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Dpp4þ interstitial progenitor cells contribute to
basal and high fat diet-induced adipogenesis
Megan Stefkovich 1,2, Sarah Traynor 1,2, Lan Cheng 1, David Merrick 1,2,**,4, Patrick Seale 1,3,*,4
ABSTRACT

Objective: The capacity to generate new adipocytes from precursor cells is critical for maintaining metabolic health. Adipocyte precursor cells
(APCs) constitute a heterogenous collection of cell types; however, the contribution of these various cell types to adipose tissue expansion in vivo
remains unknown. The aim of the current study is to investigate the contribution of Dpp4þ progenitors to de novo adipogenesis.
Methods: Single cell analysis has identified several transcriptionally distinct subpopulations of APCs, including Dpp4þ progenitor cells
concentrated in the connective tissue surrounding many organs, including white adipose tissue (WAT). Here, we generated a Dpp4CreER mouse
model for in vivo lineage tracing of these cells and their downstream progeny in the setting of basal or high fat diet (HFD)-stimulated adipogenesis.
Results: Dpp4CreER mice enabled specific temporal labeling of Dpp4þ progenitor cells within their native connective tissue niche. Following a
dietary chase period consisting of chow or HFD feeding for 18 weeks, Dpp4þ progenitors differentiated into mature adipocytes within the gonadal
and subcutaneous WAT. HFD stimulated adipogenic contribution from Dpp4þ cells in the gonadal but not the subcutaneous depot. Flow
cytometry analysis revealed that Dpp4þ progenitors give rise to DPP4(�)/ICAM1þ preadipocytes in vivo. HFD feeding did not perturb the flux of
Dpp4þ cell conversion into ICAM1þ preadipocytes in gonadal WAT. Conversely, in subcutaneous WAT, HFD feeding/obesity led to an accu-
mulation of ICAM1þ preadipocytes without a corresponding increase in mature adipocyte differentiation. Examination of non-classical murine
visceral depots with relevance to humans, including omentum and retroperitoneal WAT, revealed robust contribution of Dpp4þ progenitors to de
novo adipogenesis, which was further stimulated by HFD.
Conclusion: Our data demonstrate that Dpp4þ interstitial progenitor cells contribute to basal adipogenesis in all fat depots and are recruited to
support de novo adipogenic expansion of visceral WAT in the setting of HFD-induced obesity.

