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dult adipose tissue contains a large

upply of progenitors that can renew
fat cells for homeostatic tissue mainte-
nance and adaptive growth or regenera-
tion in response to external challenges.
However, the in vivo mechanisms that
control adipocyte progenitor behavior
are poorly characterized. We recently
demonstrated that recruitment of adi-
pocyte progenitors by macrophages is a
central feature of adipose tissue remod-
eling under various adipogenic condi-
tions. Catabolic remodeling of white
adipose tissue by (33-adrenergic receptor
stimulation requires anti-inflammatory
M2-polarized macrophages to clear
dying adipocytes and to recruit new
brown adipocytes from progenitors. In
this Extra Views article, we discuss in
greater detail the cellular elements of
adipogenic niches and report a strategy
to isolate and characterize the subpopu-
lations of macrophages and adipocyte
progenitors that actively participate in
adrenergic tissue remodeling. Further
characterization of these subpopulations
may facilitate identification of new cel-
lular targets to improve metabolic and
immune function of adipose tissue.

Introduction

Adipocytes are a specialized cell type
that stores excess energy as triglycerides
and rapidly mobilizes free fatty acids
(FFA) in response to systemic demands.
Adult adipose tissue contains a large sup-
ply of progenitors that can renew fat cells
for homeostatic turnover, adaptive hyper-
plastic expansion, and regeneration after

injury.! Highly committed adipocyte
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progenitors can be isolated from the stro-
movascular cell (SVC) fraction of adipose
tissue using a combination of negative and
positive selection of cell surface markers.*
More recently, genetic lineage tracing
studies have identified specific subpopula-
tions of SVC that become adipocytes in
intact tissue.>>®

While adipocyte progenitors have
been identified, the mechanisms that con-
trol progenitor behavior in vivo remain
enigmatic. In many tissues, adult stem
cells/progenitors reside in microenviron-
ments that control the balance between
the quiescent and activated state.”!! These
niches are defined in part by the sur-
rounding cell types, which are recognized
as important regulators of stem cell/pro-
genitor behavior."! Adipose tissue contains
multiple cell types, such as immune cells,
endothelial cells, and fibroblasts, all of
which may be viewed as potential progeni-
tor niche components.'?

Macrophages are predominant immune
cells in adipose tissue and can constitute
up to 40% of total SVC fraction under
certain physiological and pathological
conditions.”*! It is well documented that
hypertrophied adipose tissues of obese
individuals accumulate macrophages that
release proinflammatory cytokines, which
can contribute to insulin resistance.'®2%:?!
This inflamed adipose tissue is character-
ized by dying/dead adipocytes surrounded
by macrophages, forming crown-like
structures (CLS).?* However, a regulatory
role of macrophages during in vivo adi-
pogenesis from progenitors has not been
established.

Recently, we
interplay  between

demonstrated
and

have
macrophages
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progenitors under various adipogenic con-
ditions," including high-fac diet (HFD)
feeding, P-adrenergic stimulation, and
local injury. Use of B3 adrenergic recep-
tor (ADRB3) agonists, in particular,
offers a highly selective means of brown
adipocyte recruitment in white adipose
tissue (WAT) by activating protein kinase
A (PKA)-mediated signals specifically in
fat cells.”> We found that newly recruited
brown adipocytes are derived from stro-
mal cells that express the stem cell markers
CD34, Scal, and platelet-derived growth
factor receptor o (PDGFRo+ progeni-
tors). Genetic tagging of these progenitors
with inducible Cre recombinase allowed
us to trace their interactions with other
cell types over the course of cell activa-
tion, proliferation, and differentiation.”
We reported that ADRB3 stimulation
triggers an immune response that depends
on FFA mobilization'>? and have identi-
fied CLS containing anti-inflammatory
macrophages as a transient adipogenic
tissue niche.” In this model (Fig. 1),
ADRB3 stimulation provokes the death
of vulnerable white adipocytes. Signals
generated by dead/dying fat cells lead
to the recruitment of noninflammatory
macrophages that surround the dead fat
cell and clear the large remnant triglyc-
eride core. PDGFRa+ progenitors are
recruited to sites of fat cell efferocytosis,
where they proliferate as an intimate part
of the CLS. The tight spatial and tempo-
ral associations between macrophage and
progenitor recruitment suggested a cause—
effect relationship, and we have identified
osteopontin (OPN) as one of the molecu-
lar players released from macrophages to

