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Jae-Ryong Kim,4,* and Hoon-Ki Sung1,2,6,*

SUMMARY

The increased prevalence of obesity andmetabolic diseases has heightened inter-
est in adipose tissue biology and its potential as a therapeutic target. To better
understand cellular heterogeneity and complexity of white adipose tissue
(WAT), we employed cytometry by time-of-flight (CyTOF) to characterize immune
and stromal cells in visceral and subcutaneous WAT depots under normal and
high-fat diet feeding, by quantifying the expression levels of 32 surface marker
proteins. We observed comparable proportions of immune cells in two WAT de-
pots under steady state, but depot-distinct subtypes of adipose precursor cells
(APC), suggesting differences in their adipogenic and fibrogenic potential.
Furthermore, in addition to pro-inflammatory immune cell shifts, significant
pro-fibrotic changes were observed in APCs under high-fat diet, suggesting
that APCs are early responders to dietary challenges. We propose CyTOF as a
complementary and alternative tool to current high-throughput single-cell tran-
scriptomic analyses to better understand the function and plasticity of adipose
tissue.

INTRODUCTION

White adipose tissue (WAT) is a highly active metabolic and endocrine organ that plays a vital role in modu-

lating systemic homeostasis and whole-bodymetabolism.WAT is widely distributed throughout the organ-

ism and largely categorized into subcutaneous WAT, which is located beneath the skin and visceral WAT,

which accumulates around internal organs (Tandon et al., 2018). The regional distribution and functional

differences between WAT depots have been associated with the development of metabolic syndromes

and cardiovascular health. While the accumulation of visceral WAT is a strong predictor of insulin resistance

and cardiovascular diseases, subcutaneous fat has been shown to have protective effects against metabolic

dysfunction (Gabriely et al., 2002; Galassi et al., 2006; Manolopoulos et al., 2010; Tran et al., 2008). Previous

murine studies have demonstrated that transplantation of inguinal WAT (IWAT), a major subcutaneous

WAT depot, into the abdominal cavity of recipient mice leads to improvements in glucose tolerance

and insulin sensitivity (Hocking et al., 2008; Tran et al., 2008). Intriguingly, these improvements were not

observed upon transplantation of perigonadal WAT (PWAT), a visceral WAT depot, into the intra-abdom-

inal or subcutaneous space, indicating inherent depot-specific functional characteristics of fat tissues.

Additionally, while IWAT possesses stronger thermogenic capacity than PWAT in response to cold stimu-

lation, PWAT is more sensitive to energy intake status, such as high-fat diet or fasting, than IWAT (Ding

et al., 2016a; Lim et al., 2012; Marcelin et al., 2017). These results suggest that WAT depots possess unique

and distinct functional properties that mediate differential responses to various physiological and environ-

mental stimuli. However, the cause and underlying mechanism for the intrinsic differences between WAT

depots are still unclear.

WAT is a heterogeneous organ comprised of diverse cell populations, including mature adipocytes, adipo-

cyte precursor cells (APC) (also termed adipose stromal cells), vascular cells, and various immune cells.

Dynamic interactions of these cell populations are essential for WAT remodeling and its functional adap-

tation under diverse metabolic and environmental challenges (Burl et al., 2018; Cao, 2007, 2010, 2013; Shao

et al., 2021; Spallanzani et al., 2019). A number of studies have identified cellular heterogeneity and

complexity of adipose stromal cells by employing single-cell transcriptomic analyses, such as single-cell
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and single-nuclei RNA sequencing (sc-RNAseq and sn-RNAseq, respectively). These subsets of stromal

cells have unique roles in regulating tissue homeostasis, adipogenesis, and remodeling, and they play a

critical role in regulating immune responses (Jimenez et al., 2021; Shao et al., 2021; Spallanzani et al.,

2019). Recently, Merrick et al. identified a DPP4+ progenitor subpopulation as highly proliferative and mul-

tipotent stromal cells in murine IWAT that are resistant to adipogenic differentiation and are maintained by

TGFb signaling (Merrick et al., 2019). Furthermore, they identified cellular trajectories and lineage hierarchy

inWAT, showing that DPP4+ progenitors give rise to ICAM1+ and CD142+ preadipocytes committed to the

adipogenic lineage. Similarly, another study used sc-RNAseq to identify APCs and immune cells in IWAT

and PWAT and showed that b3-adrenergic receptor activation promotes de novo adipogenesis in PWAT

by triggering rapid proliferation of APCs, but not in IWAT (Burl et al., 2018). Notably, clinical studies

have also identified transcriptional differences in adipose depots between lean and obese populations

(Gerhard et al., 2014; Lefebvre et al., 1998; Modesitt et al., 2012; Passaro et al., 2017). A recent study iden-

tified cellular differences in subcutaneous and visceral WAT from bariatric surgery patients (with or without

type 2 diabetes) using sc-RNAseq (Vijay et al., 2020). This study identified unique depot- and disease-spe-

cific APC populations that vary in their origins and mitochondrial activity. Collectively, these studies show

that sc-RNAseq has emerged as a powerful tool to identify and characterize cellular heterogeneity of

various WAT depots at the transcriptional level. However, few studies have characterized proteomic differ-

ences between IWAT and PWAT in multiple cellular subtypes.

High-dimensional mass cytometry (also known as cytometry by time-of-flight; CyTOF) has emerged as a

powerful tool to investigate heterogeneous cell populations in tissues (Ajami et al., 2018; Korin et al.,

2017; van Unen et al., 2016). The combination of over 50 surface and intracellular markers enables the

identification and characterization of various cellular clusters with a high degree of reliability and consis-

tency. While single-cell transcriptomic analyses reveal the diverse and complex nature of adipose cellular

architecture, such methods do not provide information at the protein level which may provide additional

insight into cellular function and composition and can reveal the lineage and maturation state of individual

cells (Spitzer and Nolan, 2016). Conventional protein detection methods such as flow cytometry and immu-

nohistochemistry are technically limited in the number of parameters that can be analyzed simultaneously

due to spectral overlap. This is a major limitation in the ability of these tools to capture cellular heteroge-

neity and detect rare immune and stromal cell subsets within adipose tissue. Detecting an equivalent range

of cell types would require multiple flow cytometry analyses, which may lead to batch-to-batch and exper-

imental variability in results (Chuah and Chew, 2020). Meanwhile, CyTOF analysis employs antibodies

tagged with heavy metal isotopes, allowing simultaneous assessment of more than 50 markers on single

cells. As a result, CyTOF is frequently applied to conduct deep profiling of immune and stromal subsets

in the tumor microenvironment and other disease-targeted tissues (Chew et al., 2017; Chuah and Chew,

2020). For example, peripheral blood immunophenotyping by CyTOF has provided insight into immune

changes associated with autoimmune diseases (Cheung and Utz, 2011) and highlighted the differences be-

tween activated, bystander, and infected cells to elucidate viral disease pathogenesis and progression of

diseases such as type 1 diabetes (Wiedeman et al., 2020). In clinical settings, understanding the differences

in these populations can reveal predictive markers that may provide insight into disease progression, treat-

ment response, and efficacy.