� 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Obesity is a leading public health concern that is predicted to affect
over 50 percent of adults in the United States by 2030 [1]. Obesity is
characterized by the excessive accumulation of white adipose tissue
(WAT), which serves as the primary reservoir for energy storage. Over
time, chronic positive energy balance and obesity can overwhelm and
impair the capacity of WAT to efficiently store excess nutritional en-
ergy. Insufficient amounts of WAT (as in lipodystrophy) or its dimin-
ished function (as in obesity) is a major driver of ectopic lipid deposition
in other organs and systemic metabolic diseases [2e5].
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WAT expands via two mechanisms: increase in the size of existing
adipocytes (hypertrophy), and recruitment of de novo differentiated
adipocytes (hyperplasia). Studies in mice and humans indicate that
hyperplastic adipocyte expansion via adipocyte precursor cell (APC)
differentiation is metabolically favorable, often limiting or delaying the
metabolic complications of obesity [6e9]. By contrast, hypertrophic
adipocyte growth is linked to adipose tissue fibrosis, inflammation, and
metabolic dysfunction [10]. The anatomic location of adipose tissue
expansion also influences metabolic outcomes [11,12]. In mice, hy-
perplastic de novo adipogenesis occurs mainly in the visceral depots
(i.e. gonadal WAT), while both visceral and subcutaneous (i.e. inguinal
WAT) depots engage in hypertrophic growth [13e15].
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The capacity for hyperplastic expansion relies on the differentiation
activity of APCs [5,16]. Loss of de novo adipogenesis in subcutaneous
WAT results in the pathologic spill-over of free fatty acids into the
visceral WAT [4,17,18], liver [19], and muscle [20,21], triggering
metabolic derangement [17,22,23]. The importance of APC function is
reinforced by the observation that de novo adipogenesis stimulated by
PPARg overexpression [7], thiazolidinedione treatment [24,25], or
transplantation [26e28] leads to significant improvements in insulin
sensitivity despite an increase in body weight. Investigation of the
mechanisms governing APC biology is paramount to our understanding
of the metabolic consequences of obesity.
APCs represent a heterogeneous pool of stromal and perivascular cells
that are nearly universally marked by the cell surface protein PDGFRa
[29e31]. Recent studies employing single-cell RNA-sequencing
technology have revealed subpopulations of Pdgfraþ cells, including
Dpp4þ/Pi16þ ‘progenitors’, Icam1þ/Col15a1þ ‘preadipocytes’, and
Cd142þ ‘adipose regulatory cells’, as well as additional cell types
[32e38]. Dpp4þ cells possess enhanced proliferative capacity and
multilineage differentiation potential [32,39]. By contrast, Icam1þ
cells are highly committed to the adipose lineage and rapidly undergo
adipocyte differentiation with minimal stimulus. Cell transplantation
studies suggest a lineage hierarchy in which Dpp4þ/Pi16þ pro-
genitors give rise to Icam1þ preadipocytes and mature adipocytes
[32].
Dpp4þ/Pi16þ progenitors are enriched in an anatomic niche termed
the Reticular Interstitium (RI), a relatively understudied connective
tissue that envelops many organs [32,40]. Dpp4þ/Pi16þ cells from a
diverse set of organs express a conserved transcriptional profile,
leading to their designation as ‘universal fibroblasts’ [41]. Pseudo-
temporal analysis of fibroblast populations throughout the body pre-
dicts that Dpp4þ/Pi16þ universal fibroblasts give rise to specialized
cell types commiserate with their resident tissue [41]; however, these
lineage relationships have yet to be determined in vivo.
In this study, we developed a Dpp4CreER mouse model for lineage
tracing of Dpp4þ/Pi16þ progenitor cells within their native in vivo
niche. We found that Dpp4þ progenitors give rise to ICAM1þ pre-
adipocytes as well as mature adipocytes in both subcutaneous and
visceral WAT, and that this process is stimulated in a depot-specific
manner during the development of obesity. The relatively lower
levels of adipogenesis in the subcutaneous WAT of obese animals was
associated with a buildup of ICAM1þ preadipocytes derived from
Dpp4þ progenitors, suggesting that HFD and/or obesity impairs pre-
adipocyte commitment. Overall, these data show that ‘universal’
Dpp4þ progenitors contribute to the development of adipocytes in
several major fat depots.

2. RESULTS

2.1. Dpp4þ progenitor cells contribute to basal and HFD-induced
visceral adipogenesis
Dpp4þ progenitors possess the capacity to differentiate into mature
adipocytes in vitro and after transplantation. However, the lineage
contribution of this cell population has yet to be investigated in vivo. To
determine the role of Dpp4þ mesenchymal progenitors in WAT
growth, we developed a Dpp4CreER mouse model, enabling the indel-
ible labeling of Dpp4þ progenitors and their progeny. The coding
sequence for Cre-ERT2 was inserted into the first exon of Dpp4,
separated by a self-cleaving P2A peptide (Figure 1A). This design al-
lows for the expression of CRE-ERT2 under the control of the native
Dpp4 gene regulatory elements. Dpp4CreERmice were crossbred with a
R26mTmG fluorescent reporter mouse line for inducible lineage tracing.
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Tamoxifen treatment of these mice induces heritable labeling of Dpp4-
expressing cells with membrane-GFP (mGFP). Flow cytometry analysis
of mGFPþ cells immediately following tamoxifen injection (pulse
timepoint) revealed specific labeling of DPP4þ cells in gonadal WAT
(Figure 2B, mGFP labeled cells are depicted as a green overlay on top
of unlabeled total stromal cells). There was no mGFP labeling of
DPP4(�)/ICAM1þ preadipocytes at the pulse timepoint, demonstrating
the specificity of this mouse model.
DPP4 is highly expressed in hepatocytes as well as mature epithelial
cells of the intestinal villi, which we used as positive labeling controls.
At the pulse timepoint, we observed robust mGFP labeling of hepa-
tocytes and intestinal epithelial cells (Figure S1). Several weeks later,
mGFPþ epithelial cells were absent from the intestinal villi, owing to
continual cellular turnover and loss of previously labeled cells. These
results demonstrate the specificity of the Dpp4CreER transgene as well
as the temporal fidelity of the tamoxifen pulse.
Histological examination of gonadal WAT (gWAT) from Dpp4CreER;
mGFP mice at the pulse timepoint showed numerous mGFP-labeled
cells, which co-stained with anti-DPP4 antibody. The labeled cells
displayed a spindle-shaped fibroblast morphology and were concen-
trated in the connective tissue at both the periphery of the adipose
tissue depot and in the fibrous septae between adipose tissue lobes
(Figure 1C). We did not observe mGFP labeling of any mature adipo-
cytes at the pulse timepoint.
We next sought to determine the lineage contribution of Dpp4þ pro-
genitors under conditions of chow diet (i.e. basal adipocyte turnover),
and in the setting of HFD-stimulated adipose tissue expansion. Two
weeks after tamoxifen injection, Dpp4CreER; mGFP mice were assigned
to either chow or HFD feeding groups for an additional 18 weeks,
leading to increases in body weight (Figure S2). Following the chase
period in the chow fed group, we detected mGFPþ and Perilipin-1
(PLIN1)-expressing mature adipocytes, derived from Dpp4-lineage
traced cells, in the gonadal and mesenteric WAT (Figure 1D, left
panels). In the HFD group, we observed more numerous clusters of
mGFPþ lineage traced mature adipocytes, which were often located
near the periphery of the tissue (Figure 1D, right panels). Quantification
of the histological images showed a significant obesity-stimulated
increase in the number of mature adipocytes derived from Dpp4þ
progenitors in the gWAT (Figure S3).