recruit progenitors to the site of adipocyte
clearance.” We found that OPN is che-
motactic for PDGFRao+ cells in vitro, and
genetic ablation of OPN diminished CLS
formation and progenitor proliferation
and differentiation in vivo. While we pro-
pose that adipocyte death is a key cellular
event that initiates adipose tissue remod-
eling, OPN is required to promote auto-
amplified recruitment of macrophages and
enhance local interaction of macrophages
with progenitors. Finally, rapid resolution
is accompanied by increased oxidative
metabolism of WAT and new brown adi-
pocyte formation in adipose tissue.

In this “Extra Views” article, we pres-
ent an advancement of our previous work
on the adipogenic niche by developing a
strategy to isolate and characterize sub-
populations of macrophages and progeni-
tors that are actively participating in this
remodeling process. We identified CD44
as a marker that can distinguish between
activated progenitors and quiescent pro-
genitors. In addition, we found that local
proliferation of F4/80" macrophages
is a major source of M2 macrophage
recruitment during CL-induced WAT
remodeling.

Results

In vivo adipogenesis is restricted to
CD44+ PDGFRa +progenitors

We previously demonstrated that
ADRB3 stimulation recruits a subpopu-
lation of PDGFRa+ progenitors that
expressed an OPN  receptor, CD44.”
Interestingly, cell proliferation is restricted
to  CD44+PDGFRa+progenitors, — as
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indicated by expression of various prolifer-
ation markers (ki67, cyclin A2, and cyclin
B1) and EdU incorporation.” This sug-
gested that CD44 expression may define
progenitors that are primed to become
adipocytes. To test if CD44 expression
identifies a subpopulation of progenitors
undergoing adipogenic differentiation, we
examined lipid accumulation in CD44+
and CD44- subgroups of PDGFRa+
cells by flow cytometry (Fig. 2). Three
days of CL treatment increased the lipid
content in a subpopulation of PDGFRa+
cells in abdominal WAT, and this increase
was restricted almost exclusively to
CD44+PDGFRa+ cells (Fig. 2A and B).
As expected, levels of CD44 expression
were strongly correlated with lipid con-
tent in PDGFRa+ cells (Fig. 2C). Imag-
ing flow cytometry confirmed the higher
lipid content in PDGFRa+CD44" cells
compared with PDGFRa+CD44" cells
(Fig. 2D and E). Bright field images
clearly indicated lipid droplet formation
in individual CD44+PDGFRa+ cells
(Fig. 2D). The Bright Detail Intensity
tool of the IDEAS software captures the
multilocular morphology seen in bright
field images, and this parameter strongly
correlated with cellular lipid content
of CD44+PDGFRa+ cells (Fig. 2E).
For further demonstration, we isolated
CD44+PDGFRa+ fraction by FACS and
examined adipogenic gene expression by
quantitative PCR. Adipogenic marker
expression (perilipinl [Plinl], fatty acid
binding protein 4 [Fabp4], patatin-like
phospholipase domain containing 2
[Pnpla2], and adiponectin [Adipoq]) was
highly enriched in CD44+ PDGFRa+
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Figure 1. ADRB3 stimulation-induced adult adipose tissue remodeling. (1) During steady-state, adipocyte progenitors (PDGFRa+ cells) and tissue-res-
ident macrophages (M2) are evenly distributed in white adipose tissue. (2) ADRB3 stimulation leads to adipocyte distress/death, potentially by exces-
sive lipolysis, which recruits M2 macrophages that form CLS. Activated macrophages within the CLS release OPN that recruits adipocyte progenitors.
(3) CD44+ PDGFRa+ progenitors proliferate and become an intimate part of CLS. (4) Macrophages clear lipid remnants from dying adipocytes and
PDGFRa+ progenitors undergo adipogenesis. (5) As M2 macrophages regress, clusters of new brown adipocytes (BA) appear which contribute to cata-
bolic remodeling of adipose tissue.
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cells compared with PDGFRa+ cells from
control conditions and CD44-PDGFRa+
cells from CL-treated mice (Fig. 2F).
Together, data suggest that CD44 expres-
sion can be used to distinguish activated
pre-adipocytes from quiescent progeni-
tors, and to identify progenitors at the ear-
liest stages of adipogenesis in vivo.