Evidently, CyTOF is a powerful tool for the identification and characterization of heterogeneous cell pop-

ulations. As WAT is a key organ in regulating whole-body metabolism, a comprehensive cellular character-

ization of its depots will provide insight into the functional properties of the tissue. Although previous

studies have demonstrated transcriptomic differences between the depots, heterogeneity of WAT depots

has not been comprehensively analyzed based on cell surface marker expression using CyTOF. Our aim is

to phenotype multiple cellular populations in murine PWAT and IWAT and their response to high-fat diet

(HFD) feeding to highlight their proteomic differences.

RESULTS

Cellular heterogeneity between visceral and subcutaneous WAT

We performed CyTOF to analyze the cellular composition of PWAT (i.e., visceral fat) and IWAT (i.e., subcu-

taneous fat) depots from 12-week-old C57Bl/6J male mice that were fed with normal diet (ND). The

lymphoid cell-rich lymph nodes were removed from IWAT to solely assess the fat-resident immune and

stromal cells. The PWAT and IWAT depots were pooled from 2–3mice in each sample and were dissociated

into single-cell suspensions using conventional collagenase digestion. The CyTOF antibody panel was
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assembled from 32 metal-tagged surface markers to identify hematopoietic, stromal, and vascular cells

within WAT depots (Table S1). As shown in the workflow in Figure 1A, mass cytometry data were collected

on the Helios instrument and all downstream analyses were performed on live singlets (which were pre-

gated on the following channels: DNA1-191Ir, DNA2-193Ir, EQ-140Ce, Event-length, Center, Offset, and

Cisplatin-195Pt). Two-dimensional biaxial gating was used to identify and quantify the CD45+ hematopoi-

etic cells and PDGFRa+ stromal cells. We used two different CyTOF analysis tools available on Cytobank

(www.cytobank.org): viSNE (visualization of t-distributed Stochastic Neighbor Embedding) and SPADE

(Spanning-tree Progression Analysis of Density-normalized Events) algorithms to visualize and analyze

the cellular composition of the two WAT depots—PWAT and IWAT. viSNE is a well established CyTOF

analysis tool that captures the high-dimensional single-cell data into a spatial 2D representation. SPADE

algorithm downsamples data and clusters cells with similar protein expression levels into a customizable

hierarchy (i.e., number of nodes, downsampling percentage) (Figure 1A). Using the combination of these

methods, we were able to quantify and visualize various cell types in the adipose depots based on clus-

tering from 32 parameters (Tables S1 and S3). The median expression level of each of the 32 markers

was quantified and summarized in a heatmap (Figure 1B). The cells were broadly grouped into immune

cells (CD45+), which were further grouped into myeloid and lymphoid clusters, and lineage-negative

PDGFRa+ stromal cells, which collectively comprise the majority of the SVF cells (Figures 1C and 1D). These

immune and stromal cellular subtypes were clearly visualized as distinct clusters on viSNE (Figure 1E) and

SPADE (Figure 1F) plots of visceral and subcutaneous adipose tissues under normal diet.

Characterization of adipose progenitor cells (APCs) in WAT depots

Earlier studies identified APCs in WAT as lineage-negative (CD45-/CD31-)/CD29+/CD34+/Sca-1+/PDGFRa+

cells (Rodeheffer et al., 2008). In our study, lineage-negative PDGFRa+ APCs accounted for approximately

44% and 33% of total SVF cells in lean PWAT and IWAT, respectively (Figure 1C). Merrick et al. identified

DPP4+ APCs as highly proliferative multipotent cells exhibiting stem-like properties. DPP4-expressing pro-

genitors were more prevalent in IWAT compared to PWAT, and their identity was maintained by TGFb

signaling (Merrick et al., 2019). These cells were shown to give rise to ICAM1+ or CD142+ pre-adipocytes,

committed to the adipogenic lineage. Based on these studies, we used six different APC markers—DPP4,

ICAM1, CD34, CD142, CD9, and Sca-1—in our CyTOF panel to identify previously defined subsets within

PDGFRa+ stromal cells in IWAT and PWAT (Figure 2A). DPP4-expressing APCs were enriched in IWAT but

were rare in PWAT of lean animals, with higher DPP4 median expression, confirming the presence of more

stem-like progenitor populations in IWAT (Figure 2B). In contrast, the subpopulation of APCs expressing

ICAM1 were primarily distinct from those expressing DPP4 and showed a trend of higher expression in

PWAT compared to IWAT although the difference was not statistically significant (Figure 2C). Interestingly,

while CD34, a conventional stem/progenitor marker, has often been suggested to be a general APC marker,

we found that its expression was highest in DPP4-expressing cells (black arrows in SPADE plots in Figures 2B

and 2D), further identifying these cells as more multipotent and stem-like in nature (Buffolo et al., 2019; Raa-

jendiran et al., 2019). CD142 was first identified in a subpopulation of progenitor cells in mouse IWAT that was

shown to inhibit adipogenic differentiation both in vivo and in vitro through paracrine mechanisms. These

cells were consequently termed adipogenesis-regulatory cells (Aregs) (Schwalie et al., 2018). Contrary to

this report, in the aforementioned study by Merrick et al., CD142+ cells derived from DPP4+ cells marked a

population of preadipocytes that were fully adipogenic (Merrick et al., 2019). Therefore, these distinct APC

clusters within the two adipose depots were further characterized and assessed, along with the expression

of other conventional APC surface markers. As shown in Figure 2E, CD142 was broadly expressed across