2.2. Dpp4þ progenitor cells contribute to basal adipogenesis in
subcutaneous WAT
Flow cytometry analysis of mGFPþ labeled cells from the subcu-
taneous WAT of tamoxifen-injected Dpp4CreER mice at the pulse
timepoint revealed highly specific labeling of DPP4þ cells (Figure 2A,
green overlay). Histological examination of inguinal WAT (iWAT) at the
pulse timepoint showed extensive mGFP labeling of DPP4þ cells
within the reticular interstitium at the periphery of the tissue as well as
fibrous septa between adipose tissue lobes (Figure 2B). No
mGFPþ mature adipocytes were detected at the time of the tamoxifen
pulse. Following an 18-week chase period with chow or HFD feeding,
rare GFPþ adipocytes were detected within the inguinal and axillary
WAT (Figure 2C, right panels). Quantitative analysis showed that HFD-
induced obesity did not increase the number of Dpp4þ lineage-traced
adipocytes in the subcutaneous iWAT depot (Figure 2C, right panels,
Figure S3).

2.3. Dpp4þ progenitors give rise to ICAM1þ/DPP4- committed
preadipocytes in vivo
Previous studies have employed in silico pseudotemporal analysis [41],
in vitro adipogenic differentiation, and transplantation models [32] to
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Figure 1: Dpp4D progenitor cells contribute to basal and diet-induced visceral adipogenesis. (A) Schematic of the targeting strategy used to generate Dpp4CreER mice. (B) Flow
cytometric analysis of SVF cells from gonadal WAT (gWAT) of Dpp4CreER; mGFP reporter mice immediately following tamoxifen injection (pulse timepoint). CD45(�)/DAPI(�) gated cells
were plotted by expression of DPP4 vs ICAM1. mGFP þ lineage-traced cells are shown as a green overlay on top of mGFP(�) cells depicted in gray. (C) Immunohistochemical (IHC)
examination of gWAT from Dpp4CreER; mGFP mice at the pulse timepoint [mGFP: lineage traced cells (green), cells currently expressing DPP4 (magenta), PLIN1: mature adipocytes (red),
DAPI: nuclei (blue); scale bar ¼ 380 mM]. Individual antibody staining is shown in grayscale on the right-side inset panels (inset scale bar ¼ 100 mM). (D) IHC staining of gWAT (top
panels) and mesenteric (mesWAT, bottom panels) from Dpp4CreER; mGFP mice following 18 weeks of feeding chow (left) or HFD (right).
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Figure 2: Dpp4D progenitor cells contribute to basal adipogenesis in subcutaneous depots. (A) Flow cytometric analysis of SVF cells (CD45(�)/DAPI(�)) from subcu-
taneous WAT of Dpp4CreER; mGFP mice at the pulse timepoint. mGFPþ lineage traced cells are shown as a green overlay on top of mGFP(�) cells, which are depicted in gray. (B)
IHC staining of subcutaneous inguinal WAT (iWAT) at the pulse timepoint. [mGFP: lineage traced cells (green), cells currently expressing DPP4 (magenta), PLIN1: mature adipocytes
(red), DAPI: nuclei (blue); scale bar ¼ 380 mM]. Individual antibody staining is represented in grayscale on the right-side inset panels (inset scale bar ¼ 100 mM). (C) IHC staining of
Dpp4CreER iWAT (top panels) and axillary WAT (axWAT, bottom panels) following 18 weeks of feeding chow (left) or HFD.
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conceptualize an adipose lineage hierarchy in which Dpp4þ pro-
genitors give rise to Dpp4(�)/Icam1þ preadipocytes. To investigate
the lineage allocation of Dpp4þ progenitors in their native environ-
ment, we assessed the fate of mGFP-traced cells in mice under basal
or HFD feeding conditions (Figure 3A). Immediately after tamoxifen
injection (pulse timepoint), subcutaneous and visceral WAT depots
were dissociated and examined by flow cytometry. After gating for
CD45(�)/mGFP(þ) cells, we observed mGFP-expressing DPP4þ cells
in both the visceral and subcutaneous depots (Figure 3B and C, left
panels, pulse timepoint), with almost no labeling of DPP4(�)/ICAM1þ
preadipocytes. Following 18 weeks of chow or HFD, there was a
significant shift in the lineage traced cells with the appearance of
DPP4(�)/ICAM1þ preadipocytes (Figure 3B and C, right panels).
Quantification of these data revealed a large increase in the number of
DPP4(�)/ICAM1þ preadipocytes arising from DPP4þ cells during the
dietary chase period. HFD-induced obesity did not shift the steady state
proportion of lineage traced DPP4(�)/ICAM1þ preadipocytes in the
visceral depot (Figure 3D). By contrast, we observed a marked buildup
of DPP4(�)/ICAM1þ preadipocytes in the subcutaneous WAT of HFD-
fed mice, as compared to chow-fed mice (Figure 3E).

