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ABSTRACT
Some bona fide adult adipocytes arise de novo from a bone marrow-derived myeloid lineage. These
studies further demonstrate that adipose tissue stroma contains a resident population of myeloid
cells capable of adipocyte and multilineage mesenchymal differentiation. These resident myeloid
cells lack hematopoietic markers and express mesenchymal and progenitor cell markers. Because
bone marrow mesenchymal progenitor cells have not been shown to enter the circulation, we
hypothesized that myeloid cells acquire mesenchymal differentiation capacity in adipose tissue. We
fabricated a 3-dimensional fibrin matrix culture system to define the adipose differentiation
potential of adipose tissue-resident myeloid subpopulations, including macrophages, granulocytes
and dendritic cells. Our data show that multilineage mesenchymal potential was limited to adipose
tissue macrophages, characterized by the acquisition of adipocyte, osteoblast, chondrocyte and
skeletal muscle myocyte phenotypes. Fibrin hydrogel matrices stimulated macrophage loss of
hematopoietic cell lineage determinants and the expression of mesenchymal and progenitor cell
markers, including integrin b1. Ablation of integrin b1 in macrophages inhibited adipocyte
specification. Therefore, some bona fide adipocytes are specifically derived from adipose tissue-
resident macrophages via an integrin b1-dependent hematopoietic-to-mesenchymal transition,
whereby they become capable of multipotent mesenchymal differentiation. The requirement for
integrin b1 highlights this molecule as a potential target for controlling the production of marrow-
derived adipocytes and their contribution to adipose tissue development and function.
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Introduction

Cardiovascular disease, diabetes and other chronic
metabolic disorders have long been linked to increases
in total body fat mass,1,2 and more recently to
increases in central adiposity.3,4 However, the mecha-
nisms linking regional adiposity to chronic disease
remain poorly understood, and current paradigms fail
to explain several anomalies in the occurrence of fat-
related chronic disease. First, approximately 10 to
25% of obese individuals are metabolically healthy,5

while a small percentage of lean individuals exhibit
hallmarks of the metabolic syndrome and succumb to
cardiovascular pathologies. Second, individuals who
suffer from extreme loss of body fat due to under-
nutrition or lipodystrophic disorders display the same
metabolic complications as overweight and obese

patients.6 Third, among the elderly, and people with
chronic kidney disease, heart failure, or chronic
obstructive pulmonary disease, those with an obese
body mass index (BMI) between 30.0 and 34.9 coun-
terintuitively have lower mortality than those with a
normal BMI of less than 25 – an observation termed
the “Obesity Paradox.”7–9 Fourth, the “Fit but Fat”
model suggests that moderate-to-vigorous exercise
abolishes differences in cardiovascular risk between
overweight/obese and lean adults.10 These anomalies
highlight fundamental deficiencies in current para-
digms linking total body fat mass or central adiposity
to pathological outcomes in patients with excess or
diminished body fat.

The importance of variation in the cellular composi-
tion of adipose tissue has been underappreciated in

CONTACT Kathleen M. Gavin Kathleen.gavin@ucdenver.edu Division of Geriatric Medicine, Department of Medicine, University of Colorado Anschutz
Medical Campus, 12631 E. 17th Ave., Campus Box B-179 Aurora, CO 80045; Dwight J. Klemm Division of Geriatric Medicine, Department of Medicine, Univer-
sity of Colorado Anschutz Medical Campus, 12631 E. 17th Ave., Campus Box B-179 Aurora, CO 80045

Supplemental data for this article can be accessed on the publisher’s website.
© 2017 Taylor & Francis

ADIPOCYTE
2017, VOL. 6, NO. 3, 234–249
http://dx.doi.org/10.1080/21623945.2017.1314403

mailto:Kathleen.gavin@ucdenver.edu
http://dx.doi.org/10.1080/21623945.2017.1314403
http://dx.doi.org/10.1080/21623945.2017.1314403


previous attempts to understand the role of adipose tis-
sue in causing pathophysiology. Exploiting green fluores-
cent protein (GFP)–labeled hematopoietic stem cells or
lineage tracing with the myeloid-restricted lysozyme
gene promoter (LysM) and Cre-Lox technology, we pre-
viously reported that a subpopulation of bona fide adipo-
cytes in the major adipose depots of mice were
generated, de novo, from bone marrow progenitor
(BMP) cells.11–13 These BMP-derived adipocytes were
produced in numbers sufficient (15–25% of total adipo-
cytes) to contribute to adipose tissue function. High fat
feeding increased the production of BMP-derived adipo-
cytes, and they accumulated preferentially in visceral fat,
and in greater numbers in female than male mice.12 We
therefore proposed that a subpopulation of adipocytes
arise from marrow progenitors that traffic to fat tissue
and undergo adipogenic conversion. These observations
were particularly noteworthy because global gene expres-
sion profiling demonstrated that BMP-derived adipo-
cytes differ from conventional white or brown
adipocytes, and possess a potentially detrimental pheno-
type including minimal expression of leptin and genes
related to mitochondrial fuel oxidation, and elevated
production of numerous inflammatory cytokines.
Recently, Ryd�en et al.14 reported that BMP-derived adi-
pocytes are produced in humans, an observation inde-
pendently confirmed in our laboratory.15

Several important observations from ongoing murine
studies demonstrated that BMP-derived adipocytes have
a hematopoietic origin rather than the mesenchymal ori-
gin common to conventional white and brown adipo-
cytes.12 Competitive bone marrow (BM) transplants
initially revealed that BMP-derived adipocytes were pro-
duced from either CD45POS or lineage positive (LinPOS)
marrow cells, but not CD45NEG or LinNEG (lack of
expression of all differentiated hematopoietic lineage
markers) populations. Since myeloid cells, but not lym-
phocytes, are able to generate phenotypes of skeletal
muscle,16 vascular endothelium,17 and liver18 we tested
whether BM myeloid cells could give rise to BMP-
derived adipocytes. LacZPOS adipocytes were detected by
flow cytometry and microscopy in adipose tissue from
LysM-cre ROSAflox/STOP mice in which LacZ expression
was controlled by the myeloid-restricted lysozyme gene
promoter.12 We concluded that BMP-derived adipocytes
arise from the hematopoietic lineage via myeloid
intermediates.