We note that PDGFRa+ CD44+cells
were also detected in control conditions,
albeit at much lower frequency. Impor-
tantly, these cells also had higher lipid
content (Fig. 2A and B), indicating that
CD44 expression likely identifies pro-
genitors undergoing adipogenesis during
homeostatic turnover as well.

Adipose tissue macrophages prolif-
erate in situ, and clear lipid remains
during ADRB3 agonist-induced WAT
remodeling

ADRB3 stimulation-induced adipocyte
death appears to be a major cellular event
that triggers WAT remodeling in abdomi-
nal WAT. Because adipocytes are largely
occupied by lipids, adipose tissue remodel-
ing requires efficient removal of the lipid
remnants from dead adipocytes. Indeed,
histological and flow cytometric analyses
identified lipid™ macrophages.”” Imaging
flow cytometry confirmed cytoplasmic
lipid droplets in numerous MGL1+ M2
macrophages (Fig. 3A). We previously
reported that CL treatment increases
macrophage number in abdominal WAT,
although the mechanisms of macrophage
recruitment remained unclear.” Evidence
suggests that macrophage recruitment
involves 2 distinct mechanisms: (1) local
proliferation of tissue macrophages; and
(2) infiltration from bone marrow-derived
monocytes and subsequent differentiation
into macrophages.'** For example, tissue-
resident macrophages in several anatomic
locations, including brain, liver, and lung,
maintain steady-state pool size by replac-
ing lost cells without influx of circulating
monocytes derived from bone marrow
hematopoiesis.”> In contrast, upon bacte-
rial infection, pro-inflammatory macro-
phages can be recruited from circulating
Ly6C+ monocytes.'**  Although mul-
tiple cell surface markers are required
to define tissue macrophages at various
anatomic location,” tissue-resident mac-
rophages are often characterized by high
expression of F4/80.* Interestingly, we
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Figure 2. CD44 expression defines differentiating adipocyte progenitors. (A-E) FACS analysis of
CD44 expression and lipid accumulation in PDGFRa+ cells in gonadal WAT (gWAT) from control
mice and mice treated with CL for 3 d. Representative flow profiles (A) and quantification (B) of
lipid+CD44+ and lipid+CD44- cells (mean = SEM; n = 3-4; *P < 0.05, **P < 0.01). (C) Mean fluo-
rescence intensity (MFI) analyses of PDGFRa+ cells demonstrate a positive correlation between
CD44 expression levels and cellular lipid content. (D) Images of PDGFRa+ cells collected using
ImageStream flow cytometry demonstrate that high CD44 expression predicted intracellular lipid
droplet formation as indicated by LipidTox staining and bright field morphology. Intensity val-
ues are displayed below each image. Nuclei were counterstained with 7-AAD. (E) Flow profiles of
PDGFRa+ cells showing a positive correlation between lipid staining and Bright Detail Intensity
(cellular texture feature) or CD44 expression. Linear regression analyses were performed with log-
transformed data (intensity values). (F) Quantitative PCR analysis of adipogenic marker expression
in FACS-isolated cells from gWAT of control mice or mice treated with CL for 3 d (n = 3-4, mean +
SEM; *P < 0.05, **P < 0.01).
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observed significant expansion of F4/80M"
macrophages during ADRB3 stimula-
tion (Fig. 3B). After flash labeling with
EdU (i.e., 2 h of EdU exposure), 5.8% of
F4/80+ macrophages incorporated EdU
and F4/80" macrophages showed much
greater mitogenic responses compared
with F4/80" macrophages (Fig. 3C).
These data indicate that macrophage
recruitment during CL treatment involves
local proliferation of resident macrophages
in adipose tissue.