2.4. Dpp4þ progenitors contribute extensively to adipogenesis in
the murine omentum
Murine gWAT has been the focus of extensive study due to its robust
expansion in response to HFD and ease of surgical procurement.
However, gWAT may not be the best proxy for human visceral adipose
tissue given that there is no anatomically analogous tissue present in
humans. We sought to expand our investigation to include non-
classical visceral adipose tissue depots with human correlation,
including the omental and retroperitoneal adipose tissue depots. In
chow-fed lean mice, the greater omentum is composed of a trans-
lucent sheet of connective tissue containing small islands of adipose
tissue, which bridges between the greater curvature of the stomach
and the pancreas (Figure 4A) [42]. Following dissection and paraffin
embedding, the translucent reticular interstitial membrane, which is
studded with DPP4þ progenitor cells, appears bunched around the
omental adipose tissue (Figure 4B, pulse timepoint). The omental
depot undergoes massive expansion and lipid filling in the setting of
HFD-induced obesity (Figure 4C, chow vs HFD H&E panels). Dpp4-
lineage traced mature adipocytes were observed in the omentum of
chow fed animals and numerous clusters mGFP þ adipocytes
emerged in response to HFD (Figure 4C, right panels). Quantitative
analyses showed that HFD greatly increased the number of Dpp4
lineage-traced mature adipocytes in the omentum (Figure S4). We
found an average of seven times more Dpp4-lineage traced adipocytes
in the omentum of obese mice as compared to the gWAT, suggesting
that DPP4þ progenitors play a particularly important role in the
maintenance and expansion of omental adipose.

2.5. Dpp4þ progenitors contribute extensively to adipogenesis in
retroperitoneal adipose tissue
Retroperitoneal WAT (rpWAT) is located within the retroperitoneal
space against the dorsal surface of the abdomen. This depot contains a
mixture of white and brown adipocytes and undergoes massive
expansion and whitening in the setting of obesity. rpWAT is located
within a thin connective tissue sheath, populated by DPP4þ cells, that
tethers it to the underlying paraspinal muscles (Figure 5A). At the pulse
timepoint, mGFP-labeled DPP4þ progenitor cells were found in the
connective tissue surrounding the parenchyma of the rpWAT, as well
as the intralobular septae (Figure 5A). Following the dietary chase
period, we observed a large number of mGFPþ lineage traced mature
MOLECULAR METABOLISM 54 (2021) 101357 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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adipocytes in the rpWAT (Figure 5B). Like in omentum adipose tissue,
DPP4þ cells constituted a significant source of newly formed adipo-
cytes in rpWAT, and this lineage contribution was greatly stimulated in
the setting of obesity (Figure S4).