Despite their hematopoietic origin, BMP-derived adi-
pocytes are devoid of hematopoietic (CD45) and myeloid
(CD11b, F4/80) markers.11–13,15,19 This suggests that the
hematopoietic/myeloid cells from which BMP-derived
adipocytes are derived lose their hematopoietic markers
during differentiation to adipocytes. In support of this

theory, we have also detected a population of BM-
derived cells in adipose stroma that lack CD45 and
CD11b, and are capable of adipogenic differentiation.15

Mesenchymal progenitor cells are not readily detectable
in the circulation,20-24 thus these cells likely arose from
hematopoietic cells that lost their hematopoietic markers
while acquiring adipogenic potential. Cumulatively, our
data support the existence of a novel “hematopoietic-to-
mesenchymal” transition in the production of murine
BMP-derived adipocytes.

Here we demonstrate that adipose tissue macrophages
from adult mice, but not other myeloid cells, cultured in
3-dimensional (3D) fibrin matrices acquire the ability to
differentiate into adipocytes and typical mesenchymal
phenotypes including osteoblasts, chondrocytes and skel-
etal muscle myotubes. During culture in fibrin, the mac-
rophages lose hematopoietic and myeloid markers and
acquire markers common to mesenchymal progenitor
cells. Myeloid cells from other tissues were not able to
generate the complete repertoire of mesenchymal pheno-
types when cultured in fibrin. The data suggest that the
adipose tissue microenvironment induces a “hematopoi-
etic-to-mesenchymal” transition in local macrophages.
In addition, integrin b1 expression is upregulated during
fibrin matrix culture, and knockdown of integrin b1
blocked the acquisition of adipogenic capacity. These
observations establish a powerful in vitro model for
exploring the developmental events that promote BMP-
derived adipocyte production in the adult, and highlight
integrin signaling as a potential target for controlling the
cellular composition of adipose tissue.

Results

Adipose tissue stroma contains BM-derived cells
with adipogenic capacity

To date, mature adipocytes have not been detected in
blood. Therefore, BMP-derived adipocytes are likely pro-
duced de novo in adipose tissue from marrow-derived
progenitor cells that arrive via the circulation. We sought
to identify marrow-derived adipocyte progenitor cells in
adipose tissue from wild type mice transplanted with BM
from donors ubiquitously expressing GFP. GFP expres-
sion in marrow-derived gonadal and dorsal adipose stro-
mal cells was evaluated by flow cytometry using the
gating strategy shown in Figure 1. Debris was excluded
from the stromal population based on side scatter (SSC)
versus forward scatter (FSC) analysis (Fig. 1A). Clusters
and aggregates were excluded and single cells (singlets)
retained based on the ratio of SSC signal height to FSC
signal width (Fig. 1B). Singlets could be resolved into 3
populations based on GFP fluorescence: GFPNEG
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(GFP-negative) GFPDIM and GFPBright (Fig. 1C). Further
evaluation of the GFPDIM population revealed that the
majority of cells did not express the pan-leukocyte
marker, CD45, or the myeloid marker, CD11b (Fig. 1D).
However, these cells did express the mesenchymal
marker integrin b1 and the progenitor cell marker, Sca-1
(Fig. 1E). No GFPDIM or GFPBright cells were detected in
adipose tissue from transplant-na€ıve, wild type mice con-
firming that these populations expressed GFP and origi-
nated from the transplanted GFP-labeled BM (Fig. 1H).
The existence of distinct GFPDIM and GFPBright popula-
tions was evident not only in the discontinuous spectrum
of GFP fluorescence intensities shown in Figure 1C, but
also by simultaneous flow cytometry analysis of periph-
eral blood mononuclear cells (PBMC) from mice trans-
planted with GFP-expressing BM, which revealed a high
percentage of GFPBright, a small number of GFPNEG cells,
but no GFPDIM events (Fig. 1G). Furthermore, when adi-
pose stroma from mice transplanted with GFP-labeled
BM was depleted of cells bearing hematopoietic lineage

markers, only the GFPBright population was removed
(Fig. 1I). These data would suggest that the GFPBright

population in the tissue stroma was comprised differenti-
ated hematopoietic cells expressing one or more of the
lineage determinants CD11b, Gr-1, CD5 or B220. In
contrast, the GFPDIM cells lacked the expression of
hematopoietic lineage determinants, including CD45
and CD11b and represented a bone marrow derived
‘mesenchymal’ population present in the tissue stroma.

When plated on plastic in mesenchymal cell
growth medium (MesenCult MSC Basal Medium plus
Mesenchymal Stem Cell Stimulatory Supplements),
the GFPDIM cells proliferated and underwent sponta-
neous adipogenic conversion (Fig. 1F). The GFPBright

population did not adhere to plastic, proliferate or
produce adipocytes in mesenchymal cell growth
medium. This suggests that GFPDIM stromal cells
represent a “mesenchymal-like” intermediate in the
adipose stroma originating from the BM, which is
capable of adipogenesis.