APCs but was largely absent in the cluster of DPP4-expressing cells (pink arrowheads in viSNE plots in

Figures 2B and 2E). Furthermore, themedian expression of CD142 was significantly higher in PWAT compared

to IWAT (Figure 2E, violin plot). As expected, Sca-1 and CD9 were broadly expressed across various APC sub-

sets in both depots (Figures 2F and 2G), confirming their use as APC surface markers. Interestingly, Sca-1

Figure 1. Characterization of white adipose tissue immune and stromal cell populations by mass cytometry

(A) Schematic illustration of experimental design. Visceral (PWAT) and subcutaneous (IWAT) fat pads were isolated from 12-week-old male mice fed with

either normal chow diet (ND) or 45% high-fat diet (HFD) for 4 weeks. WAT pooled from 2–3 mice was dissociated into a single cell suspension and stained

with heavy metal-tagged antibodies. Live singlets were processed on Cytobank for further analysis.

(B) The median expression of 32 markers in WAT. Heatmap indicating the normalized transformed median intensity of each marker.

(C) Cellular composition of CD45+ hematopoietic, PDGFRa+ stromal, and CD45-/PDGFRa-cells in PWAT and IWAT.

(D) Immune cell composition of myeloid and lymphoid populations in PWAT and IWAT. *p < 0.05.

(E). Representative viSNE plots of ND PWAT and ND IWAT of the identified cellular populations.

(F) Representative SPADE plots of ND PWAT and ND IWAT, using automatic clustering by SPADE algorithm. Plots are displaying CD45 expression.
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median expression was significantly higher in IWAT compared to PWAT, confirming the presence of a larger

pool of stem-like progenitors in IWAT.

To further compare the inflammatory, fibrotic, and adipogenic characteristics of CD9low and CD9high APCs

from PWAT and IWAT, we sorted CD9low and CD9high PDGFRa+ APCs from the two depots using FACS

(Figure 3A, Table S2) and conducted qPCR analysis (Figures 3B-3F) to assess the expression of various sur-

facemarkers and fibrosis and adipogenesis-related genes. First, we confirmed that the expression of CD9 is

significantly higher in CD9high-sorted cells in both depots (Figure 3B). In alignment with our CyTOF data,

DPP4 expression was much higher in CD9low cells from IWAT, compared to PWAT (Figure 3C). In contrast,

the expression of CD142 was much lower in IWAT (Figure 3C). In agreement with previous studies, CD9high

cells expressed significantly higher levels of fibrotic genes, particularly in PWAT (Figure 3D). Similarly, the

expressions of adipogenic genes were significantly lower in CD9high APCs in both depots (Figure 3E).

A

B C

D E

F G

Figure 2. Detection of depot-specific heterogeneity of adipose progenitor cell populations by mass cytometry

(A) Representative biaxial plots of adipocyte precursor cells (APC; PDGFRa+) and immune cells (CD45+). APCs were

further analyzed with 6 additional markers including DPP4, ICAM1, CD142, CD9, CD34, and Sca-1. Representative viSNE

and SPADE plots illustratingmedian expression of APCmarkers within PWAT and IWAT of ND-fedmice (B–G). B) DPP4, C)

ICAM1, D) CD34, E) CD142, F) Sca-1, and G) CD9. ***p < 0.001.
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A recent study identified Cxcl14 as an anti-inflammatory factor secreted specifically from IWAT APCs

(Nahmgoong et al., 2022). Indeed, we have identified that Cxcl14 expression was higher in IWAT (Figure 3F),

suggesting that secreted factors from IWAT APCs may prevent adipose tissue fibrosis. Additionally, as

shown in Figure 3G, CD9lowAPCs from PWAT also exhibited greater in vitro adipogenic potential than

those from IWAT, confirming that APCs from PWAT are primed to mediate more active de novo adipogen-

esis than IWAT. Collectively, these data support our findings that APCs within discrete adipose depots have

differing functional properties that are likely reflected in their unique expression pattern of surface markers

which can be identified by CyTOF analysis.

Next, we investigated the expression patterns of these key APC markers in bulk RNA-sequencing analysis

of human visceral and subcutaneous WAT depots obtained from the GTEX consortium (Consortium, 2020).

B C D

E F

A

G

Figure 3. Characterization of CD9low and CD9high APC populations in PWAT and IWAT

(A) Schematic diagram of FACS sorting of CD9low and CD9high APCs from PWAT and IWAT for gene expression analysis and in vitro adipogenic differen-

tiation and immunofluorescence staining.

(B) Relative gene expression of CD9 in sorted cells from two depots.

(C) Relative gene expression of various APC markers in sorted cells.

(D) Fibrotic gene signatures of sorted cells.

(E) Adipogenic gene signatures of sorted cells.

(F) Relative gene expression of Cxcl14 of sorted cells.

(G) Representative images showing differential adipogenic potential in APCs sorted from IWAT and PWAT. *p < 0.05, **p < 0.01, ***p < 0.005.
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Consistent with our findings in mice, expression of DPP4 and CD34 was higher in human subcutaneous

WAT compared to visceral WAT, whereas ICAM1 and CD142 levels were higher in human visceral WAT

(Figure S1). Taken as a whole, we have shown distinct clustering of APCs in IWAT and PWAT using

CyTOF, and our data largely corroborate previous sc-RNAseq data from murine studies (Merrick et al.,

2019; Schwalie et al., 2018) and bulk tissue RNA-sequencing data from human samples (Consortium, 2020).