3. DISCUSSION

The impairment of new adipocyte formation contributes significantly to
the development of metabolic sequalae in obesity. The recent appli-
cation of single-cell RNA transcriptomics enabled the unbiased iden-
tification of precursor subpopulations that may contribute to adipocyte
differentiation in vivo. Numerous groups have consistently revealed the
presence of several major APC populations in WAT, including those
marked by Dpp4/Pi16 and Icam1/Col15a1 (reviewed in [43e45]). In
silico pseudotemporal analysis and in vitro differentiation and trans-
plantation experiments provide evidence of a lineage hierarchy in
which Dpp4þ progenitors give rise to Icam1þ preadipocytes that can
differentiate into mature adipocytes. However, these previous studies
analyzed the differentiation capacity of isolated cell populations
removed from their native context and niche components.
We applied genetic lineage tracing analysis to determine the contri-
bution of Dpp4þ progenitor cells to de novo adipose tissue expansion
in vivo. Our previous work identified Dpp4 as a highly specific marker
gene of interstitial progenitor cells that enables their transcriptional,
flow cytometric, and functional distinction from Icam1þ/Col15a1þ
preadipocytes [32]. Flow cytometry and histological analysis validated
the labeling fidelity of our Dpp4CreER allele at the pulse timepoint. Our
results conclusively show that Dpp4þ progenitors give rise to
DPP4(�)/ICAM1þ preadipocytes, as well as mature adipocytes. Thus,
these findings provide direct in vivo evidence of an adipogenic lineage
hierarchy that contributes to adipose tissue renewal and growth.
Recent single cell analyses conducted across a broad range of murine
and human mesenchymal tissues showed the ubiquitous presence of
Dpp4þ/Pi16þ progenitor/fibroblast cells [41]. Dpp4þ/Pi16þ cells,
named “universal fibroblasts”, are predicted to give rise to “special-
ized fibroblasts” as directed by local tissue requirements. The authors
of this study generated a DptCreER lineage tracing mouse model to track
the fate of labeled universal fibroblasts. Using a subcutaneous tumor
model, the authors found that Dpt þ fibroblasts gave rise to Lrrc15þ
myofibroblast-like cells, confirming a lineage relationship between
universal and specialized fibroblasts in the skin. However, Dpt is also
highly expressed by Icam1þ/Col15a1þ fibroblasts, which were co-
labeled with the Dpp4þ/Pi16þ cells in the study. Due to the broad
expression profile of Dpt, the authors were unable to distinguish be-
tween the lineage contribution of Dpp4þ/Pi16þ versus Icam1þ/
Col15a1þ cells. Our results provide additional support for the concept
of DPP4þ cells functioning as universal fibro-progenitors and
demonstrate that these cells give rise to preadipocytes (specialized
fibroblasts) and adipocytes across several adipose tissue depots.
The adipogenic contribution of Dpp4þ progenitors depends on the
anatomic location of the depot as well as the metabolic status of the
organism. We found that Dpp4þ progenitors participated in basal
adipocyte turnover of in all examined depots of chow fed animals. HFD
stimulated a significant increase in Dpp4þ adipogenic differentiation
in visceral depots, especially those arising within a dense layer of
reticular interstitial connective tissue, including omental and retro-
peritoneal adipose.
Obesogenic diets have been shown to stimulate adipose tissue
expansion via metabolically favorable hyperplasia of new adipocytes as
well as pathologic hypertrophy of existing adipocytes. While both hy-
perplasia and hypertrophy are thought to occur in most human adipose
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: Dpp4þ progenitors give rise to ICAM1D/DPP4(L) preadipocytes in vivo. (A) Schematic depicting the lineage tracing timeline. Six-week-old Dpp4CreER; mGFP mice
were injected with tamoxifen to produce heritable mGFP labeling of Dpp4þ cells. Lineage traced mice were placed on either chow or HFD at 8 weeks of age and harvested at 24
weeks. (B, C) Flow cytometric analysis of mGFPþ SVF cells from visceral (B) and subcutaneous (C) WAT of Dpp4CreER mice. CD45(�)/DAPI(�) SVF cells were gated on expression
of mGFP to isolate lineage traced cells. Staining with anti-DPP4 and anti-ICAM1 at the pulse timepoint (left panel) and following 18 weeks of either chow diet (middle panel) or HFD
(right panel). Data are representative of four biologic replicates. (D, E) Quantification of relative Dpp4þ lineage traced population abundance from visceral (D) and subcutaneous (E)
WAT of Dpp4CreER; mGFP mice.
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Figure 4: Dpp4þ progenitors contribute extensively to adipogenesis in the murine omentum. (A) Gross histology showing the anatomic location of the mouse omentum. The
murine greater omentum is a translucent sheet of collagen-filled connective tissue (reticular interstitium) that extends from the greater curve of the stomach and is draped over the
pancreas and intestine. The inferior edge of the omentum is filled with adipose tissue (omental adipose). (B) IHC staining of omental adipose tissue from Dpp4CreER; mGFP mice at
the pulse timepoint [mGFP: lineage-traced cells (green), DPP4: cells currently expressing DPP4 (magenta), PLIN1: mature adipocytes (red), DAPI: nuclei (blue); scale
bar ¼ 380 mM]. Individual antibody staining is represented in grayscale on the right-side inset panels (inset scale bar ¼ 100 mM). (C) H&E and IHC staining of omental WAT from
Dpp4CreER; mGFP mice under chow (left panels) or HFD (right panels) feeding conditions.
depots [46,47], in mice, the subcutaneous adipose tissues (iWAT and
axWAT) expand primarily via hypertrophy while the visceral WAT
(gWAT, mesWAT, omentum and rpWAT) expands via both hyperplasia
and hypertrophy [16]. Consistent with this hypothesis, we did not see a
significant effect of obesogenic diet on Dpp4þ contribution to mature
adipocytes in murine subcutaneous depots. When we examined the
MOLECULAR METABOLISM 54 (2021) 101357 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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subcutaneous APC populations by flow cytometry, we found that HFD
promoted an accumulation of DPP4(�)/ICAM1þ preadipocytes. These
cells likely represent Dpp4þ progenitors that were induced to progress
toward adipogenic commitment by HFD but became stalled as
DPP4(�)/ICAM1þ cells. The proportion of Dpp4þ progenitors tran-
siting through the DPP4(�)/ICAM1þ preadipocyte fate was unchanged
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 5: Dpp4þ progenitors contribute extensively to adipogenesis in retroperitoneal WAT. (A) Gross histology showing the anatomic location of the mouse retroperitoneal
WAT. Murine retroperitoneal WAT is contained within a sheath of reticular interstitial connective tissue that affixes the depot within the retroperitoneal space against the psoas
muscles. (B) IHC staining of retroperitoneal WAT from Dpp4CreER; mGFP mice at the pulse timepoint [mGFP: lineage traced cells (green), DPP4: cells currently expressing DPP4
(magenta), PLIN1: mature adipocytes (red), DAPI: nuclei (blue); scale bar ¼ 380 mM]. Individual antibody staining is represented in grayscale on the right-side inset panels (inset
scale bar ¼ 100 mM). (C) H&E and IHC staining of Dpp4CreER retroperitoneal adipose under chow (left panels) or high fat diet (right panels) feeding conditions.