Figure 1. Adipose tissue stroma contains bone marrow-derived cells with adipogenic capacity. Adipose tissue stromal cells from the
gonadal and dorsal interscapular adipose depots were recovered from female wild type mice transplanted with bone marrow from
male donor mice ubiquitously expressing GFP (cells from n D 3–5 animals pooled/experiment; independent experiments conducted in
triplicate). The stromal cells were stained with fluorescent antibodies to CD45, CD11b, Sca-1 and integrin b1 and separated by flow
cytometry using the gating strategy, which progresses from left to right (blue arrows). A) Debris was excluded based on the ratio of for-
ward scatter (FSC) height to side scatter (SSC) height. B) Clusters and aggregates were excluded based on the ratio of SSC height to FSC
width. C) Comparison of SSC to GFP fluorescence revealed GFPDIM and GFPBright populations as well as GFP-negative cells. D) The major-
ity of GFPDIM cells did not express CD45 or CD11b, but E) did express Sca-1 and integrin b1. F) Flow cytometry purified adipose stromal
GFPDIM cells were plated on plastic in MesenCult medium with Stem Cell Stimulatory Supplements (SCSS) until they reached confluency.
The medium was switched to MesenCult medium plus adipogenic supplements, and the cells were stained with Oil Red O after 9 d. Rep-
resentative image shows Oil Red O stained lipid droplets indicating adipogenic differentiation. Magnification 10x. G) Flow cytometry of
circulating peripheral blood mononuclear cells (PBMCs) from wild type mice transplanted with GFPPOS bone marrow reveals primarily
GFPBright cells with a small number of GFPNEG cells. No GFPDIM cells were observed. Representative image of n D 5 independent animals.
H) Flow cytometry of adipose stromal cells from untransplanted mice revealed only GFPNEG cells. I) Adipose stromal cells from mice
transplanted with GFP-expressing BM were depleted of LinPOS cells by magnetic bead lineage depletion. Flow cytometry shows loss of
GFPBright cells. Representative image of n D 3 independent animals.
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To test whether GFPDIM stromal cells were also
capable of adipogenesis in vivo they were suspended
in liquid Matrigel and injected subcutaneously in the
abdomen of athymic mice. The use of athymic, or
immunodeficient nude, mice was necessary to pre-
vent the rejection of the Matrigel plug containing
allogeneic cells. GFPNEG/LinNEG stromal cells, a pop-
ulation that contains tissue-resident preadipocytes,
were implanted in the same manner in other mice
as positive controls for in vivo adipogenesis. The
solidified Matrigel plugs and adjacent regions of skin
and muscle were recovered 4 weeks later, fixed in
paraformaldehyde, embedded in paraffin and sec-
tioned. Deparaffinization of the sections solubilized
the triglycerides in adipocyte lipid droplets leaving
cavities in the Matrigel, which were associated with
hematoxylin-stained nuclei (Fig. 2A). Nuclei-associ-
ated cavities were observed in sections from mice
implanted with either GFPDIM or GFPNEG/LinNEG

stromal cells indicating that both populations con-
tained cells capable of in vivo adipogenesis. Immu-
nostaining revealed that the cavities from both
populations were surrounded by perilipin, a lipid
droplet surface protein expressed in adipocytes
(Fig. 2B). As anticipated, no cytosolic GFP fluores-
cence was detected in adipocytes generated from
GFPNEG/LinNEG stromal cells. However, GFP was
present surrounding the lipid droplets of adipocytes
that arose from implanted GFP-expressing BM cells
confirming their BM origin (Fig. 2B). Thus, adipose
tissue contains a population of LinNEG cells of bone
marrow origin (GFPDIM) capable of adipogenic con-
version in vitro and in vivo.

Adipose tissue macrophages are capable of
differentiating into multiple mesenchymal
phenotypes following culture in 3 dimensional fibrin
matrices

We previously demonstrated that adipose stroma con-
tained CD45NEG/CD11bNEG cells derived from the mye-
loid lineage (LacZC cells from lysM-cre
ROSAfloxlysMcreROSAflox/STOP mice), which were capa-
ble of adipogenesis to varying efficiencies when cultured
in 3D matrices, fibrin being highly efficient or Matrigel,
low efficiency.12 Building on these studies, we tested
whether specific subpopulations of adipose myeloid cells,
including macrophages, neutrophils, eosinophils or den-
dritic cells, could be directed toward a “hematopoietic
-to-mesenchymal” transition in engineered fibrin matri-
ces in vitro, and acquire an enhanced ability to differenti-
ate into adipocytes and other mesenchymal phenotypes.

Myeloid subpopulations were purified from CD45POS

adipose stroma using a flow cytometry sorting strategy
recently reported by Lumeng and colleagues25 as shown
in Figure 3A. Singlets were first separated based on their
expression of the high affinity IgG receptor, CD64. The
CD64POS population uniformly expressed the macro-
phage markers CD11b and CD206, but did not express

Figure 2. GFPDIM adipose stromal cells have adipogenic capacity
in vivo. GFPDIM and GFPNEG adipose stromal cells were purified
from female wild type mice transplanted with BM from male
mice constitutively expressing GFP by flow cytometric sorting as
in Figure 1 (cells from n D 3–5 animals pooled/experiment). The
cells were pelleted and resuspended in cold Matrigel at 2 £ 106

cells per 200 ml. The cell suspensions were injected subcutane-
ously in the abdomen anterior to the thigh of athymic female
mice. Four weeks later the Matrigel plugs and adjacent skin and
muscle were recovered, fixed in paraformaldehyde overnight and
cut in half for embedding in paraffin. A) Five mm sections were
deparaffinized and stained with Hematoxylin and Eosin. Figure
shows images taken at 4x, 10x or 20x magnification of sections
from mice receiving GFPNEG or GFPDIM cells. B) Additional sections
were stained with a primary antibody to perilipin and Alexa 555-
conjugated secondary antibody, and counterstained with DAPI.
Fluorescence images taken at 40x show GFP and perilipin signals
individually or overlaid with DAPI. Representative images of n D
3 independent experiments.
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markers for neutrophils (Gr-1) or eosinophils (Siglec-F)
and was collected as the macrophage subpopulation.
CD64NEG cells did not express CD206, but some were
positive for CD11b. Distinct eosinophil (Siglec-FPOS) and
neutrophil (Gr-1POS) subpopulations were identified in

