipogenic markers, such as LoxI2 and C/ebpp, was decreased. Interestingly,
ARC also had a 5-fold increase in Tgfp1 previously shown to inhibit differentiation of APCs
and preadipocytes. The sorted ARC also showed increased expression of chemokines, such
as Ccl5, Ccl6, and Ccl9, by 6-, 35-, and 40-fold, respectively (Fig. 2e). These ARC highly
expressed transcription factors known to regulate leukocyte differentiation, such as Bax,
Mafb, and Pu.1, by 4-, 6-, and 80-fold, respectively (Fig. 2f). To examine whether ARC is a
distinctive cell population, we compared FACS-sorted ARC to APC and to CD142-high-
APC. By RT-gPCR, we confirmed that in ARC, expression levels of ARC-specific genes,
including Pu.1, Ccl6, and Tgfb, were significantly higher than in APC or CD142-high-APC
(Fig. S2e). The overall gene expression pattern clearly illustrates that ARC exhibit
proinflammatory characteristics while lacking expression of adipogenic genes.

We next tested the differentiation capacity of these cells /in vitro. After FACS, we attempted
to culture ARC, but they did not adhere to the plates. Indeed, RT-qPCR analysis revealed
that, compared to CD38-sorted preadipocytes, expression of adhesion molecules, such as
Col5a2, Col14al, Collal, Colla2, Col3al decreased significantly, whereas Fli1, a
transcription factor reported to inhibit collagen synthesis in fibroblasts, was approximately
3-fold higher in ARC (Fig. 2g) (Asano et al., 2009; Carriere et al., 2017). Therefore, we
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cultured the ARC on collagen-coated plates to confluency. ARC and preadipocytes were
subjected to adipocyte differentiation protocol. At day 0, gene analysis showed ARC having
significantly lower levels of C/ebp§, Ppary, and Fabp4 and higher levels of Pref-1,
suggesting ARC may have lower differentiation capacity. Indeed, Qil Red O staining
revealed lower lipid accumulation in ARC compared to preadipocytes. RT-qPCR showed
while, there was a 2.5-fold increase in the expression of Sox9, a transcription factor known
to inhibit adipocyte differentiation (Gulyaeva et al., 2018; Wang and Sul, 2009) and a >2-
fold decrease in expression of adipogenic factors, such as C/ebps, Ppary, and Fabp4 (Fig.
2h), demonstrating impaired capacity of ARC for adipocyte differentiation. When ARC
were cultured in lower density, these cells had 2-fold higher proliferative capacity than
preadipocytes, as estimated by MTT assay (Fig. 2i). Overall, we found that ARC express
markers of adipose progenitors, but they cannot undergo adipogenesis.

We next isolated and compared ARC from SVF of young, aged, old, and HFD-fed young
mice. FACS analysis revealed that, while ARC numbers were almost undetectable in SVF of
young mice and ARC numbers were significantly higher in aged mice and were further
increased in old mice (Fig. 2j, left). Moreover, when young mice were on HFD, they did not
have ARC (Fig. S2c). Tissue staining of iWAT by ARC markers, Lgals3 and CD36,
confirmed presence of ARC in iWAT of aged, but not young, mice (Fig. S2d). To test
whether the ARC population we detected in mice is present also in humans during aging,
SAT from donors of varying ages without any underlying health issues were subjected to
SVF isolation followed by FACS protocol as performed in mice. Indeed, we clearly detected
ARC in SAT samples of older humans (Fig. 2j, right). Similar to mice, we detected
increasing ARC numbers in humans with age, as demonstrated by higher number of ARC in
the middle-age and elderly groups compared to younger individuals. RT-gPCR showed
significantly higher levels of LGALS3, CD36, and PU.1 in FACS-isolated human ARC
compared to APCs, with their expression increasing in older individuals (Fig. 2k). Overall,
these results demonstrate ARC indeed exist in SAT of aged mice and humans, and the
presence of ARC is a function of age.

ARC Secrete Chemokines to Inhibit Proliferation and Differentiation of Neighboring
Adipose Precursors

With high immune characteristics and secretion of various cytokines, ARC may potentially
affect neighboring adipose progenitor cells. We tested effects of ARC on the differentiation
of adipose-lineage cells by co-culture experiments. ARC isolated from iWAT of aged mice
by FACS using Lgals3 and CD36 were subjected to irradiation to prevent their potential
differentiation into adipocytes. These cells were mixed with 3T3-L1 cells, co-cultured on
Matrigel, and then subjected to adipocyte differentiation. Oil Red O staining and brightfield
imaging revealed that control 3T3-L1 cells on Matrigel fully differentiated into adipocytes.
In contrast, cells co-cultured with irradiated ARC showed significantly lower lipid
accumulation. RT-gPCR showed Sox9 mRNA levels in 3T3-L1 cells co-cultured with ARC
increased by 2-fold, while expression of adipogenic markers C/ebpp, C/ebp$s, Ppary, and
Fabp4, was decreased by approximately 50% (Fig. S3a). We also tested ARC effect on
adipocyte differentiation of 3T3-L1 cells, by using conditioned media from ARC or from
APCs. 3T3-L1 cells subjected to differentiation protocol in conditioned media from ARC

Dev Cell. Author manuscript; available in PMC 2022 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 7

had lower lipid accumulation compared to cells in conditioned media from APCs (Fig.3a).
And RT-gPCR revealed 3T3-L1 cells in conditioned media of ARC already had lower
expression levels of C/ebpp, C/ebpd, Ppary, and Fabp4. Furthermore, at Day 8 of
differentiation, 3T3-L1 cells in conditioned media from ARC had approximately 2-fold
lower expression of adipogenic genes than cells in conditioned media from APCs (Fig. 3b).
These results demonstrate that ARC can prevent differentiation of neighboring adipose
precursors into adipocytes. We also examined whether CD142-high-APCs could inhibit
adipogenesis of neighboring precursors. Gene analysis showed that CD142-high-APCs did
not have higher levels of anti-adipogenic genes, such as Ddk3, Meox2, Spink1 which were
reported by Schwalie et al. When 3T3-L1 cells were subjected to differentiation in
conditioned media from either APCs or CD142-high-APCs, lipid staining showed no
differences between the two treatments. 3T3-L1 cells in conditioned media from CD142-
high-APCs showed similar levels of adipogenic markers compared to cells treated with
conditioned media from APCs (Fig. S3b). Taken together, we conclude that in SAT of aged
mice, only ARC, but not CD142-high-APC, can inhibit adipogenesis of neighboring cells.