CD44 has been reported to play
a crucial role in immune responses,
including resolution of inflammation

after injury and removal of apoptotic
cells.?®* We also observed upregulation
of CD44 expression in F480" macro-
phages (Fig. 3D), suggesting that CD44
expression may define recruited macro-
phages that actively clear residual lipid.
Further flow cytometric characterization
demonstrated that CD44 expression cor-
related strongly with macrophage lipid
content (Fig. 3E). Together, these data
indicate that ADRB3-induced adipose
tissue remodeling involves proliferation of
tissue-resident macrophages that are spe-
cialized to catabolize the lipid remains of
dead adipocytes.

Discussion

Adipogenesis involves the commitment
of mesenchymal stem cells to the adipo-
genic lineages and their subsequent differ-
entiation into pre-adipocytes and mature
adipocytes.”?® In vitro studies using pre-
adipocyte cell lines (e.g., 3T3-L1) have
provided a great deal of information on
transcriptional controls of adipogenesis.
However, in vivo events occurring in adi-
pocyte progenitors are poorly character-
ized. In this report, we identified CD44
as a marker that can discriminate differen-
tiation-primed progenitors from quiescent
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Figure 3. Characterization of macrophage recruitment during ADRB3 stimulation. (A) Single-cell images of MGL1+F4/80+ M2 macrophages obtained
from ImageStream. Cytoplasmic lipid droplets are visualized in bright field images and LipidTox staining. Nuclei were counterstained with DAPI.
(B-E) Flow cytometric characterization of F4/80+ macrophages in gWAT from control mice and mice treated with CL for 3 d. Mice were injected with EdU
2 h before sacrifice (n = 4-6 per condition, mean + S.E.M). (B) Representative histograms and quantification of F4/80" and F4/80'° macrophages in SVC
from gWAT. Contents of F4/80" macrophages significantly increased after 3 d of CL treatment (***P < 0.001). (C) Analysis of EdU incorporation in F4/80"
and F4/80"° macrophages, showing a significant increase in the mitotic index of F4/80" macrophages (***P < 0.001). (D) Analysis of CD44 expression in
F4/80" and F4/80"° macrophages, showing upregulation of CD44 expression in F4/80" macrophages after 3 d of CL treatment (*P < 0.05). (E) Analysis of
lipid content and CD44 expression in F4/80+ macrophages. MF| of lipid staining and CD44 expression showed a strong positive correlation.
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progenitors. Thus, characterization of
CD44+PDGFRa+ cells can be utilized
as a powerful tool to examine the early
steps of adipogenesis in vivo. Further-
more, in conjunction with lipid content
and PDGFRa expression levels, this may
allow elucidation of a cellular hierarchy in
adipogenesis and identification of stage-
specific differentiation markers.
PDGFRa+ progenitors are distributed
evenly throughout adipose tissue under
basal conditions. This cell type has dis-
tinct morphology, with long cytoplasmic
processes that appear to contact numerous
cells in the local environment, including
the vascular cells, adipocytes, and immune
cells. These morphological characteris-
tics may allow progenitors to sense and
respond to changes in microenvironment.
Most PDGFRa+ cells are quiescent under
basal conditions, and it is possible that
quiescence is maintained by anti-adipo-
genic signals, such as WNT and hedgehog
modulators from stromal cells and adipo-
cytes.” Beside signals from niche cells,
intercellular contacts or contact with the
extracellular matrix may be required for
maintenance of quiescent progenitors.*?
We have shown that a common pro-
genitor can give rise to brown or white
adipocytes in abdominal adipose tissue.®
Interestingly, the fate of PDGFRa+ cells
is determined by the nature of induc-
tive signals. Under ADRB3 stimulation,
PDGFRa+ cells become brown adipo-
cytes, whereas HFD feeding recruits white
adipocytes from PDGFRa+ cells.® Our
expression profiling studies indicate that
ADRB3 is expressed in CD44+PDGFRou+
cells (unpublished data), implying that
adrenergic signaling may direct the induc-
tion of the brown adipocyte phenotype
during this early stage of differentiation.
PKA signaling during proliferation of pro-
genitors may have a critical role in deter-
mining metabolic characteristics of the
resulting new fat cells, possibly by induc-
ing epigenetic reprogramming,.
Macrophages are a constituent of
the mononuclear phagocyte system and
function in the innate immune response
and homeostatic tissue maintenance.”
Macrophages have been categorized into
functionally distinct subsets based on cell
surface markers and patterns of cytokine
expression.”** Beyond the heterogeneity
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between tissues, macrophages are often
classified according to their activation
status. In general, M1 macrophages are
activated by bacterial infections and
secrete  proinflammatory  cytokines,
such as TNFa and CCL2."*%¢ In con-
trast, M2 macrophages are associated
with tissue repair, parasite infection, and
remodeling.'>¢