Original Article
by HFD in visceral adipose tissue, suggesting that preadipocytes in
visceral depots possess higher differentiation activity. The cellular and
environmental signaling pathways that underlie this depot-specific
effect remain an intriguing avenue for future investigation.
Our results suggest that Dpp4þ cells do not play a major role in basal
adipocyte turnover in the subcutaneous WAT. Dpp4(�)/Icam1þ cells,
which are distributed throughout the parenchyma of the depot and are
8 MOLECULAR METABOLISM 54 (2021) 101357 � 2021 The Authors. Published by Elsevier GmbH. T
poised to undergo adipogenic differentiation, are likely responsible for
mediating adipocyte turnover [32]. By contrast, our data suggest that
the visceral WAT is more highly dependent on Dpp4þ interstitial
progenitors to supply sufficient preadipocytes, especially when de
novo adipogenesis is stimulated in the setting of obesity.
Dpp4þ/Pi16þ cells exhibit many properties of progenitor/stem cells,
including high proliferative capacity and multipotent differentiation
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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potential, yet simultaneously express many gene pathways classically
attributed to fibroblasts, including collagen production and ECM
modification [34]. This expression profile is consistent with the
anatomic location of DPP4þ cells, which cling to collagen/elastin fi-
bers within the reticular interstitium, and likely contribute to the
structural integrity of connective tissues [40]. Because murine sub-
cutaneous WAT expands primarily via hypertrophy of existing adipo-
cytes with very little de novo adipogenesis, Dpp4þ cells may not be
called upon to support adipose tissue expansion. Rather, DPP4þ cells
in the subcutaneous WAT may be primarily tasked with collagen
remodeling to provide structural support for the enlarging adipose
depot. As obesity progresses, it is plausible that this beneficial
fibroblast-like activity of Dpp4þ cells may become maladaptive and
promote tissue fibrosis.
In summary, our studies identify DPP4þ progenitor cells as an
important source of committed preadipocytes and adipocytes, espe-
cially in human relevant visceral fat depots. Further studies are
necessary to identify the genes and pathways controlling the activity of
DPP4þ cells, including the mechanisms that control adipogenic
commitment within adipose tissue. Understanding the regulation of
these cells may reveal new avenues to promote adipocyte differenti-
ation and metabolic health.