As shown in ANOVA in Figure 1c, ARC had high levels of numerous cytokines. In this
regard, certain chemokines and chemokine receptors, such as Cxcl3 and Cxcr2, have been
reported to promote adipocyte differentiation of 3T3-L1 cells (Kabir et al., 2014; Kusuyama
et al., 2016). Thus, we hypothesized that ARC may affect differentiation of nearby adipose
precursor cells via secretion of chemokines. RT-gPCR indicated Ccl6 was the chemokine
expressed at highest levels in ARC compared to all other cell populations that are known to
highly express chemokines, such as macrophages (Fig. 3c). Therefore, we tested the effects
of Ccl6 on differentiation by plating 3T3-L1 cells to confluency and subjecting them to the
adipocyte differentiation protocol in the presence of Ccl6 or control His-peptide. Oil Red O
staining revealed lower lipid staining in Ccl6 treated cells compared to control cells. Ccl6
treated cells had approximately 2-fold higher expression of Pref-1, while having
significantly lower expression of adipogenic markers, such as C/ebps, Ppary, and Fabp4
(Fig. 3d). To determine whether inhibitory effects of ARC on adipogenesis of neighboring
cells depend on Ccl6, we cultured 3T3-L1 cells in conditioned media from ARC in the
presence of Ccl6 neutralizing antibody. 3T3-L1 cells in conditioned media from ARC had
significantly lower levels of adipogenic markers, such as C/ebp§, Ppary, and Fabp4, and
higher levels of Pref-1. 3T3-L1 cells in media from ARC along with Ccl6 neutralizing
antibody showed similar lipid staining as cells treated with conditioned media from APCs,
demonstrating the inhibitory effect of ARC on adipocyte differentiation of neighboring cells
was due to the presence of Ccl6 in the ARC conditioned media. Gene analysis revealed
similar decrease in expression levels of C/ebp8, Ppary, and Fabp4, and increased levels of
Pref-1 in 3T3-L1 cells in conditioned media from ARC. In contrast, cells treated with
conditioned media from ARC along with Ccl6 neutralizing antibody showed similar levels
of adipogenic markers, compared to cells in conditioned media from APCs (Fig. 3f).
Overall, these results clearly demonstrate the inhibitory effects of ARC on differentiation of
adipose precursors through chemokine secretion.

In this regard, by our sScRNA-seq analysis, APCs, AFFs, and preadipocytes of SAT of aged
mice expressed lower levels of pro-adipogenic factors than young mice (Fig.S3e-g). We next
isolated APCs by FACS using Pdgfra and Pref-1 and analyzed gene expression of these
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cells without culturing. Gene analysis showed that APCs from iWAT of aged mice had lower
levels of C/ebpp and C/ebpd compared to APCs of young mice, confirming that, as aging
progresses, APCs from old compared to young mice have decreased adipogenic
differentiation capacity. These results implicate inhibitory effect of ARC on adipogenesis of
APCs in SAT of aged mice. In contrast, APCs of aged mice showed increased expression of
inflammatory factors, such as TNFa., Ctsd (Cathepsin D), Gpnmb (Transmembrane
glycoprotein NMB), that might further decrease adipogenic differentiation capacity (Fig. 3g,
right). We also examined APCs isolated from SAT of human individuals. Indeed, adipogenic
genes, such as C/EBPS& and PPARy, all decreased with aging in Lin™ cells of human
samples. These results demonstrate decrease in adipogenic capacity of APCs in aging, not
only from their intrinsic difference, but more likely due to emergence of ARC (Fig. 3h).

Interestingly, when 3T3-L1 cells were cultured at a low density for 48 hrs in conditioned
media from either ARC or preadipocytes, 3T3-L1 cells in media from ARC had a 50%
reduction in cell proliferation compared to those in media from preadipocytes (Fig. S3c).
Similarly, incubation of 3T3-L1 cells at a low density with recombinant His-Ccl6 for 48 hrs
showed a 50% lower cell numbers compared to those incubated with control, His-peptide
(Fig. S3d). These results suggest that ARC, not only inhibit adipogenic differentiation of
precursor cells as shown above but may also decrease proliferation of these cells.

Indeed, the sScRNA-seq detected that each adipose lineage populations, such as MSCs,
APCs, AFFs, preadipocytes, and early adipocytes, all showed a decrease in their numbers in
aged mice and became more drastic in old mice (Fig. 1a). Moreover, the MSCs of aged mice
had increased expression of stem cell quiescence genes, while APCs had decreased levels of
proliferation-related genes (Fig. S3e). Similarly, CD142"9" APCs, AFFs, and preadipocytes
exhibited lower expression of proliferation-related genes, correlating with the drastic
decrease in their cell numbers in aged mice.

We next verified the decreased capacity of proliferation of adipose precursors in vivo. First,
mice were injected with EAU, and APCs were selected from Lin™ cells by FACS using
Pref-1 and Pdgfra.. FACS analysis of APCs stained with EdU revealed a significantly lower
percentage of EdU* APCs of aged compared to young mice (Fig. 3g, left). We also
performed MTT assay to further confirm the decrease in proliferative capacity. After FACS,
the same number of APCs from young and aged mice were seeded at a low density and
cultured for 48 hrs. The cell number of APCs from aged mice after culture was consistently
lower compared to young mice, verifying reduced proliferation of APCs, demonstrating that
APCs do not proliferate as aging progresses.

Overall, we conclude that the adipose precursors are decreased in their numbers, with lower
expression of adipogenic genes and that emergence and action of ARC may contribute to
limited adipogenesis.