HFD-induced changes in APC populations

Studies have addressed the dynamic changes that occur in APCs during obesity, but the functional role of

each subpopulation in obesity-inducedWAT remodeling is poorly understood. Recent studies showed that

high expression of CD9 marked a subpopulation of progenitor cells that promoted obesity-induced

fibrosis in both human and mouse visceral fat (Hepler et al., 2018; Marcelin et al., 2017). HFD-induced

activation of PDGFRa promoted accumulation of these pro-fibrotic CD9high cells whereas CD9low pro-

adipogenic counterparts were reduced under obese conditions. Similarly, CD9high PDGFRb+ perivascular

progenitors, termed fibro-inflammatory progenitors (FIPs), were described in mouse PWAT (Hepler et al.,

2018). FIPs lack adipogenic capacity and mediate HFD-induced fibrotic phenotypes whereas their CD9low/

PDGFRb+ counterparts were highly adipogenic. At steady state, we observed that the proportion of CD9low

APCs was greater in lean PWAT than IWAT (i.e., ND PWAT vs ND IWAT) (Figures 4A and 4B), suggesting

that there is a larger pool of adipogenesis-prone progenitors in PWAT, which may explain their rapid

expandability under diet challenges, such as HFD. In HFD-fed animals, the relative proportion of pro-

fibrotic CD9high cells increased in PWAT but remained unchanged or slightly decreased in IWAT

(Figures 4A and 4B). To determine how these changes are reflected in the alteration of other APC-specific

cell surface markers, we characterized the CD9low (adipogenic) and CD9high (fibrogenic) APC subsets and

assessed which subpopulations of APCs contribute to adipogenic and fibrogenic progenitor cell types in

two depots. We first stratified CD9low and CD9high APCs and examined the expression levels of other

markers (Figures 4C, 4D, S2A, and S2B). In alignment to our results above (Figures 2 and 3), DPP4+ cells

were present in very low proportions within CD9low APCs in PWAT, while there was a large subset of

DPP4+ cells in IWAT (Figure 4C, filled histograms of DPP4 panel). In contrast, most CD9low APCs in

PWAT were highly expressing both ICAM1 and CD142 (Figure 4C, blue histograms). This suggests the het-

erogeneity of progenitor cells that contribute to adipogenesis between the two depots. During HFD

feeding, WAT undergoes active adipogenesis to respond to excess nutrients. Thus, we assessed which

APC subsets contribute to HFD-induced adipogenic remodeling, as shown in Figures 4C and 4D (unfilled

histograms). CD9low APCs in PWAT (blue histograms) of HFD-fed mice expressed higher levels of ICAM1

and CD142 but reduced DPP4, compared to those in IWAT (Figures 4C and 4D), suggesting a more

committed pro-adipogenic phenotype in response to nutrient excess. Further, 4 weeks of high-fat feeding

led to increased expression of ICAM1 (presumably DPP4-) within the CD9low APC subset, indicating that

these cells are likely responsible for HFD-induced early adipogenesis (Figure 4C, blue unfilled histogram

in ICAM-1 panel). However, in IWAT, DPP4+and ICAM1 expression did not change by HFD within the

CD9low APCs, suggesting that their adipogenic capacity may be limited and unaltered in response to

short-term HFD feeding (Figure 4C, red histograms in DPP4, ICAM1, and CD142 panels). Although upre-

gulation of CD9 expression has been associated with HFD-induced fibrogenesis in PWAT (Marcelin

et al., 2017), the relationship between its expression level and tissue function in IWAT is not clear.

Compared to PWAT, IWAT was reported to be relatively resistant to fibrotic changes in response to

HFD feeding, and the ratio of CD9high to CD9low progenitors did not significantly change in obese condi-

tions (Marcelin et al., 2017). In contrast to CD9low cells, CD9high progenitors did not show significant differ-

ence in DPP4 and ICAM1 expression between PWAT and IWAT in both ND and HFD conditions

(Figures S2A and S2B). These data suggest that the CD9low progenitor cells in particular, may derive

from different subpopulations within PWAT and IWAT, with differing function and response to metabolic

challenge. Collectively, CyTOF analysis of a combination of APC markers can further elucidate the

complexity of APC populations and provide insight into the differential response of PWAT and IWAT de-

pots to HFD.

Identification of immune cells in WAT depots by CyTOF

Adipose tissue-resident immune cells have been reported to play a key role in the maintenance of adipose

tissue function and homeostasis, and the composition of immune cells determines its inflammatory state

and metabolic function. Among the CD45+ immune cells, which represented 38% of live singlets in

PWAT and 50% of live singlets in IWAT of mice on a normal diet (ND), we identified diverse lymphoid

and myeloid cell populations (Figures 1C and 1D). Overall, the relative proportions of cellular subtypes
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within the lymphoid and myeloid fractions were similar between PWAT and IWAT depots at steady state,

with myeloid cells comprising the greatest cellular proportion in both depots (Figure 1D). We chose cell

surface markers that allow us to identify myeloid populations that have been reported to play a role in

WAT homeostasis, including macrophages, which are the most prevalent immune cells in adipose tissue,

dendritic cells (DCs), neutrophils, eosinophils, and monocytes (Figure 5A, Table S3). Overall, we did not

observe drastic differences in most myeloid populations between the two depots, although there was a

greater proportion of macrophages in IWAT, with no significant differences in M1 and M2 subsets. Den-

dritic cells, particularly DC-2 (characterized by high CD11b expression), were significantly enriched in

PWAT, which may have implications in their role in inflammatory changes. Interestingly, monocytes ap-

peared to be more prevalent in IWAT, although the biological implication is unclear. Moreover, T cells

comprised the largest proportion of lymphoid cells (Figure 5B). The majority of T cells in both depots ex-

press TCRab chains, confirmed by co-expression of CD3ε and TCRb (data not shown). The main T cell sub-

sets identified in our panel included CD4+ T, CD8+ T, and regulatory T cells (Tregs) (Figure 5B, Table S3).

Although the panel employed in the current study does not include Foxp3, a key transcription factor of

Tregs, wewere able to identify these cells with several surfacemarkers (CD3+, CD4+, andCD25+) (Figure 5B,

Tables S1 and S3). The remaining CD3ε+ cells may be gd T cells, which have shown importance in

A B

C

D

Figure 4. HFD-mediated depot-specific changes in APC populations

(A) Biaxial plots displaying changes in CD9 expression in APCs from ND- and HFD-fed mice in PWAT and IWAT.

(B) Quantification of CD9low and CD9high APCs from ND and HFD in PWAT and IWAT.

Representative histograms (C) and violin plots (D) of APC-specific marker expression in CD9low populations of PWAT and

IWAT. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.
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modulating Tregs and adaptive thermogenesis but are present at lower levels in adipose depots at steady

state (Kohlgruber et al., 2018). There were a few depot-specific differences in minor lymphoid cell popula-

tions but the biological significance of these differences at steady state is not clear (Figure 5B). Notably,

A B

C D

E

H

F G

Figure 5. Differential abundance of immune cell populations in PWAT and IWAT

Mass cytometry analysis of (A) myeloid and (B) lymphoid cell populations in PWAT and IWAT under normal diet (ND).