Our results indicated that M2-polar-
ized macrophages perform important
functions during adipose tissue remod-
eling, including adipocyte efferocytosis
and the recruitment and differentiation
of adipocyte progenitors. As mentioned
above, effective clearance of dead adipo-
cytes by M2 macrophages is a remarkable
feature of catabolic remodeling of WAT."
The M2 CLS are widespread during the
first 3 d of remodeling, yet are completely
resolved by 7 d. In contrast, CLS found
in adipose from obese individuals seem to
be slower in eliminating remains of dying
adipocytes and display a chronic inflam-
matory reaction, indicated by the spo-
radic appearance of giant multinucleated
macrophages.”” It is likely that differences
may exist in lipid metabolizing capacity of
macrophage subsets. For example, it has
been reported that M2 macrophages favor
oxidative phosphorylation as their meta-
bolic energy source, whereas M1 macro-
phages exhibit a propensity for aerobic
glycolysis.*® Furthermore, M2 polariza-
tion promotes FFA uptake and oxidation,
which may stimulate efficient lipid clear-
ance during adipose tissue remodeling.

Although a phenotypic shift into the
proinflammatory M1 polarization has
been proposed to be a pathological feature
of obesity,'"™ recent work indicates that
the obese state recruits macrophages with
a complex mixture of M1 and M2 pheno-
types.” 4! Tt is presently unclear whether
this heterogeneity represents differences
in anatomical distribution, for example
cells in CLS vs. those scattered through-

out the tissue.?>*?

This is an important
issue, since obesity involves adipocyte
turnover and recruitment, yet is also asso-
ciated with generalized proinflammatory
signaling that contributes to insulin resis-
tance.” We have observed PDGFRa+
progenitors within CLS of obese mice,
suggesting that macrophages in CLS are
important in recruiting new adipocytes
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from progenitors.> Alternatively, adipose
tissue macrophages may possess special-
ized molecular characteristics, where the
MI1-M2 classification system is not rel-
evant. For example, recent work identified
populations of macrophages from obese
animals that have a mixed M1/M2 pro-
file and display elevated lysosomal lipid
metabolism.”" These cells appear to sup-
press adipocyte lipolysis while promot-
ing lysosome-mediated fat clearance. It
is presently unclear whether activation of
lysosome biogenesis is specific to hypertro-
phied adipose tissue, or if it is a general
mechanism of lipid catabolism in adipose
tissue macrophages. It would be infor-
mative to characterize the catabolic phe-
notype of recruited macrophages under
various adipogenic and lipolytic condi-
tions (e.g., fasting, calorie restriction,
adrenergic remodeling).”™” A cell-isola-
tion strategy based on CD44 expression
and lipid content may allow more precise
isolation of the relevant subpopulations.