The Role of Pu.1lin ARC Generation and function

During examination of the gene expression profile of ARC (Fig. 2d), expression of Pu.1 was
90-fold higher in ARC than in preadipocytes, the highest among all transcription factors.
Pu.1 has previously been shown to transform fibroblasts into macrophage-like cells (Feng et
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al., 2008). We speculated that Pu.1 might be involved in the emergence of ARC during
aging. To test this hypothesis, we overexpressed GFP-tagged Pu.1 in 3T3-L1 cells, and GFP
* cells were isolated by FACS. Overexpression of Pu.1 was verified by RT-gPCR and
immunoblotting (Fig. 4a). Upon Pu.l overexpression, an ARC marker, Lgals3 increased
approximately by 3.5-fold, indicating the phenotypic shift of 3T3-L1 cells to ARC-like cells.
Moreover, expression of macrophage markers, such as Rhoa and Sp3, increased in Pu.1-
overexpressing 3T3-L1 cells. Furthermore, we detected increased levels of leukocyte
differentiation-related transcription factors, such as Bax and NFkBL1, as well as chemokines,
such as Ccl6. Flil levels also increased. In contrast, Collal and Col3al levels decreased
significantly upon Pu.1 overexpression (Fig. 4b). We performed RNA-seq of Pu.1
overexpressing 3T3-L1 preadipocytes to document global gene expression pattern (Fig. 4c).
Most of the enriched genes were those of immune cell regulation, such as leukocyte
differentiation, chemokine production, leukocyte aggregation, and inflammatory mediation.
Pu.1 overexpression also increased expression of chemokines, such as Ccl12 and Ccl6. In
contrast, most of decreased genes were those involved in adipogenesis, such as C/ebpp and
Clebps, as well as adhesion molecules, including Colla2, Col3al, and Col5a2. Overall, the
gene expression changes upon Pu.1 overexpression revealed characteristics of ARC (Fig.
4d), establishing that Pu.1 is a driving factor behind the development of ARC.

Since ARC had impairment in adipocyte differentiation (Fig. 2f), we next tested whether
3T3-L1 cells upon Pu.1 overexpression can undergo adipocyte differentiation. Remarkably,
unlike control 3T3-L1 cells, Pu.1 overexpressing cells did not adhere to culture plates (Data
not shown), reflecting their decreased expression of adhesion proteins. We therefore tested
the differentiation capacity of Pu.1 overexpressing cells on collagen-coated plates. Oil Red
O staining showeed lower lipid accumulation in Pu.1 overexpressing cells subjected to
differentiation protocol. Pref-1 mRNA level was higher by 4-fold, while expression of
adipogenic genes, such as C/ebps, Ppary, and Fabp4, were lower in Pu.1-overexpressing
cells than control cells, indicating impaired adipocyte differentiation (Fig. 4e). Taken
together, Pu.l is a critical driver for ARC phenotype.

To examine whether Pu.1 is involved in the development of ARC, we performed Pu.1 KD in
FACS-sorted ARC using two different Pu.1 shRNA lentivirus. By RT-qPCR, we detected
approximately 90% reduction in Pu.1 expression level in both Pu.1 shRNA. After adipocyte
differentiation, both Pu.1 shRNA lentivirus treated ARC showed higher lipid accumulation
compared to control sShRNA treated ARC. Pu.1 KD cells had 2-fold decrease in Sox9 levels
and more than 4-fold increase in adipogenic markers, such as C/ebp8, and Ppary compared
to control ARC (Fig. 4f). Overall, these data clearly demonstrate that Pu.1 is critical for the
development of ARC during aging.

Pu.l is Critical for ARC Function in Inhibiting Adipogenesis of Neighboring Cells

We next tested whether Pu.1 is required for ARC inhibitory effect on neighboring cells, we
cultured 3T3-L1 cells in conditioned media of control ARC and Pu.1 KD FACS-sorted
ARC. After subjecting these cells to adipocyte differentiation protocol, cells cultured in
conditioned media of Pu.1 KD ARC had higher levels of lipid accumulation than cells in
control ARC. RT-gPCR also showed, even at day 0, 3T3-L1 cells in media of Pu.1 KD ARC
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had lower levels of Sox9 and higher levels of C/ebpp, Ppary, and Fabp4 than control cells.
At day 8, cells in media of Pu.1 KD ARC showed approximately 3-fold lower of Sox9 levels
and 4-fold higher than cells cultured in control ARC (Fig. 5a). These results further
demonstrate that Pu.1 is critical for ARC function in inhibiting adipogenesis of neighboring
cells.

To further examine whether Pu.1 is critical for inhibitory effect of ARC on neighboring
cells, we performed in vivo implantation experiments. We first generated 3T3-L1 cells stably
overexpressing Pu.1 by transducing Pu.1 lentivirus followed by antibiotic selection. Cells
stably expressing Pu.1 not only showed high level of Pu.1 but also increased levels of
Lgals3, Tnfa, Ccl6, and Flil and decreased expression of adhesion proteins, such as Collal
and Col5al (Fig. S4). Thus, these 3T3-L1 cells stably expressing Pu.1 showed similar gene
expression pattern to 3T3-L1 cells transiently expressing Pu.1 in Figure 4. Next, the GFP
expressing 3T3-L1 cells mixed with either Pu.1 expressing 3T3-L1 cells or Pu.1 expressing
cell. They then mixed with Matrigel and subcutaneously injected into immune-compromised
SCID mice. After 12 days, the implants were collected for immunofluorescence and for RT-
gPCR after FACS (Fig. 5b). For whole-mount staining, the implants were treated similarly to
adipose pads using the same methods as in Figure S2 in which the implants were flattened
for Z-def reduction for staining with LipidTox or DAPI prior to imaging. The control GFP*
3T3-L1 cells formed substantial number of adipocytes with lipid staining. In contrast, Pu.1
overexpressing 3T3-L1 cells formed cells with significantly lower lipid staining indicating
resistance to adipogenesis. More importantly, when GFP* 3T3-L1 cells were implanted
along with Pu.1 stably expressing cells, the GFP™ cells formed cells with much lower lipid
staining than when GFP* cells alone were implanted (Fig. 5¢). RT-gPCR also showed
greatly lower levels of adipogenic genes, such as C/ebpp, C/ebp8, Ppary, and Fabp4 in cells
formed upon injection of Pu.1 expressing cells or 3T-L1 cells co-injected with Pu.1
overexpressing cells, compared to cells formed from injection of control 3T3-L1 cells alone
(Fig. 5d). These results clearly demonstrate that ectopic expression of Pu.1 not only inhibits
adipogenesis but also impairs adipocyte differentiation of neighboring preadipocytes in vivo.
Overall, we conclude that Pu.1 is the critical factor for ARC’s development and that ARC
can inhibit differentiation of neighboring adipose precursors.