High-fat diet (HFD)-induced alterations in immune cells (C and D) in PWAT and their SPADE plots (E). HFD-induced

alteration in immune cells (F and G) in IWAT and their SPADE plots (H). Data are presented as mean G SEM. n = 3–7.

Illustrative SPADE plots of identified immune cell populations in (E) and (H), displaying CD11b+ expression. *p < 0.05,

**p < 0.01, ***p < 0.005.
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there was a significantly higher proportion of ILC2 in PWAT compared to IWAT. This is consistent with pre-

vious reports, as visceral WAT (i.e., PWAT) progenitor cells produce IL-33 to promote ILC2 activity (Mahla-

koiv et al., 2019).

HFD-induced immune cell alterations in WAT depots

HFD-induced obesity results in a state of chronic inflammation. PWAT in particular has been reported to be

more prone to obesity-induced inflammation whereas studies suggest that IWAT is relatively resistant to

these changes (Marcelin et al., 2017). We observed significantly higher levels of total CD45+ immune cells

by HFD in PWAT, but not IWAT (Figures S3A and S3B), likely through increased myeloid cell populations

(Figure 5C), confirming that HFD leads to proliferation of tissue-resident subpopulations and infiltration

of immune cells into adipose tissue (Liu et al., 2020; Lumeng et al., 2007; Weisberg et al., 2003). Studies us-

ing both flow cytometry and sc-RNAseq have identified molecular signatures of inflammatory myeloid cell

populations present in obese tissue (Harasymowicz et al., 2021; Hill et al., 2018).

HFD leads to increased total macrophages and induces polarization of macrophages, resulting in

increased CD11c+ M1 inflammatory macrophages with a relative decrease in anti-inflammatory

CD206+ M2 macrophages (Russo and Lumeng, 2018). Recent studies identified a population of lipid-

associated macrophages that highly express CD9 and are thought to play an important role in

obesity-induced adipose tissue remodeling in both murine and human visceral fat (Harasymowicz

et al., 2021; Jaitin et al., 2019). Stratification of macrophage populations based on expression of CD9

and Ly6C was reported to differentiate populations that contribute to adipogenesis and pro-inflamma-

tory conditions (Hill et al., 2018). As shown in Figure S4, we were able to observe this reported hetero-

geneity in macrophages based on their expression of CD206, CD11c, CD9, and Ly6C. In alignment to

previous reports, we observed that the total number of macrophages was significantly increased by

HFD in PWAT (Figure 5D). Interestingly, we observed a mild increase of both M1 and M2 macrophage

subsets, which could be attributed to the increase in pan-macrophages. As our HFD feeding regimen

lasted for four weeks, this may be insufficient to observe significant changes in macrophage subtypes

in WAT. We also identified two subsets of DCs (DC-1 and DC-2, Figure 1B), the second most prevalent

immune cell population in adipose tissue, distinguished by the presence or absence of CD11b expres-

sion (Table S3). CD11b+ DCs, termed DC-2 in our analysis, have been reported to contribute to obesity-

induced pathologies in adipose tissue (Macdougall et al., 2018). Concomitant with the increased propor-

tion of immune cells and total macrophages observed selectively in PWAT, HFD feeding resulted in a

moderate increase in pro-inflammatory DC-2, along with decreased type 2 innate immune cells (eosino-

phils, ILC2) and decreased NKT, which have been associated with HFD-induced reductions in adipose

thermogenesis and obesity-induced chronic inflammation (Ding et al., 2016b) (Figure 5D). Interestingly,

we observed an overall decrease in various lymphoid populations by HFD in PWAT, although increased

B and T cell populations have been observed in obese adipose tissue (Misumi et al., 2019; Winer et al.,

2011) (Figure 5D). This may be due to the significant increase in myeloid populations by HFD, resulting in

decreased relative proportions of various lymphoid populations. In contrast, most of the immune pop-

ulations in IWAT were not significantly changed by HFD, although we observed a significant increase

in pro-inflammatory DC-2 (Figure 5G). It is likely that our current regimen of short-term HFD (4 weeks)

may not be sufficient to induce robust and extensive remodeling of the adipose immune landscape

but we observed a trend toward a proinflammatory phenotype in both fat depots (Harasymowicz

et al., 2021; Jaitin et al., 2019). Furthermore, HFD-induced immune cell alterations were analyzed and

visualized by SPADE algorithm, which displays cell number and marker expression in each immune

cell population in PWAT (Figure 5E) and IWAT (Figure 5H). Collectively, these data show that deep im-

mune profiling obtained by CyTOF offers comparable data to flow cytometry for the analysis of immune

cells in adipose tissues. Importantly, our CyTOF antibody panel was able to distinguish myeloid and

lymphoid cell populations that are known to be involved in adipose tissue function and inflammation.

DISCUSSION

In this study, we used mass cytometry with a range of surface markers distinguished by other studies to

analyze murine WAT at a single-cell resolution. We identified various immune and progenitor cell popula-

tions in WAT and compared their composition in visceral and subcutaneous depots. Moreover, we charac-

terized their changes upon HFD, in order to gain insight into cellular changes in adipose tissues under

obesogenic conditions. To date, the characterization of adipose immune populations at the protein level

has depended heavily on flow cytometric immune profiling, which is limited by the number of parameters
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that can be analyzed simultaneously. Our findings show that extensive cellular profiling obtained with

CyTOF offers reliable and comprehensive data for the analysis of adipose-resident immune and progenitor

cell populations.