the CD64NEG/CD11bPOS population. Finally, CD11cPOS

dendritic cells were sorted from the CD64NEG/CD11bNEG

population.
Each of the myeloid subpopulations was suspended in

fibrin matrices overlaid with mesenchymal cell growth

Figure 3. Adipose tissue macrophages are capable of adipogenic differentiation following culture in 3 dimensional fibrin matrices. A)
Stromal cells from collagenase-digested gonadal adipose tissue of male mice (n D 3 pooled; independent experiments conducted in
duplicate) were separated from adipocytes by centrifugation. Stromal cells were stained with fluorescent antibodies to CD64, CD11b,
CD206, CD11c, Siglec-F and Gr-1, and myeloid subpopulations (macrophages, eosinophils, neutrophils and dendritic cells) were purified
by flow cytometry using the gating strategy shown. Debris was excluded based on the ratio of FSC height to SSC height. Clusters and
aggregates were excluded based on the ratio of SSC height to FSC width. CD64 fluorescence revealed distinct positive and negative
populations. The CD64POS fraction expressed CD11b and CD206, but were negative for eosinophil (Siglec-F) and neutrophil (Gr-1)
markers, and were recovered as the adipose tissue macrophage (Mac) population. The CD64NEG fraction contained cells expressing
CD11b, but not CD206, and neutrophils (Neut, Gr-1POS) and eosinophils (Eos, Siglec-FPOS) were recovered from this population. Finally,
the CD64NEG/CD11bNEG/CD206NEG fraction contained a CD11c-expressing population, which was recovered as dendritic cells (DC). DCs
were not detected in stromal fractions stained with all antibodies minus the CD11c antibody (fluorescence minus one or FMO, inset).
Each fraction was cultured in fibrin matrices overlaid with MesenCult medium containing SCSS for 5 d. B) Cells were recovered from the
clots by plasmin hydrolysis of the fibrin and plated in plastic wells with MesenCult medium with SCSS until confluency. The cells were
then switched to MesenCult medium with adipogenic supplements for 14–21 d. Cells were then stained with Oil Red O to assess adipo-
genic differentiation.
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medium for 5 d after which they were recovered by
digestion of the matrix with plasmin. Plastic adherent,
proliferating cells were recovered from all 4 fibrin-treated
myeloid subpopulations (Fig. 3B), but only fibrin-treated
adipose tissue macrophages were capable of spontaneous
adipogenic conversion.

Adipose tissue macrophages cultured in fibrin
hydrogels decrease expression of myeloid markers,
acquire mesenchymal and progenitor cell markers,
and are capable of differentiating to multiple
mesenchymal fates

Flow cytometry analysis of adipose tissue myeloid cells
before (Fig. 4A) and following (Fig. 4B) culture in fibrin
matrices showed that the cells lost pan-hematopoietic
(CD45) markers, while acquiring mesenchymal (integrin
b1 or CD29) and progenitor cell (Sca-1) markers. The
post-fibrin cells were reminiscent of the GFPDIM cells
presented in Figure 1A–E. Post-fibrin cells also expressed
PDGFRa (Fig. 4B). The post-fibrin population was plas-
tic adherent, proliferated in mesenchymal cell growth
medium, and was capable of adipogenic, osteogenic and
chondrogenic differentiation (Fig. 4C). RT-PCR analysis
of RNA from post-fibrin adipocytes and adipose tissue
showed expression of adiponectin and perilipin in both
samples confirming that post-fibrin cells with lipid drop-
lets were bona fide adipocytes (Fig. 4D). Adipocytes were
also produced from post-fibrin cells implanted subcuta-
neously in athymic mice, indicating their in vivo adipo-
genic capacity (Fig. 4E).

Under adipogenic conditions, we frequently observed
foci of tangled “fibers” among adipocytes and undifferen-
tiated cells (Fig. 4F). Staining with diamidinophenylin-
dole (DAPI) confirmed the presence of multiple nuclei
within the fibers, and immunocytochemistry revealed
the expression of skeletal muscle markers including des-
min and actinin. Over time many of the fibers exhibited
spontaneous contraction (Suppl. Movie 1). Thus, adipose
myeloid cells passaged through fibrin matrices acquired
multiple mesenchymal phenotypes of adipocyte, chon-
drocyte, osteocyte and skeletal myocyte fibers under
appropriate conditions.

Resident myeloid cells from non-adipose tissues are
incapable of complete mesenchymal differentiation
after culture in fibrin matrices

Do myeloid cells from non-adipose tissues have the
capacity to differentiate to mesenchymal fates following
3D fibrin culture? To answer this question, myeloid cells
from bone marrow, blood, the peritoneal cavity, lung
and liver were cultured in fibrin matrices for 5 d and

then plated on plastic in mesenchymal cell growth
medium. Myeloid cells from bone marrow, blood and
the peritoneal cavity retained myeloid (CD11b) and pan-
hematopoietic (CD45) marker expression, and failed to
acquire mesenchymal (integrin b1) and progenitor cell
(Sca-1) markers during fibrin culture (results for circu-
lating myeloid cells shown in Fig. 5A and B). Moreover,
they did not adhere to plastic following fibrin culture,
and therefore could not be analyzed for multipotent mes-
enchymal differentiation potential (Fig. 5C and D). A
small percentage (»30%) of liver or lung myeloid cells
lost expression of CD11b and CD45 and exhibited a
modest increase in the expression of integrin b1 and
Sca-1 (results for liver myeloid cells shown in Fig. 5E
and F). These cells were plastic adherent and proliferated
in mesenchymal cell growth medium (Fig. 5G). Post-
fibrin liver cells were capable of chondrogenic and osteo-
genic differentiation, but not adipogenic or skeletal mus-
cle differentiation. Post-fibrin lung cells were restricted
to osteogenic differentiation. Finally, we tested the ability
of a mixed lymphoid population from adipose tissue to
acquire mesenchymal phenotypes following passage
through 3D fibrin matrices. Adipose tissue stromal B
and T lymphocytes did not adhere to plastic following
fibrin culture (Fig. 5H). The data show that acquisition
of mesenchymal lineage differentiation is restricted to
myeloid cells, and that multilineage mesenchymal poten-
tial is restricted to adipose tissue-resident macrophages.

Blockade of integrin b1 expression prevents
transition of adipose myeloid cells to
“mesenchymal” progenitor cells

Following passage of adipose tissue myeloid cells through
fibrin clots, a portion of the cells lost hematopoietic/mye-
loid markers, concurrent with increased expression of
integrin b1, PDGFRa and Sca-1 (Fig. 4). Evaluation of
integrin b1 RNA expression in adipose myeloid cells
before and during fibrin culture revealed minimal
expression before fibrin exposure (Fig. 6A). However,
expression increased approximately 20-fold by day 2 in
fibrin (day 3 post-siRNA), declining thereafter on day 5
and 8 in fibrin (days 6 and 9 post-siRNA).