DISCUSSION

Identification of Adipose Precursor Populations and their Specific Markers

Several groups have attempted to characterize the adipose progenitor populations found in
non-immune stromal cells of adipose tissue by scRNA-seq analysis. All adipose progenitor
populations have been characterized to express surface markers, including Pdgfra, CD29
(Itgb1), CD34, and Sca-1 (Ly6a) in mice (Burl et al., 2018; Hepler et al., 2018; Merrick et
al., 2019). In general, previous studies have identified three different progenitor populations;
ASCla, an adipogenic precursors derived from ASC2 which are mesenchymal-like
progenitor cells, and ASC1b, also known as Aregs, which is highly enriched in SAT of mice,
but of which its effect on differentiation of adipose precursors is still in debate (Schwalie et
al., 2018). We detected the three populations of adipose lineage cells that were previously
reported. Moreover, our sScRNA-seq of total SVF cells without elimination of Lin* cells
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revealed, not only 3 additional adipose precursor populations, but also new and highly
specific markers for each subpopulation.

We found CD121a and Pil5 to mark all adipose precursors, including MSCs and APCs. Our
first population, MSC, corresponds to the ASC2 population characterized by several groups
as a mesenchymal progenitor population that is less committed to the adipose lineage
(Rondini and Granneman, 2020). This population is enriched of mesenchymal progenitor
markers, such as Fn1 and CD55, while lacking adipocyte markers. While our MSCs are
overall analogous with MSCs characterized by other researchers, there are certain
discrepancies. This cluster to be highly marked with Gprl, which has been reported to
modulate neural stem cell proliferation. We also did not detect Dpp4, previously reported by
Merrick et al. to be enriched in this population. Our second population, APC, is enriched
with preadipocyte markers, Pref-1 and Pdgfra, corresponding to the ASCla population of
committed and adipogenic precursor cells. Merrick et al. reported that this population arises
from Dpp4* progenitors but lost expression of Dpp4 to acquire Icam1 (Merrick et al., 2019).
They also reported that Icam1* cells are marked by Pref-1 and could then acquire CD142.
We did not detect high levels of Icam1 in our APC population. Instead, we observed
increasing expression of Icam1 as cells commit to preadipocytes and further undergo early
differentiation. The third subpopulation that we termed CD142M9" APC is similar to the
ASC1b population. Our CD142"9" APCs are highly marked with Ramp1 and Aox3.
Previously, this population was reported to be enriched in VAT than SAT, being refractory to
adipogenesis but exerting an inhibitory effect on the differentiation of other APCs, and thus,
termed ‘Aregs’ (Schwalie et al., 2018). However, this population was characterized by
Merrick et al. to be adipogenic and to exert no anti-adipogenic effects (Merrick et al., 2019).
Indeed, similar to Merrick et al, our CD142"9" APC population exhibits high levels of
adipogenic markers and can differentiate to adipocytes (Fig. S2f). And our CD142-high-
APC does not highly express anti-adipogenic genes, such as Dkk3, Meox2, and Spink1
shown by Schwalie et al and they do not possess anti-adipogenic effect on neighboring cells
(Fig. S3b).

Importantly, we also identified three additional adipose lineage populations, a preadipocyte,
an early adipocyte, and adipogenic Fmod™ fibroblast (AFF) populations, in addition to the
three previously reported populations as described above. Our preadipocytes are derived
from APCs and is highly enriched in early adipogenic transcription factors, such as C/ebpp
and C/ebp§, compared to other adipose progenitors. These cells highly express CD38, a
preadipocyte marker identified recently in mice by Carriere et al. (Carriere et al., 2017). Our
early adipocytes are distinguished from our preadipocyte population by the high expression
of terminal adipocyte differentiation genes, such as Fabp4 and ATGL (Villena et al., 2004).
Lastly, AFF, a previously unidentified population of fibroblast-like cells, is detected in our
scRNA-seq. AFF in general are distinctive stroma cells with high collagen secretion for
tissue remodeling and wound healing. In our study, the AFF population showed moderate
expression of C/ebpp, as well as adipogenic potential, and thus, we named ‘Adipogenic
Fmod™* Fibroblasts’ (AFF). While both preadipocytes and AFFs to be enriched in Fgfl
(Fibroblast growth factor 1), only AFFs express Fmod (Fibromodulin), Col18al, and Igfbp2
(Insulin growth factor binding protein 2), clearly distinguishing AFFs from preadipocytes.
Interestingly, AFF population is a SAT-specific population, since we did not detect this
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population in VAT by scRNA-seq (Data not shown). Overall, these newly identified markers
could provide additional tools to study specific adipose precursor subpopulations in the
future.

Our detection of these additional precursor populations may have resulted from the use of
total SVF without FACS. In fact, previous reports of SCRNA-seq in identifying adipose
precursor cells utilized SVF that were depleted of Lin* populations or cells expressing
certain specific markers, which may have missed the heterogeneity within cell populations.
For example, in our total SVF analysis by scRNA-seq, we found expression of CD81 in all
cell populations including both Lin~ and Lin* cells, although CD81 was recently reported to
mark beige precursors in mice(Oguri et al., 2020). FACS to eliminate Lin* cells may also
have depleted populations that were low but still positive for certain lineage markers. For
example, unlike our APC population, the preadipocyte population expresses low levels of
CD31, a marker for endothelial cells (Fig. 1b). Apart from the different methods employed,
specific adipose depot and age of mice employed could explain the differences in population
characteristics. In fact, we studied SAT from adult mice, whereas Merrick et al. used SAT
from developing mice at P12. The Dpp4* MSC population characterized by Merrick may
represent an earlier developmental precursor population compared to our MSC population,
suggesting a potential loss of Dpp4 during developmental maturation (Merrick et al., 2019).
We did not detect the inflammatory MSC population characterized by Hepler et al., which
may be specific to VAT after HFD feeding (Hepler et al., 2018).