In addition to their lipid scaveng-
ing role, macrophages release OPN as
a chemotactic signal to recruit progeni-
tors. Macrophages may produce other
cytokines and growth factors that induce
progenitor proliferation and differentia-
tion. Macrophages play a critical role in
the organogenesis of several tissues,”
and recent work indicates that loss of
tissue-resident M2 macrophages results
in lipodystrophy.“ Importantly, lipid
metabolites from macrophages, such as
peroxisome proliferator activated receptor
(PPAR) ligands and prostaglandins, may
function as adipogenic factors. Analy-
sis of the transcriptional signatures and
lipid metabolism in the subpopulation of
CD44"Lipid™ macrophages may provide
mechanistic insights into healthy adipose
tissue remodeling.

In summary, our results indicate that
progenitor recruitment by macrophages
is a universal feature of adipose tissue
remodeling and restoration. Future stud-
ies on activated progenitor populations
will assist identification of regulatory net-
works that govern in vivo adipogenesis,
while characterization of the origin and
metabolic phenotypes of adipose tissue
macrophages may facilitate development
of new strategies to improve adipose tissue
function.
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Materials and Methods

Mice

C57BL/6] mice (Jackson Laboratory,
Stock # 000664) were used for all experi-
ments. For continuous ADRB3 stimula-
tion, mice were infused with CL316.243
(0.75 nmol/h) by osmotic pumps (ALZET,
1003D) for 3 d and injected with 5-ethy-
nyl-2’-deoxyuridine (EdU, Invitrogen, 10
nmol/mouse, i.p.) 2 h before sacrifice. All
animal protocols were approved by the
Institutional Animal Care and Use Com-
mittee at Wayne State University.

WAT stromovascular cell fraction-
ation and flow cytometry

SVC fractions from mouse gonadal
WAT (gWAT) were isolated and ana-
lyzed by flow cytometry, as previously
described.” Antibodies used for FACS
analysis were anti-PDGFRa-PE (Biole-
gend, rat, 1:200), F4/80-PE, FITC, or
PE/Cy7 (Biolegend, rat, 1:200), MGLI-
FITC (Abserotec, rat, 1:100), CD44-
FITC, APC, or PE/Cy5 (Biolegend, rat,
1:100). Species-matched IgG isotypes
were used as nonspecific controls. HCS
LipidTOX™ Deep Red Neutral Lipid
Stain (Invitrogen, H34477) was used for
lipid staining. Click-it EdU Pacific Blue
or Alexa Flour 488 detection kit (Invit-
rogen, C-10418, C-10425) were used for
EdU detection. Flow cytometry was per-
formed at the Microscopy, Imaging, and
Cytometry Resources Core of Wayne
State University. Cell sorting and analytic
cytometry were performed using FACS
Vantage SE SORP and BD LSR II (BD
Biosciences) flow cytometers, respectively.
Raw data were processed using FlowJo
software (Tree Star).

Imaging flow cytometry was per-
formed using ImageStream (EMD Mil-
lipore-Amnis) with 40x magnification,
and the acquired images were analyzed
with IDEAS software (EMD Millipore-
Amnis). A gradient RMS (root mean
square) and a scatter plot of aspect ratio/
area were used to gate for cells in focus
and single cells, respectively. Events posi-
tive for PDGFRa-PE were identified by
an intensity feature that quantifies the
relative brightness of a given fluorochrome
on a cell and are calculated by taking the
sum of the pixel intensities within a given
channel mask normalized for camera
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dark-current. A cellular texture feature
was quantified using Bright Detail Inten-
sity R3, which computes the intensity of
localized bright spots that are 3 pixels in
radius or less within the masked area in
the single cell image.

Statistical analysis

Statistical analyses were performed
with GraphPad Prism 5. Data are pre-
sented as mean + SEM. Statistical signifi-
cance between two groups was determined
by unpaired ¢ test or Mann—Whitney test,
as appropriate. Comparison among groups
was performed using l-way ANOVA or
2-way ANOVA, with Bonferroni posttests
to determine the relevant P values.
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