Integrin b1 has been implicated in production of
endothelial phenotypes from circulating myeloid cells26

and adipocyte vs. osteocyte lineage commitment by mes-
enchymal stem cells.27 Therefore, the role of integrin b1
in the transition of myeloid cells to adipocyte progenitor
cells was tested via siRNA-mediated blockade of integrin
b1 expression. Figure 6A shows efficient suppression of
integrin b1 expression by specific siRNA during fibrin
culture compared with expression in cells treated with
scrambled siRNA. Cells exposed to scrambled siRNA
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Figure 4. Adipose tissue myeloid cells lose expression of hematopoietic/myeloid markers, acquire mesenchymal and progenitor
markers, and are capable of differentiating to multiple mesenchymal fates following 3D fibrin culture. (A & B) Pre-fibrin LinPOS gonadal
and dorsal (pooled n D 3–5) adipose stromal cells (A) or post-fibrin “myeloid” cells (B) were stained with fluorescently-labeled antibod-
ies to CD45, CD11b, integrin b1, PDGFRa and Sca-1 as indicated. Cells were analyzed and separated by flow cytometry. A) Pre-fibrin
stroma contained cells expressing both CD45 and CD11b, but lacking integrin b1, PDGFRa and Sca-1. B) The majority of the post-fibrin
cells were CD45NEG and CD11bNEG, but expressed integrin b1, PDGFRa and Sca-1. C) The CD45NEG/CD11bNEG post-fibrin cells were plated
in plastic wells with MesenCult medium with SCSS until confluency. The cells were then switched to MesenCult medium with adipo-
genic supplements, or STEMPRO medium containing either osteogenic or chondrogenic supplements for 14–21 d. Cells were then
stained with Oil Red O, Alcian Blue or Alizarin Red to assess adipogenic, chondrogenic or osteogenic differentiation, respectively.
Analyses were performed twice independently. D) Semiquantitative RT-PCR for perilipin, adiponectin or GAPDH RNA extracted from
post-fibrin CD45NEG/CD11bNEG cells treated with adipogenic agents as in (C). RNA from whole gonadal adipose tissue was included as a
positive control. E) Post-fibrin CD45NEG/CD11bNEG cells were suspended in cold Matrigel and injected subcutaneously into female athy-
mic mice (n D 2). After 4 weeks, the Matrigel plugs and adjacent tissue were recovered for fixation, embedding and sectioning. Five
mm sections were stained with hematoxylin and eosin. Representative images show the presence of cavities in the Matrigel formed by
adipocyte lipid droplets. F) Filaments of multinucleated cells spontaneously formed in cultures of post-fibrin CD45NEG/CD11bNEG cells in
MesenCult medium as shown by DAPI staining. When stained with primary antibodies to either actinin or desmin and Alexa 555-
conjugated secondary antibodies, the filaments exhibited intense fluorescence indicative of myocyte differentiation.
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Figure 5. (For figure legend, see page 242.)
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were capable of spontaneous adipogenesis after removal
from fibrin, whereas integrin b1 siRNA-treated cells
showed minimal plastic adherence, were not prolifer-
ative, and were incapable of adipogenesis (Fig. 6B). The
data indicate that integrin b1 plays a central role in the

transition of myeloid cells to cells with adipogenic
capacity.

Discussion

Bone marrow-derived mesenchymal stromal cells (MSC)
are virtually absent in the circulation.20–24 Thus, the dis-
covery of bone marrow-derived adipocytes in the adipose
tissue of mouse and human transplant recipients raised
the prospect that these cells were generated from
hematopoietic progenitors rather than from tissue-resi-
dent MSCs.11 A hematopoietic origin for BMP-derived
adipocytes was subsequently confirmed by competitive
adoptive transfer and fat mapping studies in mice.12 In
the current studies, we detected CD45NEG/CD11bNEG

cells of BM origin (GFPDIM) in adipose tissue stroma
capable of differentiation to bona fide adipocytes. Their
origin in the BM, lack of hematopoietic markers and adi-
pogenic capacity suggest that these cells may be a puta-
tive “mesenchymal-like” intermediate in the production

Figure 5. (see previous page) Myeloid cells from other tissues are incapable of complete mesenchymal differentiation after fibrin cul-
ture. Myeloid (CD45POS/CD11bPOS) cells were purified from the circulation (A, B & C), bone marrow (BM) and peritoneal fluid, (D), liver
and lung (E, F & G), and B and T lymphocytes (H). Cells from n D 3 male and female animals were pooled experimented; independent
experiments conducted in duplicate. The cells were cultured in fibrin clots for 5 days, recovered by plasmin hydrolysis of the clots and
plated on plastic surfaces in MesenCult medium with SCSS. A) Flow analysis of pre-fibrin circulating myeloid cells. B) Flow cytometry
analysis of post-fibrin “myeloid” cells. C) Post fibrin circulating cells or D) BM or peritoneal cells exhibited minimal plastic adherence and
failed to proliferate. Flow cytometry analysis of E) pre-fibrin or F) post-fibrin liver “myeloid” cells. G) Post-fibrin cells from liver or lung
were plastic adherent and proliferated. At confluence they were exposed to adipogenic, chondrogenic or osteogenic conditions for 14–
21 d and stained with Oil Red O, Alcian Blue or Alizarin Red to assess adipogenesis, chondrogenesis or osteogenesis, respectively. H)
Post-fibrin lymphocytes exhibited limited plastic adherence and failed to proliferate in SCSS medium. All images 20x magnification.

Figure 6. Blockade of integrin b1 expression prevents transition
of adipose myeloid cells to “mesenchymal” progenitor cells. Adi-
pose myeloid cells (pooled adipose tissue stroma, n D 7 indepen-
dent donors) were treated with scrambled (Scrm) or integrin b1-
specific siRNA 24 hours before culture in fibrin. A) Following
transfection, cells were cultured in fibrin clots for 0, 3, 6 or 9 d
and then recovered for RNA isolation and subsequent qRT-PCR
analysis. RNA samples were run in triplicate and are presented as
mean fold change § SE as compared with day 0 scrambled con-
trol. B) Following transfection, cells were cultured 5 d in fibrin,
recovered from clots and cultured on plastic for differentiation.
Cells treated with scrambled siRNA acquired adipogenic capacity
as shown by Oil Red O staining of lipid droplets. Cells treated
with integrin b1-specific siRNA failed to adhere to plastic or pro-
liferate following culture in fibrin clots.