Decrease in Adipose Precursor Populations and their Impaired Differentiation Capacity in

Aging

During aging, there is major changes in WAT, through loss of SAT from the limbs and gain
of VAT around the abdominal and trunk areas in both mice (Cartwright et al., 2007) and
human (Raguso et al., 2006; Rabkin, 2007; Kuk et al., 2009). The chronic positive energy
intake may partly contribute to increase in VAT. Besides, altered characteristics of adipose
tissue, such as the number of adipose progenitors and their capacity for proliferation and
adipogenesis may also be factors (Karagiannides et al., 2001; Xu et al., 2002; Unger, 2002;
Zhu et al., 2007; Schipper et al., 2008). In fact, a previous study characterizing total Lin™
cells of SVF as adipose precursors of human SAT suggested lower proliferation and
differentiation, of those from aged compared to young patients (Caso et al., 2013). Others,
by using CD34* cells from abdominal and subcutaneous fat, reported a 2-fold lower rate of
proliferation of those from aged and old compared to young patients (Alt et al., 2012).
However, likely due to limited technology, these studies did not consider the heterogeneity
of adipose precursor populations. Our scRNA-seq allowed us to capture the entire landscape
of SVF of adipose tissue and to detect distinctive populations, providing understanding of
the aging-associated changes in these cell populations. We found that, in SAT, there is a
significant aging-dependent decrease in the cell numbers of MSCs, as well as adipose
lineage populations, including APCs, preadipocytes, and AFFs. Moreover, MSCs in aged
mice remain quiescent, resisting proliferation, and all adipose progenitors and preadipocytes
from aged mice demonstrated to have lower proliferative and differentiative capacity. Thus,
the decrease in MSCs and adipose linage cell populations may lead to a decrease in newly
forming adipocytes during aging, contributing to aging-associated loss of SAT.
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Emergence of ARC in Aging and their Effects on Neighboring Adipose Precursors

Most importantly, comparison of sScRNA-seq of SVF from SAT of mice during aging
allowed us to discover a population of adipose precursors only present in SAT of old, but not
young mice. Interestingly, this population is subcutaneous-specific, and undetectable in
visceral fat even of aged mice (Data not shown). We named this population “Aging-
dependent Regulatory Cells” (ARC). ARC are distinct from various other cell types in SVF,
such as preadipocytes and macrophages, which are known to secrete cytokines that affect
adipogenesis and adipocyte function during HFD feeding (Lumeng et al., 2007a) or obesity
(Trayhurn and Wood, 2004; Hotamisligil et al., 1993). ARC emerge and increase only in
SAT of aged mice, but not in young mice on HFD. ARC are not senescent stem cells that
acquire alterations in their secretome to be enriched in pro-inflammatory cytokines, referred
as Senescence-Associated Secretory Phenotype (SASP) (Coppe et al., 2008; Kuilman et al.,
2010; Rodier and Campisi, 2011). Moreover, ARC do not express several known senescence
factors, such as p53, p21, and Bmil, although express high level of NFKB which is also
known to be involved in inflammation. Regardless, in contrast to senescent stem cells, ARC
show no senescence phenotype and are capable of rapid proliferation (Fig. 2h). We propose
that ARC is a newly identified population whose emergence is aging-dependent and might
contribute to aging-associated loss of subcutaneous fat.

The Role of Pu.1 in Generation and Function of ARC

Pu.1, which belongs to E-twenty-six (ETS) family, is known as a master transcription factor
for the leukocyte differentiation program and is most prominent in myeloid cells for the
development and maturation of B cells, macrophages, and neutrophils in mice (Scott et al.,
1997; DeKoter and Singh, 2000; Dahl et al., 2003; Dahl and Simon, 2003; Lawrence and
Natoli, 2011). Recent studies have shown that Pu.1 increases Mac-1 expression in fibroblasts
to induce a macrophage-like phenotype in fibroblast cell lines and primary embryonic and
adult fibroblasts (Feng et al., 2008). Interestingly, we observed increased Pu.1 expression in
the ARC. Pu.l overexpression in preadipocytes indeed allow these cells to acquire a more
proinflammatory phenotype. Ectopic expression of Pu.1 also inhibits preadipocyte
differentiation, potentially by restraining C/ebpp expression in mice (Wang and Tong, 2008).
Interestingly, Lazar and coworkers showed that even in terminally differentiated adipocytes,
as a master regulator, PU.1 can remodel the cistrome of master regulator of adipogenesis,
PPARy, dampening Ppary binding at 75% of the adipocyte binding regions in mice
(Dispirito et al., 2013). In our study, upon Pu.1 overexpression, we detected a decrease in
expression of adipogenic transcription factors, such as C/ebpp, C/ebps, and Ppary. ChIP-seq
database indicates Pu.1 binding site at the promoter regions of various genes, including
inflammatory cytokines, such as Ccl2 and Ccl6 and collagens, such as Col14a1l, as well as
those genes regulating adipogenesis, such as Ppar-y, Clebpp, Tgfp1, and Tnfa. Remarkably,
not only overexpression of Pu.l in preadipocytes generates ARC-like cells with impaired
adipogenesis, but these cells also inhibit adipogenesis of neighboring cells. Further
examination of how Pu.1 is induced early during aging might uncover the underlying
molecular details of aging-related loss of SAT. Overall, we propose that Pu.1 contributes to
emergence of ARC during aging, increasing inflammatory gene expression and chemokine
secretion that, in turn, can inhibit the proliferation and differentiation of neighboring adipose
precursor populations.
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In contrast to expansion of VAT, SAT is known to decline with age and this decline in SAT
contributes to metabolic dysregulation in human (Mancuso and Bouchard, 2019). Here, we
propose that the loss of SAT accompanies the decline in adipose progenitor number and
function. More importantly, ARC emerges in SAT only during aging and thus the emergence
of ARC is correlated with the decrease in SAT, not only are ARC defective in adipogenesis,
but they can also inhibit differentiation of neighboring bona fide adipose precursor
population by secreting chemokines, such as Ccl6.