Characterization of stromal cell heterogeneity at single-cell resolution has allowed us to better under-

stand the development and functional plasticity of WAT under physiological and pathological condi-

tions. Previous studies have shown that HFD-induced de novo adipogenesis is primarily limited to

PWAT, via activation of APCs leading to hyperplastic growth whereas IWAT depots display low

rates of adipogenesis (Jeffery et al., 2015; Wang and Scherer, 2014). Marcelin et al. identified a

CD9high subset of PDGFRa+ APCs that accumulated in obese PWAT, characterized by their loss of adi-

pogenic and gain of fibrogenic phenotype, whereas the CD9low APCs had high adipogenic capacity. Our

current study identified a greater proportion of CD9low APCs in PWAT than IWAT at steady state, sug-

gesting a bigger pool of adipogenic APCs that can contribute to rapid adipogenesis and tissue expand-

ability upon excess energy consumption. Moreover, we observed that HFD-induced loss of CD9low APC

was exclusive to PWAT (Figures 4A and 4B). DPP4+ APCs, a multipotent, highly proliferative APC sub-

population maintained by TGFb signaling, were reported to have low adipogenic potential but give

rise to ICAM1+ and CD142+ preadipocytes, which are committed to the adipogenic lineage. Consis-

tently, we found that the CD9low APCs in PWAT highly express ICAM1 with very low expression of

DPP4 (Figure 4C). In contrast, in IWAT, DPP4 expression was high and ICAM1 was low in this same pop-

ulation, even under HFD conditions. While the functional significance of differential marker expression in

APC subpopulations of IWAT and PWAT is not fully clear, our data suggest distinct origins of adipogenic

progenitor cells in different fat depots. Notably, a previous study has demonstrated that APCs from sub-

cutaneous and visceral adipose tissue depots display distinct adipogenic and fibrogenic programs (Shao

et al., 2021). While visceral WAT contains distinct adipogenic and fibrotic PDGFRb+ APC subpopulation,

in subcutaneous WAT, these two processes appear to be co-enriched within the same APC subpopula-

tion, which may explain depot-specific adipogenesis and pathological remodeling under HFD. Other

depot-specific factors such as anatomical location of the APCs within the tissue and expression of cyto-

kines and chemotactic factors may also confer unique properties and functions to each cell subpopula-

tion (Jimenez et al., 2021; Kohlgruber et al., 2018; Maghsoudlou et al., 2019).

Our finding that short-term HFD feeding increases the proportion of CD9high pro-fibrogenic APCs sug-

gests that APCs are highly sensitive to energy fluctuations and rapidly respond to accommodate excess

nutrient availability and obesogenic growth. The dynamic changes in APCs, particularly in PWAT, sug-

gest that remodeling of the APCs may precede the remodeling of the immune cell compartment to a

pro-inflammatory microenvironment during obesity. It is likely that in our study, 4 weeks of HFD was

insufficient to observe a significant shift to an inflammatory milieu. One study tracked changes to the im-

mune cell compartment of PWAT during several timepoints of HFD feeding and observed that dramatic

remodeling of CD45+ immune populations occurred between 6 and 12 weeks on HFD compared to mice

fed with ND (Jaitin et al., 2019). Similarly, others reported few HFD-induced changes in adipose lymphoid

populations between 5 and 8 weeks of HFD whereas significant changes occurred after 8 weeks (Kohl-

gruber et al., 2018).

In the current study, CyTOF allowed us to simultaneously assess changes in multiple cell populations at

the protein level, providing more robust information on the cellular composition of WAT, which would

not have been possible with conventional flow cytometry, given the limitation in the number of markers

that can be used. More recently, analysis of stromal and immune cell heterogeneity using sc-RNAseq has

largely advanced the field of adipose tissue biology, through the discovery of new progenitor cell sub-

populations and identification of a spectrum of macrophage subtypes. Sc-RNAseq captures a wider

range of cellular profiles in an unbiased manner and pathway analyses can provide robust information

on cellular patterns and biological changes that drive specific phenotypes. Thus, ultimately, we suggest

the use of multiple single-cell level approaches to fully understand the functional role of heterogenous

adipose cellular populations and immunoregulation of the tissue. Similar to flow cytometry, a limitation

of CyTOF is that the markers of interest are pre-selected by the experimenter, and it requires adequate

understanding of the tissue to select the most informative markers in identifying key cell populations.

Hence, sc-RNAseq serves as a better tool for the discovery of new cell types and target molecular

pathways. However, due to the massive quantity of information generated by sc-RNAseq, proper quality

control and filtering cells with insufficient reads and high mitochondrial genes are required. Additionally,
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depending on the method of tissue dissociation and single cell isolation, various cellular stress response

pathways could be significantly altered in the cellular transcriptome (O’Flanagan et al., 2019). Thus,

CyTOF may provide a more robust deep immune and stromal profiling of multiple major cellular subsets

within a sample at the protein level which directly mediates cellular processes (Spitzer and Nolan, 2016).

One study used both RNA-seq-based analysis and CyTOF to assess heterogeneous cellular components

of the tumor microenvironment in patients with gastric cancer. While sc-RNAseq identified new cell types

not covered by the selected CyTOF markers, CyTOF was a better tool in detecting targeted immune cell

subsets (Kashima et al., 2021). Therefore, the information obtained by combining protein- and

sequencing-based technologies, can be applied to adipose tissue biology to offer deeper cellular phe-

notyping of heterogeneous stromal and immune cell populations at high resolution (Landhuis, 2018).

Another limitation of CyTOF is that further sorting of specific cell populations is not possible as the cells

are ionized during acquisition. Thus, for further analyses, populations of interest can be sorted and

analyzed by flow cytometry. Furthermore, high-dimensional CyTOF analysis can be used as a prognostic

tool in clinical settings to identify predictive biomarkers of disease and immune response (Lingblom

et al., 2018; Subrahmanyam and Maecker, 2017). The identification of depot- and diet-associated alter-

ations in immune and stromal composition provides opportunities to determine cellular parameters that

correlate with prevalence of metabolic diseases and predict therapeutic response to dietary treatments.

Moreover, our human data revealed that human adipose tissues exhibit similar regional variations as

seen in mice. Thus, CyTOF can be also applied to the investigation of human WAT and its response

to various nutritional and environmental stimuli which can be used in clinical settings.