Figure 7. Production of bona fide adipocytes from bone marrow-
derived hematopoietic progenitor cells via a hematopoietic-to-
mesenchymal transition. Current and previous results support
the production of adipocytes from bone marrow hematopoietic
stem cells that express Sca-1 and c-Kit. These cells or their prog-
eny enter the circulation as myeloid cells that express CD45 and
CD11b (but now lack Sca-1 and c-Kit) and travel to adipose tissue.
There they undergo a hematopoietic-to-mesenchymal transition
during which they lose CD45 and CD11b and acquire integrin b1,
Sca-1 and PDGFRa. Terminal adipogenesis is accompanied by
loss of integrin b1, Sca-1 and PDGFRa and expression of mature
adipocyte markers including adiponectin and perilipin 1.
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of BMP-derived adipocytes (Fig. 7). Indeed, we propose
that marrow-derived hematopoietic/myeloid cells traffic
to adipose tissue via the circulation where they became
mesenchymal adipocyte progenitors via a hematopoietic
-to-mesenchymal transition.

In vitro production of adipocytes and other
mesenchymal fates from adipose tissue
macrophages

Here we also sought to establish in vitro conditions to
recapitulate the production of adipocytes from adipose tis-
sue myeloid cells, validate the hematopoietic-to-mesenchy-
mal transition, better understand the developmental
processes that promote the production of BM-derived adi-
pocytes, and facilitate their phenotypic characterization.
Our previously published studies used myeloid lineage
specific tracing to define that bone marrow derived cells
differentiated to multilocular adipocytes, highlighting this
lineage for further analyses.11–13 The current studies dem-
onstrate that the adipogenic capability of the myeloid line-
age resides in the macrophage, not neutrophil or dendritic
cell. Monocytes and macrophages are highly promiscuous
cells with significant diversity in their lineage specifica-
tions based on their tissue resident niches.28,29 While there
is significant plasticity between myeloid cells during
hematopoietic differentiation, neutrophils are released as
differentiated granulocytes whereas monocytes are less dif-
ferentiated precursors, able to circulate for up to 3 d
before homing to a tissue and further differentiating.30 It
is likely that the differentiated functions and state of neu-
trophils prevent their mesenchymal conversion to non-
hematopoietic cell types. The functional specification of
these cells may coincide with silencing of transcription
factors and genes required for lineage plasticity to occur.

Differentiation of adipose stromal macrophages to adi-
pocytes was achieved using a strategy originally reported
by Gerard et al.31 who observed adipogenic conversion of
a subset of CD45POS non-adherent bone marrow cells in
3 dimensional fibrin clots. We modified this technique to
recover cells from fibrin matrices by digestion of the clot
with plasmin. This modification allowed us to assess plas-
tic adherence, proliferation and mesenchymal differentia-
tion of the post-fibrin treated cells.

During fibrin culture, adipose tissue macrophages lost
hematopoietic and myeloid markers and acquired mes-
enchymal markers including integrin b1, PDGFRa and
the murine stem cell marker Sca-1. Post-fibrin cells were
capable of spontaneous adipogenic and skeletal myocyte
differentiation, and the number of cells generating adipo-
cytes and the rate of adipogenesis could be enhanced by
the addition of adipogenic supplements. Osteogenic and
chondrogenic differentiation were also observed under

conditions that promote these terminal phenotypes, indi-
cating that fibrin-treated adipose myeloid cells are capa-
ble of multiple mesenchymal phenotypes in vitro, while
in vivo this differentiation is likely specified by the spe-
cific microenvironmental niche. For example, similar
stromal populations present in bone and cartilage would
likely differentiate to their respective tissue fates to pro-
mote tissue function, repair or regeneration. Interest-
ingly, myeloid cells from other tissues were either
incapable of any mesenchymal differentiation (BM,
peripheral blood or peritoneal myeloid cells) or exhibited
a limited repertoire of mesenchymal fates (liver or lung
myeloid cells). This suggests that the adipose tissue
microenvironment is unique in its ability to render mye-
loid cells capable of mesenchymal multipotency. Ongo-
ing studies are being conducted to determine the specific
factors within the adipose tissue microenvironment that
support this capacity.

Human adipose tissue macrophages also exhibit
adipogenic capacity

Our data are consistent with observations by Chazenbalk
et al.32 who reported that CD14POS or CD68POS human
adipose tissue macrophages acquire expression of the
preadipocyte marker DLK when co-cultured with free-
floating human adipocytes. These macrophage-derived
preadipocytes could undergo adipogenic differentiation
with upregulation of C/EBPa and PPARg, lipid accumu-
lation and gradual loss of macrophage markers. Their
data suggest that soluble factors or direct contact with
floating adipocytes can stimulate proadipogenic pro-
cesses in macrophages.

Eto et al.33 also reported a subset of human adipose
tissue-resident macrophages with mesenchymal multipo-
tency. Unlike the mouse adipose myeloid cells in our
studies, which are CD34NEG, their cells expressed CD45,
CD14, CD206 and CD34, and were plastic adherent
without fibrin culture. These cells were capable of adipo-
genic, chondrogenic and osteogenic differentiation in
culture, but whether expression of hematopoietic/mye-
loid markers was diminished or lost was not examined.
Circulating human CD14POS cells also acquire mesen-
chymal multipotency following culture on fibronectin-
coated plates.34 However, the multipotent cells express
CD14, CD45 and collagen I, and continue to express
CD45 after differentiation to cells with adipocyte, chon-
drocyte, osteoblast and myocyte characteristics. The
simultaneous expression of CD14, CD45 and collagen I
is typical of fibrocytes, cells with hematopoietic and mes-
enchymal features that are also capable of adipogenic
conversion in vitro.35
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Differences between our results and those of Chazen-
balk et al.32 or Eto et al.33 may simply reflect variations
between hematopoietic development and adipose tissue
biology and microenvironment between mice and
humans. Undoubtedly, the vagaries of tissue digestion
and culture conditions also contribute to differences
between our results and those of the other laboratories.
However, it seems evident that adipose tissue macro-
phages possess a unique mesenchymal multipotency,
which likely underlies our previous discovery of adipo-
cytes generated de novo from bone marrow progenitor
cells. Whether these cells ever leave adipose tissue and
contribute to tissue development and regeneration else-
where remains unexplored. Our finding that adipose tis-
sue myeloid cells are capable of differentiating to
multiple mesenchymal fates suggests this may be an
important area of future study.