LIMITATIONS OF THE STUDY

Our results clearly show that Pu.1 is a critical driver for ARC development and phenotype in
SAT during aging. However, other transcription factors, that are detected to be highly
expressed in ARC compared to other population in SVF, might also affect the emergence of
ARC.

Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Hei SookSul (hsul@berkeley.edu). All plasmids generated in
this study will be made available on request, but we may require a payment and/or a
completed Materials Transfer Agreement if there is potential for commercial application.

Material availability

This study did not generate new unique reagents, mouse line, and plasmids.

Data and code availability

The scRNA-seq data generated during this study are available at ArrayExpression of EMBL-
EBI: E-MTAB-1022.

Experimental model and subject details

All animal studies were carried out in accordance with UC Berkeley ACUC and OLAC
regulations. Mice were housed in a 12:12 light-dark cycle, and chow and water were
provided ad /ibitum. Only adult male mice were used for single-cell RNA sequencing.
Specific age of mice used is indicated in figure legends.

Method Details

Cell Culture

Adipocyte differentiation of 3T3-L1 cells was performed as previously described (Wang and
Sul, 2009). Cells were then harvested for RNA isolation or fixed with paraformaldehyde for
Oil Red O (ORO) staining. For Pu.1 overexpression experiment, sub-confluent 3T3-L1 cells
were transfected with Pu.1-GFP tagged plasmid using Lipofectamine LTX. After 48 hrs,
GFP* cells were then isolated using FACS, expanded as a pool and used for RT-gPCR and
ORO in differentiation experiment.
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For the co-culture experiment, ARC, isolated using FACS, were irradiated as described in
(Lee et al., 2010). After ARC were washed with cold PBS, they were overlaid with PBS.
The cells were then irradiated using a Vilber-Lourmat UV table centered on 365 nm for one
hour. Irradiated cells were then mixed with 3T3-L1 cells and subjected to adipocyte
differentiation together.

Implantation of 3T3-L1 cells were performed as described in (12). Cells (1x106) suspended
in 50 ul of cold media were mixed with 200ul Matrigel (Corning). The mixture was then
injected subcutaneously into SCID mice. The implants were then collected after 12. Cells
were recovered by Cell Recovery Solution (Corning) and were subjected for mMRNA
isolation and RT-gPCR. The implants were also subjected for whole-mount staining protocol
described below.

FACS-isolated ARC cells were sorted into DMEM media supplemented with 10%FBS and
then plated into collagen-coated tissue culture plates. And cells were transduced withPu.1
shRNA lentivirus (MOI=100) and then selected by antibiotics.

EdU incorporation

EdU was injected subcutaneously at 10 ug/g of body weight and EdU incorporation into
SVF cells from SAT was assessed by FACS 3 days later according to manufacturer’s
protocol.

Separation of SVF

SVF fractionation was carried out as previously described (Nguyen et al., 2020).
Subcutaneous mouse adipose tissue depots were dissected from 10 wk-old, 48 wk-old, and
72 wk-old wild-type C57BL/6J mice into ice-cold PBS. The tissue was finely minced using
scissors and digested with Collagenase type Il in 3% BSA-HBSS buffer at 37°C for 45 min
with gentle shaking. The cell suspension was then passed through 100um cell strainer and
spun at 5009 for 5 min. The cell pellet was resuspended in HBSS buffer and passed through
70um and 40um cell strainers to ensure a single cell preparation. The cells were spun at
500g for 5 min to pellet, and the red blood cells in the pellet were then lysed by incubating
the pelleted cells in red blood cell lysis buffer on ice for 5 min with shaking. The remaining
cells were washed twice with HBSS and spun at 500g for 5 min to pellet. The pelleted cells
were resuspended in PBS or complete media. Cells were then stained with desired
antibodies, and subjected to FACS or scRNA-seq.

Single-Cell RNA Sequencing

SVF were isolated from 10, 48, or 72 wk-old wild-type mice fed with normal chow diet and
13 wk-old wild-type mice fed with HFD for 8 wks. We performed scRNA-seq three times.
For each scRNA-seq, 2 mice from each age group were used to submit for sequencing. Red
blood cells were removed from SVF fraction with a red blood cell lysis, and the cells were
suspended in PBS (without CaCl, or MgCly) before submission for scRNA-seq. The
SscRNA-seq experiment was carried out by DNA Technology and Expression Analysis core
at Genome Center at UC Davis. It was performed using the Chromium Single Cell Gene
Expression Solution from 10x Genomics on default parameters and the mouse NCBI38/
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mmZ10 genome. The cells were loaded onto a GemCode instrument to generate single-cell
barcoded droplets in emulsion (GEMSs), and single-cell RNA-seq libraries were obtained
following the 10x Genomics protocol using regents included in the Chromium Single Cell 3
v2 Reagent Kit. The resulting libraries were sequenced on an Illumina HiSeq 2500
instrument with the HiSeq rapid sequencing by synthesis (SBS) kit.