Limitations of the study

The current study has employed CyTOF to assess various surface marker proteins on immune and stromal

cells in adipose tissues. However, intracellular markers have not been assessed, which may shed more light

on the cellular functionality as well as secretory and inflammatory properties of various cell types. In addi-

tion, the animals used in this study were all males. Previous studies have identified sex-dependent depot

differences and tissue remodeling in response to high-fat diet. Thus, employing female animals may pro-

vide insight into sex-distinct adipogenesis and obesogenicWAT growth. Lastly, we were unable to detect a

distinct cluster of APCs that expresses PDGFRb. Although previous studies have identified PDGFRb+ peri-

vascular APCs, particularly in visceral WAT, there was an absence of cells that express a discernable level of

PDGFRb in our samples. This could be due to the discrepancy in signal intensity of PDGFRb antibodies that

are tagged with fluorochromes and heavy metals, or its transcript level may not correlate with surface pro-

tein level. To address this issue, lineage-tracing models or fluorescence-tagged mouse models may allow

clear detection and isolation of PDGFRb-expressing stromal cells.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD45 (30-F11) – 89Y Fluidigm Cat #3089005B; RRID:AB_2651152

Anti-mouse Ly6C (HK1.4) Biolegend Cat #128016; RRID:AB_1732076

Anti-mouse CD44 (IM7) Biolegend Cat #103002; RRID:AB_312953

Anti-mouse CD11 c (N418) Biolegend Cat #117302; RRID:AB_313771

Anti-mouse SiglecF (E50-2440) BD Biosciences Cat #552125; RRID:AB_394340

Anti-mouse MHC2 (M5/114.15.2) Biolegend Cat #107614; RRID:AB_313329

Anti-mouse CD11b (M1/70) Biolegend Cat #101202; RRID:AB_312785

Anti-mouse CD19 (1D3) BD Biosciences Cat #550284; RRID:AB_393579

Anti-mouse CD24 (M1/69; Maxpar-ready) Biolegend Cat #101829; RRID:AB_2563732

Anti-mouse CD31 (390; Maxpar-ready) Biolegend Cat #102425; RRID:AB_2563741

Anti-mouse DPP4 (H194-112) Biolegend Cat #137802; RRID:AB_2093730

Anti-mouse ICAM1 (YN1/1.7.4) Biolegend Cat #116102; RRID:AB_313693

Anti-mouse c-Kit (2B8; Maxpar-ready) Biolegend Cat #105829; RRID:AB_2563710

Anti-mouse PDGFRa (APA5) ThermoFisher Cat #14-1401-82; RRID:AB_467491

Anti-mouse CD64 (X54-5/7.1) Biolegend Cat #139302; RRID:AB_10613107

Anti-mouse CD142 (AF3178) R&D Cat #AF3178; RRID:AB_2278143

Anti-mouse CD25 (3C7) Biolegend Cat #101902; RRID:AB_312845

Anti-mouse CD8b (H35-17.2) ThermoFisher Cat #14-0083-82; RRID:AB_657757

Anti-mouse Sca1 (E13-161.7) Biolegend Cat #122502; RRID:AB_756187

Anti-mouse CD4 (RM4-5; Maxpar-ready) Biolegend Cat #100561; RRID:AB_2562762

Anti-mouse CD9 (EM-04) Novus Cat #NBP1-44876; RRID:AB_10008106

Anti-mouse Ly6G (1A8) Biolegend Cat #127602; RRID:AB_1089180

Anti-mouse KLRG1 (2F1) BD Biosciences Cat #562190: RRID:AB_11154418

Anti-mouse TCRb (H57-597) Biolegend Cat #109202; RRID:AB_313425

Anti-mouse NK1.1 (PK136) Biolegend Cat #108702; RRID:AB_313389

Anti-mouse CD29 (HMb1-1) Biolegend Cat #102202; RRID:AB_312879

Anti-mouse CD206 (C068C2) Biolegend Cat #141702; RRID:AB_10900233

Anti-mouse CD34 (RAM34) ThermoFisher Cat #14-0341-82; RRID:AB_467210

Anti-mouse CD3 (145-2C11; Maxpar-ready) Biolegend Cat #100345; RRID:AB_2563748

Anti-mouse CD127 (A7R34; Maxpar-ready) Biolegend Cat #135029; RRID:AB_2563716

Anti-mouse B220 (RA3-6B2) Biolegend Cat #103202; RRID:AB_312987

Anti-mouse PDGFRa-PE (APA5) Biolegend Cat #135906; RRID:AB_1953269

Anti-mouse CD31-Pacific Blue (390) Biolegend Cat #102422; RRID:AB_10612926

Anti-mouse CD45-PECy7 (104) BD Biosciences Cat #560696; RRID:AB_1727494

Anti-mouse CD9-PE/Dazzle 594 (MZ3) Biolegend Cat #124822; RRID:AB_2800602

CD16/CD32 Fc Block (2.4G2) BD Biosciences Cat #553142; RRID:AB_394657

Chemical, peptides, and recombinant proteins

Type II Collagenase Worthington Biochem Cat #LS004176
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Hoon-Ki Sung (hoon-ki.sung@sickkids.ca).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d This paper analyzes existing, publicly available data from theGenotype-Tissue Expression (GTEx) project

data release version 8 from https://gtexportal.org/home/datasets. The accession number for the dataset

is listed in the key resources table.

d This paper does not report original code.

d Any additional information needed to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All animal experimental protocols were approved by the Animal Care Committee of The Centre for Phe-

nogenomics (TCP) conformed to the standards of the Canadian Council on Animal Care. The investigators

were not blinded to allocation during experiments. The animals were housed in a specific pathogen-free

facility in ventilated cages with controlled environmental settings (22�CG1, 30–60% humidity), 12-h

light/dark cycles, and free access to water. C57Bl/6J mice were bred from TCP in-house mouselines

(#000664). Male mice at 12 weeks of age were used for the study. Half the cohort was fed with normal

chow, and half were fed with 45% high-fat diet for 4 weeks.