The hematopoietic-to-mesenchymal transition

The production of mesenchymal cell types from hemato-
poietic progenitors has been reported in animal mod-
els.16,18,36-39 This is often, as in the cases of hepatocytes
or skeletal myocytes, the result of cell fusion and pheno-
typic reprogramming rather than transdifferentia-
tion.16,18 However, hematopoietic cells are capable of
generating cardiomyocytes, vascular endothelium and
hepatic stellate cells via direct differentiation, although
their contribution to these cell populations is modest
even in injury/repair models.37,39 Evidence for cross-line-
age cell differentiation is seldom reported in humans
during tissue homeostasis or following tissue injury and
regeneration. This paucity of information reflects the
absence of specific markers or methods to lineage trace
or follow stem cell fate in humans. The most convincing
evidence to support hematopoietic tissue specification is
demonstrated in the production of myofibroblasts from
circulating mononuclear cells during liver fibrosis and
repair.40,41 However, in this case the hematopoietic
/myeloid identity of these cells was retained and evident
in the presence of hematopoietic cell surface markers
including CD45, CD11b and CD14. The marrow-derived
adipocytes we discovered in mice and humans, and
recovered from fibrin culture do not express myeloid or
other hematopoietic lineage markers. Therefore, we con-
clude that some adipocytes are generated via hematopoi-
etic-to-mesenchymal transdifferentiation in humans.
Importantly, adipose tissue macrophage accumulation is
increased in obesity42 and Ryd�en et al. report that the
contribution of BMP-derived adipocytes is 2.5-fold
higher in patients with obesity compared with those of
normal weight.14 Thus, it will be important to under-
stand if adipose tissue macrophages in humans are

indeed capable of undergoing “hematopoietic-to-mesen-
chymal” transition and are thereby the source of BMP-
derived adipocytes. Studies to answer these questions are
currently underway in our laboratory.

The 3D environment in promoting the
hematopoietic-to-mesenchymal transition

3D matrices are commonly used to facilitate expansion
of mature hematopoietic stem cells, confirm anchorage-
independent proliferation of non-adherent cells, and in
colony forming assays.43,44 In our studies, 3D matrices
appear to be essential for the conversion of adipose mye-
loid cells to “mesenchymal” progenitors. Plastic adher-
ence, proliferation and mesenchymal differentiation
were not observed when myeloid cells were seeded
directly on plastic substrates, or on 2-dimensional surfa-
ces coated with gelatin, Matrigel or fibrinogen. Thus,
architectural, mechanical and/or biochemical cues spe-
cific to the 3D environment appear to play a key role in
promoting the hematopoietic-to-mesenchymal transi-
tion of adipose tissue macrophages. This idea is sup-
ported by the upregulation of integrin b1 during 3D
culture, and its requisite role in promoting adipogenic
conversion of adipose myeloid cells. However, the 3D
environment alone was insufficient to elicit mesenchy-
mal multipotency since culture of non-adipose myeloid
cells in fibrin clots failed to stimulate their conversion to
multipotent mesenchymal progenitors. Clearly, a combi-
nation of adipose tissue-specific factors and architec-
tural/mechanical cues are necessary for this unique
developmental process.

Integrin regulation of the hematopoietic-to-
mesenchymal transition

Integrin ligation and signaling is crucial at several points
in adipocyte production. Integrins a5 and a6 are coordi-
nately regulated during terminal adipogenesis of 3T3-L1
cells, with a5 expression gradually suppressed and a6
increased.45,46 Ectopic overexpression of integrin a5
blocked adipogenic differentiation and stimulated prea-
dipocyte proliferation. These integrins also play a role in
the decision of MSCs to pursue adipogenic vs. osteogenic
differentiation in response to changes in extracellular
matrix composition.27 Likewise, osteopontin activation
of the integrin av/b1 complex promotes osteogenesis
and inhibits adipogenesis of MSCs, at least in part via
blockade of C/EBP function. Recently, Volloch and
Olsen47 proposed that differences in integrin-mediated
signaling through p38, b-catenin and ERK account for
the ability of mechanical or thermal stress to repress adi-
pogenesis in skeletal muscle but not in adipose tissue. In
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our model, integrin b1 appears to function during con-
version of adipose myeloid cells to mesenchymal progen-
itors. Integrin b1 regulates hematopoietic cell migration
and adhesion to basement membrane, while proliferation
and differentiation to blood lineages is independently
controlled.48,49 Monocyte subpopulations, including
macrophage and dendritic precursors, home to tissues in
the absence of chemokine stimulation, while integrin
mediated extravasation elicits signaling cascades which
subsequently regulate their tissue specific pheno-
types.30,50 The integrin mediated mechanisms of the pre-
cursor recruitment and differentiation are not well
understood. Our data demonstrate the requirement for
integrin b1 in the adipose specification of myeloid pre-
cursors and tissue resident macrophages, which is absent
in other tissue resident macrophages. Interestingly, b1
(and a5) expression is also upregulated during TNF-
a-induced transdifferentiation of monocytes to endothe-
lial cells,51 and the transformation of avian lens epithelial
cells to mesenchyme on collagen gels.52 We propose
integrin b1 plays a common role in directing diverse cells
toward mesenchymal fates. The specific mechanisms
downstream of integrin signaling are the focus of ongo-
ing investigation.