FASTAQ files containing 100-bp-long single-end sequenced tags (reads) from each sample
were trimmed and filtered. Since we utilized the Partek Documentation Analysis, which has
built-in method to eliminate ambient RNA and empty droplets. We used the cell barcode
QA/QC task report that is a knee plot with EmptyDrop. The resulting reads were aligned,
and gene-level unique molecular identifier (UMI) counts were obtained by using Partek
Flow. Partek Flow was then used for analysis of the sequencing. The number of tags per
gene was calculated, and cells that appeared as doublets or those that had <30% aligned
reads were excluded, which resulted in approximately 6000-8000 cells, with 125,000—
350,000 mean reads/cell and 800-1,404 median genes detected per cell. Ambient RNA was
removed using built-in empty drop removal method in Partek Flow. Gene expression from
these cells was used to obtain a 2D representation of the stromal vascular cell population
using the t-stochastic neighboring embedding method (t-SNE). Cluster analysis was
performed on differentially expressed genes, and top 200-400 genes expressed in each
cluster was used for cell type identification. Differentially expressed genes (DEGS) were
used to identify each cluster, and two-way ANOVA with Bonferroni test was utilized for
multiple comparisons to calculate statistical significance of upregulated genes and pathways.
We used known cell-type specific markers curated from literature and previous studies in
SVF and from Immgen (Immgen.org)

RNA isolation and RT-qPCR

FACS

Total RNA from sorted cells or cultured cells was extracted using RNeasy Mini Kit. Reverse
transcription was performed with 1ug of total RNA using Superscript 111 or with 100ng RNA
from sorted cells using SuperScript VILO cDNA Synthesis Kit. qRT-PCR was performed on
CFX96 Touch Real-Time PCR Detection System (BioRad) using Sybr Green. Statistical
analysis was performed using ddct method with U36B4 or 18S rRNA primers as control (see
primer sequences in Table S1.) Gene expression assays show mean values over n=4-6
biological replicates.

SVF cells were incubated with indicated antibody for 20 min in the dark, washed, spun at
300g for 5 min, resuspended in PBS and passed through a 40um filter prior to FACS
analysis. FACS was performed on ARIA Fusion Cell Sorter. Cells were initially chosen
based on forward and side scatter (FFS, and CCS). Cells that were not incubated with
antibody were used as a control to determine background fluorescence levels. Different cell
types were stained with different antibodies (see Table S2). Cells were collected in PBS for
RNA isolation or in DMEM+20% FBS for cell culture.
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Whole-mount immunofluorescence

iWAT from young and aged mice was dissected and flattened for Z-def reduction. The
flattened tissues were blocked in 3% BSA-PBST for 4 hrs before incubation with Lgals3,
CD36, or both overnight at 4°C. The images were captured using confocal microscopy.

Statistical Analysis

Statistical analysis was performed using two tailed t-test. The error bars represent standard
deviation (SD). Data are expressed as mean = SD and p-value<0.05 was considered
statistically significant. Number of mice or replicates used in each experiment was indicated
in figure legends. Experiments were repeated at least three times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Aging-dependent Regulatory Cells (ARC) emerge only in subcutaneous fat
during aging

ARCs secrete pro-inflammatory chemokines and are resistant to adipogenesis

ARC:s inhibit differentiation and proliferation of neighboring adipogenic
precursors

Pu.l is a driving factor for development and phenotype of ARCs
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Figure 1. Emergence of Aging-dependent Regulatory Cells (ARC) in subcutaneous adipose tissue

in aged mice

(a) tSNE-plot showing SVF populations isolated from iWAT of 10 (young), 48 (aged), and
72 (old) wk-old mice with ARC circled in red.
(b) Normalized gene expression values as violin plots of adipose lineage, endothelial,
immune and inflammatory genes, and top genes expressed in ARC from aged mice.

(c) Heatmap of differentially expressed genes that are >2-fold higher (left) and <2-fold lower
(right) in ARC compared to preadipocytes.
(d) Enriched pathways in old ARC are similar to ARC from aged mice.

(e) Insilico cell trajectory of

adipose-lineage populations.

(f) Schematic model depicting the lineage hierarchy of adipose-lineage cell populations. See

also figure S1 and S1b.
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Figure 2. Isolation of ARC by Lgals3 and CD36 and their impairment in adipogenic
differentiation
(a) FACS analysis for early adipocytes using FABP4 in iWAT of young (10wk), aged

(48wk), and old (72wk) mice (n=6).

(b) (Left) Volcano plot of differential gene expression of ARC compared to other clusters in
SVF of iWAT of aged mice. (Right) tSNE-plot showing co-localization of Lgals3 and CD36
in the ARC cluster.

(c) (Left) FACS gating strategy for isolation of ARC by FACS. ARC cells were isolated
from Lin~ cells with Lgals3 and CD36. (Right) Percentage of Lgals3* and CD36* cells in
Lin~ cells of iWAT of young and aged mice (n=6).

(d) RT-gPCR of FACS-sorted ARC, APC, and Lin* cells. ARC markers: Lgals3 and CD36,
adipose progenitor markers: CD34, Pdgfra, and Pref-1, Immune cell marker: CD45, and
endothelial cell marker: CD31 (n=4-6).
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(e) RT-qPCR of FACS-sorted ARC and preadipocytes for genes involved in inflammation
(Jchain, Prafr, and F4/80), regulation of adipocyte differentiation (LoxI2 and C/ebp8), and
chemokine production (Ccl5, Ccl6, Ccl9) (n=6).

(f) (Left) Heatmap of enriched transcription factors regulating leukocyte differentiation in
ARC vs other clusters. (Right) RT-gPCR of FACS-isolated ARC and preadipocyte
transcription factors, including Bax, MafB, and Pu.1.

(9) RT-gPCR of FACS-sorted ARC and preadipocyte for adhesion molecules, such as Col1a,
Col2a, and Col3al and transcription factor, Flil (n=6).

(h) /n vitro adipocyte differentiation of isolated preadipocytes using CD38 and ARC. (Left)
Oil Red O staining, and (Right) RT-gPCR for Pref-1, C/ebp§, Ppary, and Fabp4 (n=8).

(i) MTT assay comparing cell numbers of cultured FACS-isolated preadipocytes and ARC
(n=8).

(j) FACS analysis of the percentage of ARC in iWAT of young, aged, old, and HFD-fed mice
(n=4).

(k) (Left) FACS analysis of the percentage of ARC in SAT of humans. (Right) RT-gPCR of
LGALS3, CD36, and PU.1 (n=6).