4. METHODS

4.1. Animals
C57BL/6J WT [stock number (no.) 000664] and C57BL/6J:ROSAmT/
mG (stock no. 007676) mouse lines were obtained from Jackson
Laboratories. CD1 WT mice (stock no. 022) were obtained from Charles
River. All animal procedures were performed under the guidance of the
University of Pennsylvania Institutional Animal Care and Use Committee
and strictly in accordance with the guidelines of the Institutional Animal
Care and Use Committee (IACUC). For lineage tracing studies,
tamoxifen (Sigma, T5648) was dissolved in corn oil (20 mg/ml) and
administered by an intraperitoneal injection on five subsequent days at
the indicated timepoint (0.1 mg tamoxifen per gram of mouse body
weight). All animals were maintained at 25 �C and fed either regular
chow diet (10% kcal fat) or high fat diet (60% kcal fat) for 18 weeks.

4.2. Generation of Dpp4CreER mouse strain
The Dpp4-CreERT2 mouse was generated by insertion of the coding
sequence for CreERT2 followed by a self-cleaving P2A peptide (derived
from derived from porcine teschovirus-1) into the start codon of the
Dpp4 gene by CRISPR/Cas9 stimulated homologous recombination. In
detail, a high-fidelity gRNA target was identified in close proximity to
the start codon of Dpp4. A DNA vector was synthesized containing the
coding sequence for CreERT2, with a carboxy-terminal P2A peptide,
which was flanked by two 500 bp homology arms spanning the up-
stream and downstream regions of the Dpp4 locus on either side of the
Cas9 cut site. The CreER-P2A construct was designed in-frame with
the native Dpp4 gene product, such that CreERT2 and Dpp4 are
simultaneously expressed under the control of the native Dpp4 pro-
moter/enhancer elements. Single stranded template DNA (ssDNA) was
generated by strand-specific exonuclease digestion and purified by gel
electrophoresis. Ribonucleoprotein complexes (RNPs) were assembled
by combination of recombinant Cas9 protein (Alt-R HiFi Cas9 Nuclease,
IDT technologies), with synthesized guide and tracer RNAs (IDT tech-
nologies). ssDNA was mixed with the RNPs in pronuclear injection
buffer (1 mM Tris HCl, pH 7.5; 0.1 mM EDTA) and injected into C57/Bl6
mouse zygotes at the 1 cell stage, followed by implantation into
pseudo-pregnant female mice. Proper transgene insertion was
MOLECULAR METABOLISM 54 (2021) 101357 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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confirmed by sanger sequencing of genomic PCR products spanning
the entire homology region. DPP4 enzymatic activity was measured
from mouse serum using the DPP4 Activity Assay Kit (Millipore Sigma #
MAK088), which showed that Dpp4CreER mice retained 75% and 86%
of wild-type DPP4 activity levels in serum, and RI tissue, respectively
(Figure S1B).

4.3. Isolation of stromal cells from mouse adipose tissues
Visceral and subcutaneous WAT depots were surgically removed and
processed using enzymatic and mechanical methods. Adipose tissues
were manually minced and digested with collagenase type 1 (1.5 units/
ml; Worthington) and dispase II (2.4 units/ml; Roche) in DMEM/F12
containing 1.0% fatty acidefree bovine serum albumin (Sigma). Me-
chanical dissociation was carried out in GenleMACS C-tubes using the
genleMACS Octo Dissociated with Heaters (Miltenyi Biotec). The
digestion was quenched with DMEM/F12 containing 10% FBS, and the
dissociated cells were passed through a 100-mM filter and then
subjected to centrifugation at 400�g for 10 min. The resulting su-
pernatant containing mature adipocytes was aspirated, and the pellet,
consisting of stromal vascular cells (SVCs), was resuspended in red
blood cell lysis buffer (Biolegend) for 5 min at RT and then quenched in
DMEM/F12 containing 10% FBS. The cells were then passed through a
40-mM filter and collected by centrifugation at 400�g for 5 min. The
cells were recovered in FACS buffer (HBSS containing 1% FBS; Fisher).