METHOD DETAILS

Adipose tissue stromal cell isolation

Visceral and subcutaneous white adipose tissues, pooled from 3 mice per sample, (�1 g) was dissected,

finely minced, and digested with Type II collagenase in a 37�C incubator for 30–45 min. Digested tissue

was neutralized with DMEM/F12 media supplemented with 10% FBS and filtered through a 100 mm cell

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Fixable Viability Stain 510 BD Biosciences Cat #564406

HCS LipidTox Red ThermoFisher Cat #H34476

DAPI BD Sciences Cat #564907

RNeasy Micro Kit Qiagen Cat #74004

Red Blood Cell Lysis Buffer Sigma Cat #R7757

Cell-ID Intercalator Fluidigm Cat #201192A

TRIzol ThermoFisher Cat #15596026

M-MLV Reverse Transcriptase ThermoFisher Cat #28025013

Deposited data

Genotype-Tissue Expression Project GTEx Consortium, 2013 https://www.gtexportal.org/home/ dbGAP

Study Accession phs000424.v8.p2

Software

GraphPad Prism 9.0 GraphPad Software, CA, USA graphpad.com

Cytobank Beckman Coulter Life Sciences, IN, USA mybeckman.ca/flow-cytometry

FCS Express 7.0 DeNovo Software, CA, USA denovosoftware.com
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strainer. The flow-through was centrifuged for 5 min at 300 g. After aspirating the supernatant, red blood

cell lysis buffer was added to the cell pellet and incubated in room temperature for 1–2 min. The lysis buffer

was neutralized with DMEM/F12 media (with 10% FBS) and centrifuged for 5 min at 300 g. The cell pellets

were further processed for CyTOF or for FACS sorting of APC populations.

CyTOF (mass cytometry) staining and data processing

The cells were washed in cell staining medium (CSM) and pelleted by centrifuging for 5 min at 300 g. Fc

receptors were blocked by suspending the cell pellet in 25 mL of purified anti-mouse CD16/CD32 for 100

at RT. Metal-tagged antibodies specific for surface markers were diluted to 2X the desired final concentra-

tion in CSM. Clone and vendor information for the antibodies is provided in Table S1. An equal volume of

the antibody cocktail was added to the cells without washing out Fc block, and the cells were incubated for

300 at RT. Cells were washed with 2 mL of CSM, and pellet was collected by centrifugation for 50 at 300 g.

After washing with 2 mL PBS, cells were re-suspended in 100 mL PBS and 100 mL of 2X cisplatin viability stain

for 50 at RT and quenched by adding 2 mL CSM. Cells were washed by 3 mL of CSM and collected by centri-

fugation for 50 at 600 g. Cells were stained with 1 mL of 100 nM Cell-ID Iridium intercalator overnight at 4�C.
Next day, the cells were washed once with CSM and once with PBS. Cell pellets were re-suspended in Max-

par Cell Acquisition Solution containing EQ normalization beads (#201237, Fluidigm), according to the

manufacturer’s protocol. Data were collected by Helios instrument and converted to FCS files. The FCS

files were normalized using the global EQ bead passport value by the Helios software. Cytobank Enterprise

(Beckman Coulter) was used to generate viSNE and SPADE plots as well as biaxial plots. The histograms

were generated using FCS Express 7.

FACS sorting of CD9high and CD9 low APCs

For flow cytometry, SVF cells were washed once in PBS by centrifugation at 300 g for 5 min. After removal of

the supernatant, cells were incubated with anti-mouse antibodies recognizing CD45, CD31, PDGFRa, CD9

and Fixable Viability Stain 510 (BD) for identification of dead cells (Table S2). Cells were washed with FACS

staining buffer by centrifugation at 300 g for 5 min and the cell pellets were resuspended in FACS staining

buffer. CD9high and CD9low APC populations were sorted and collected into FBS using a Sony SH800 cell

sorter. Immediately after sorting, the collected cells were washed in FACS staining buffer and plated for cell

differentiation experiments or lysed in Trizol for gene expression analyses.

Real-time PCR analysis of stromal cells

Cells sorted by FACS were lysed in Trizol and total RNA was extracted using RNeasy Micro Kit (Qiagen).

Complementary DNA was synthesized from 100–500 ng of RNA usingM-MLV reverse transcriptase (Invitro-

gen). Gene expression assay was conducted using SYBR green methods on Quantstudio 5 (Applied Bio-

systems), and relative CT values were normalized by 36B4 gene. Primer sequences are available upon

request.

In vitro adipogenic differentiation and immunofluorescent staining

Sorted CD9high andCD9low APCs from IWAT and PWATwere seeded in 96- and 24-well plates, respectively,

in high-glucose DMEM (Gibco) supplemented with 10% FBS, penicillin-streptomycin, gentamicin, sodium

pyruvate and MEM non-essential amino acid solution. Once the cells reached confluence, differentiation

was induced through the addition of medium containing 3-isobutyl-1-methylxanthine (0.5 mM), dexameth-

asone (1uM) and insulin (5ug/mL). After 2 days, themediumwas changed tomedium containing insulin only

(5ug/mL). Culture mediumwas changed every 2 days and replaced with medium containing insulin until the

end of the study. On day 7 of culture, cells were washed with PBS and fixed with 4% PFA for 30 min. After

washing 3X with PBS, cells were stained with HCS LipidTox Red (Thermo Fisher) and DAPI. Final washes

were done with PBS 3X and images were obtained using a NIKON A1R confocal microscope.

Human adipose tissue – GTEx differential gene expression analysis

Bulk RNA sequencing data was accessed from the Genotype-Tissue Expression (GTEx) (Consortium, 2020)

project data release version 8 from https://gtexportal.org/home/datasets. Tissue sample extraction,

sequencing (Illumina TruSeq RNA protocol) and data normalization and preprocessing (Broad Institute’s

Picard pipeline) are described in detail in GTEx Consortium et al. (2020). Expression data were filtered

to include samples taken from visceral omental fat (n = 541) and subcutaneous adipose tissue (n = 663).

Linear mixed effects models were used to assess group differences in gene expression between visceral
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and subcutaneous tissue. Expression values, expressed in transcripts per million (TPM), were log10

(TPM +1) transformed for normality. Fixed effects included age, sex and other potential covariates known

to impact RNA seq data (Consortium, 2015) (Hardy scale death classification, ischemic time for sample,

RNA quality score, collection center, and expression batch ID). Subject identifier was used as a random

effect to account for samples taken from the same donor. Linear mixed effects modeling was conducted

in R using the ‘lme4’ and ‘lmerTest’ packages (Bates et al., 2007; Kuznetsova et al., 2017).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

All results are presented as mean G standard errors of mean. Statistically significant differences among

groups were determined by two-tailed unpaired Student’s t-test and one-way ANOVA followed by Sidak’s

ad-hoc multiple comparisons test using GraphPad Prism, version 9.
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