Data are represented as mean * S.D. *<0.05, **<0.01, ***<0.001. See also Figure S2.
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3T3-L1 cells in conditioned media
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Figure 3. ARC secrete cytokines to inhibit proliferation and differentiation of neighboring
adipose precursors
(a) Oil Red O staining of differentiated 3T3-L1 cells cultured in conditioned media from

either FACS-isolated APCs or ARC.

(b) RT-gPCR of 3T3-L1 cells cultured in conditioned media from either FACS-isolated
APCs or ARC, for Clebpp, Clebp8, Ppary, and Fabp4 (n=6).

(c) (Left) Heatmap of enriched chemokines in ARC. (Right) RT-gPCR for Ccl6 (n=4-6).

(d) Adipocyte differentiation of 3T3-L1 cells cultured with either His-peptide or
recombinant Ccl6 in media. (Left) Oil Red O staining, (Right) RT-qPCR for Pref-1, C/ebps,
Ppary, and Fabp4 (n=8).

(e) Adipocyte differentiation of 3T3-L1 cells cultured in APC, ARC, or ARC media with
Ccl6 neutralizing antibody. Oil Red O staining in each condition post-induction of adipocyte
differentiation.

Dev Cell. Author manuscript; available in PMC 2022 May 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nguyen et al.

Page 27

(f) RT-gPCR for Pref-1, C/ebps, Ppary, and Fabp4 of adipocyte differentiation of 3T3-L1
cells cultured in APC, ARC, or ARC media with Ccl6 neutralizing antibody (n=6).

(9) (Left) FACS analysis of EdU incorporation into APCs from iWAT of young and aged
mice. Cell numbers were measured after 48hr culturing by MTT assay. (Right) RT-gPCR of
adipogenic genes, C/ebpp and C/ebps as well as inflammatory genes, Tnfa, Ctsd, and
Gpnmb in FACS-isolated young and aged APCs (n=4-6).

(h) RT-gPCR of C/ebpp and Ppary in FACS-isolated APCs by Pdgfra and Pref-1 of
different age groups isolated from human SAT by FACS (n=4).

Data are represented as mean * S.D. *<0.05, **<0.01, ***<0.001. See also figure S3.
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Figure 4. The Role of Pu.l in generation and function of ARC
(a) Pu.1 was overexpressed in 3T3-L1 cells. (Left) RT-gPCR for Pu.1, (Right)

immunoblotting for Pu.1 and GFP (n=6-8).

(b) RT-gPCR for genes enriched in ARC such as Lgals3, Rhoa, Sp3, Bax, NFxB1, Ccl2,
Ccl5, and Flil as well as collagen genes decreased in ARC such as Collal, Colla2, and
Col3al (n=6).

(c) RNA-seq of Pu.1 overexpressing 3T3-L1 cells. Heatmap of global gene expression
profile (n=3).

(d) (Top) Upregulated pathways and representative genes. (Bottom) Downregulated
pathways and representative genes.

(e) /n vitroadipocyte differentiation of Pu.1 overexpressing 3T3-L1 cells. (Left) Oil Red O
staining, (Right) RT-gPCR for Pref-1, C/ebpp, C/ebps, and Fabp4 (n=6).
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(f) /n vitro adipocyte differentiation of Pu.1 KD ARC. (Left) RT-gPCR for Pu.1 in control
ARC and Pu.1 KD ARC. (Right) Oil Red O staining and RT-qPCR for Sox9, C/ebp§, and
Ppary (n=4-8).

Data are represented as mean + S.D. *<0.05, **<0.01, ***<0.001. See also figure S4.

Dev Cell. Author manuscript; available in PMC 2022 May 17.



1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 30

3T3-L1 cell differentiation in conditioned media
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Figure 5. Pu.1 stably expressing cells are differentiation-defective and inhibit adipogenesis of
nearby preadipocytes in vivo
(a) Adipocyte differentiation of 3T3-L1 cells cultured in conditioned media from ARC or

Pu.1l KD ARC. (Left) Oil Red O staining, (Right) RT-gPCR for Sox9, C/ebpp, Ppary, and
Fabp4 (n=6).

(b) Schematic of the implantation experiment (n=4).

(c) Whole-mount staining of implants with LipidTox (Red), DAPI (blue) and GFP (Green).
(d) RT-gPCR for C/ebpp, C/ebps, Ppary, and Fabp4 (n=8).

Data are represented as mean = S.D. *<0.05, **<0.01, ***<0.001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
FITC anti-mouse CD45 antibody BioLegend AB_312972

CD31 Monoclonal Antibody (390), FITC

Thermo Fisher

AB_10373983

FITC anti-mouse TER-119/Erythroid Cells antibody BioLegend AB_313707
PE anti-mouse/human Mac-2 (Galectin-3) antibody BioLegend AB_1134012
Alexa Fluor(R) 647 anti-mouse CD36 antibody BioLegend AB_528794
APC anti-mouse CD38 antibody BioLegend AB_312933
PE anti-mouse CD140a antibody BioLegend AB_1953269

Mouse Coagulation Factor I1I/TF Phycoerythrin Aff Pur PAb antibody

R&D Systems

AB_11130032

PU.1 Antibody

Cell Signaling Technology

AB_10692379

Anti-GFP antibody

Abcam

AB_298911

Rabbit Anti-GAPDH Monoclonal Antibody

Cell Signaling Technology

AB_561053

Biological Samples

Human Flash Frozen Subcutaneous Adipose Tissue

Zen-Bio

Cat#T-SQFX-FF

Chemicals, Peptides, and Recombinant Proteins

Recombinant Mouse CCL6/C10 Protein

R&D Systems

Cat#487-C-050/CF

Critical Commercial Assays

MTT assay kit

Abeam

Cat#ab211091

Click-iT™ EdU Alexa Fluor™ 488 Flow Cytometry Assay Kit

Thermo Fisher

Cat#C10420

Experimental Models: Cell Lines

3T3-L1 cells

ATCC

| Cat#ATCC CL-173

Oligonucleotides

See Table S1 for primer sequences

Recombinant DNA

Spil Mouse Tagged ORF Clone

Origene

| Cat#MG203632

Software and Algorithms

Partek Flow Genomic Analysis Software

Partek

| N/A
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