4.4. Flow cytometry
SVCs from the visceral and subcutaneous depots were prepared as
described above, resuspended in FACS buffer, and labeled with the
following antibodies for 30 min at 4 �C: CD26 (DPP4)efluorescein
isothiocyanate (APC) (Biolegend, San Diego, CA; catalog no. 137806;
1:400), antiemouse ICAM1ephycoerythrin (PE)/Cy7 (Biolegend cata-
log no. 116122; 1:200), antiemouse CD45eallophycocyanin (APC)/
Cy7 (Biolegend catalog no. 103116; 1:500). 40,6-Diamidino-2-
phenylindole (DAPI) (Roche catalog no. 10236276001; 1:10,000)
was added for the final 5 min. The cells were washed three times with
FACS buffer to remove unbound antibodies. The cells were analyzed
using a BD LSRII flow cytometer (BD Biosciences). All compensation
was performed at the time of acquisition in using compensation beads
(BioLegend catalog no. A10497) for single-color staining and SVCs for
negative staining and fluorescence (DAPI and mTomato). Analysis was
performed using FlowJo 10.7. All gates were precisely defined using
full-minus-one stained control cells.

4.5. Histology
Tissues were fixed with 4% paraformaldehyde via transcardiac
perfusion, after which dissected adipose pads were allowed to fix
overnight. The tissues were subsequently dehydrated through a series
of ethanol washes and then embedded in paraffin for thin sectioning.
Immunohistochemistry analysis was performed by following heat an-
tigen retrieval methods, and samples were stained with the following
antibodies: anti-GFP (goat, 1:500, Abcam #AB6673), anti-DPP4 (goat;
1:500; R&D Systems # AF954), anti-PLIN1 (rabbit, 1:500, Cell
Signaling #3470). Paraffin processing, embedding, sectioning, he-
matoxylin/eosin and fluorescent staining were performed by Lan
Cheng at the Institute for Diabetes, Obesity and Metabolism Histology
Core at the University of Pennsylvania.

4.6. Quantification of adipocyte differentiation
Lineage-traced mature adipocytes were quantified on histology by
manually counting GFPþ/PLIN1þ double-positive adipocytes across
an entire cross section of adipose tissue. Briefly, adipose tissues were
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thin sectioned in the maximal axis as described above and stained with
anti-GFP and anti-PLIN1. Whole adipose tissue sections were imaged
on a Keyence inverted fluorescence microscope (BZX-710) equipped
with the following filters: DAPI (excitation, 360/40 nm; emission, 460/
50 nm; Keyence, OP-87762), GFP (excitation, 470/40 nm; emission,
525/50 nm; Keyence, OP-87763) TRITC (excitation, 545/25 nm,
emission 605/70 nm; Keyence OP-87764), and Cy5 (excitation, 620/
60 nm, emission 700/75 nm; Keyence OP-87766). Adipose tissue
sections were imaged in their entirety at 10x magnification using a
tiled grid. Tiling and stitching were performed with Keyence BZ-X
Viewer software. Quantification of labeled adipocytes was performed
in ImageJ software using the “Cell Counter” plugin to count GFPþ/
PLIN1þ adipocytes. Total adipocyte count was performed using
CellProfiler software (Broad Institute Inc) using the “IdentifyPrimar-
yObjects” module. Normalization for differences in adipose tissue slice
size and cell number was accomplished by dividing the number of
GFP þ lineage traced adipocytes by the total PLIN1þ adipocyte count.

4.7. Statistical methods
Statistical methods were not used to predetermine sample size. The
experiments were not randomized, and investigators were not blinded
in experiments. All p-values are reported with adjustment for multiple
comparisons. All flow and histological data are representative of at
least three biological replicates. Most statistical tests were performed
using an ANOVA followed by multiple comparisons. For quantification
of flow cytometric data, tissue samples generated both DPP4þ and
ICAM1þ cell populations, therefore two-way ANOVA was used to
account for the matched nature of these data. Where indicated, bio-
logic replicates (BRs) represent independent samples (i.e., cells
derived from different mice). Statistical analyses were conducted using
GraphPad Prism 7.0 (GraphPad Software, Inc).
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