Summary

We have devised in vitro culture conditions that promote
the production of bona fide adipocytes from adipose tis-
sue macrophages. The results support our previous
observations that some adipocytes in adipose depots
throughout the mouse are generated from myeloid cells
arising from bone marrow. The primary feature of our in
vitro strategy is culture of adipose tissue macrophages in
3D fibrin matrices that elicit a hematopoietic-to-mesen-
chymal transition requiring transient upregulation of
integrin b1. Without 3D fibrin culture, adipose tissue
myeloid cells do not acquire mesenchymal potency, and
non-adipose tissue myeloid cells exhibit no or limited
mesenchymal differentiation capacity. This suggests that
biochemical and architectural features of the adipose tis-
sue microenvironment are required for the acquisition of
mesenchymal potency by macrophages. The data high-
light key differences in the developmental pathways for
conventional and BMP-derived adipocytes (Fig. 7). By
exploiting these differences it may be possible to target
the production of pro-inflammatory and leptin-deficient
BMP-derived adipocytes to prevent or reverse adipose
tissue-related metabolic disorders. Experiments such as
these may also lead to more mechanistic insight into the
development of the chronic inflammation associated
with obesity.

Methods

Animals, tissue harvest and isolation of myeloid cells

All procedures and treatments were approved by the
Institutional Animal Care and Use Committee at the
University of Colorado Anschutz Medical Campus. Bone
marrow transplant experiments were performed in wild
type, C57BL6/J (The Jackson Laboratory, #000664),
female mice that received GFPPOS BM from male, GFP
donors (The Jackson Laboratory, #004353). Mice were
killed by CO2 asphyxiation and cervical dislocation.
Gonadal and dorsal (interscapular) adipose depots were
recovered from killed mice, combined due to limited tis-
sue volume, and minced into pieces of 1–3 mm. Tissue
fragments were digested for 1 hour with gentle shaking
at 37�C in digestion buffer [Krebs-Ringers-HEPES
(KRH) C 2.5 mM glucose C 2% fetal bovine serum
(FBS) (Gemini Bio-products, #100–500) C 200 nM
adenosine (Sigma Aldrich, #A4036) C 1 mg/ml collage-
nase (type VIII, Sigma Aldrich, C2139), pH 7.4] using
4 ml buffer/gram of fat. Any remaining undigested frag-
ments were removed by filtration through a 150 mm
Celltrics filter (Sysmex Partec GmbH, Germany, #04–
004–2324). Between one half and one digestion volume
of wash buffer (Hanks Balanced Salt Solution (Medi-
atech, #21–022-CV) C 2% FBS C 200 nM adenosine, pH
7.4) was filtered into the collection tube to stop digestion.
Following centrifugation at 500 g x 10 minutes the stro-
mal cell pellet was resuspended in 5 ml Wash Buffer
then re-pelleted.

Lung and liver were collected from killed wild type
mice and digested similarly with the following modi-
fications. Lung digestion buffer was KRH C 2.5 mM
glucose C 2% FBS C 2 mg/ml collagenase, pH 7.5
(Worthington Type 2, #LS004202). Digestion pro-
ceeded for 80 minutes. Liver digestion buffer was
KRH C 2.5 mM glucose C 2% FBS C 1 mg/ml colla-
genase C 0.2 mg/ml dispase, pH 7.4 (Worthington
Biochemical, #LS02104). Peritoneal macrophages
were collected following euthanasia of wild type
mice. The ventral skin of the abdomen was dissected
away from the peritoneal wall and 5 ml of cold
HBSS C 2% FBS was injected into the peritoneal cav-
ity. The abdomen was massaged gently for 1 minute
and the cell suspension aspirated from the cavity via
needle and syringe. Bone marrow cells were collected
from the same animals by dislocation and removal of
the hind leg. The lower leg and tissue were dissected
from the femurs and the epiphyses cut off. Using a
27 gauge needle the marrow was flushed with 5 ml
cold HBSS C 2% FBS into a collection tube then fil-
tered through a 100 mm cell strainer. Both cell types
were pelleted and washed with HBSS C 2% FBS. For
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all cell samples red blood cells were lysed using 1X
RBC lysis buffer (eBioscience, #00–4300–54) per
manufacturer’s instructions. Lineage depletion beads
were used to select for LINNEG cells (Miltenyi, #
130–110–470). The kit included a cocktail of CD5,
CD45R (B220), CD11b, Gr-1 (Ly-6G/C), 7–4, Ter-
119 antibodies.

Staining and flow sorting of stromal cells

Antibodies to CD11b-PE (BD Biosciences, # 557397),
CD45-APC (BioLegend, # 103112), Sca-1-Alexa488
(BioLegend, # 122515), integrin b1-PE/Cy7 (BioLegend,
# 102221), PDGFRa-BV421 (BD Biosciences # 562774),
CD64-PEDazzle (BioLegend, # 139319), CD11b-PerCP/
Cy5.5 (eBiosciences, # 45–0112–80), CD206-BV421
(BioLegend, # 141717), Siglec-F-PE (BD Biosciences, #
552126), Gr-1-PE/Cy7 (BD Biosciences, # 560601),
CD11c-APC/Cy7 (BD Biosciences, # 561241) were added
to the resuspended stromal cells at 0.25 mg / 106 cells.
Samples were incubated at 4�C in the dark for
25 minutes. Following incubation samples were centri-
fuged to remove unbound antibodies, and the cells were
resuspended in PBS containing 5% FBS. Stromal cells
were sorted within 15 minutes using a MoFlo XDP cell
sorter with Summit 4.3 software. The sheath fluid was
IsoFlow. The sample and collection tubes were main-
tained at 4�C. The sample flow rate was set to a pressure
differential of less than 0.4 psi. Sort mode was set to
Purify 1. Appropriate signal compensation was set using
single color control samples.

Three-Dimensional fibrin culture

Sorted myeloid cells were plated on plastic overnight in
DMEM (Mediatech, #10–013-CV)C 20% FBS to remove
remaining adherent cells. Non-adherent cells were resus-
pended in 10 ml MesenCult Basal medium (StemCell
Technologies, #05501) C Stem Cell Stimulatory Supple-
ments (SCSS, StemCell Technologies, #05502) at 40,000
cells/ml. Fibrinogen solution (Sigma-Aldrich, #F8630)
(60 ml, 3 mg/ml in 0.9% saline) was added, mixed gently
and transferred to a well of a 96 well plate. Thrombin
(Sigma-Aldrich, # T9549) solution (2.1 ml, 50 U/ml) was
added and the suspension mixed by gentle pipetting.
Clots formed over 20–30 minutes.

Cells were recovered from the clots after 5 d.
First, the culture medium was removed from the top
of the clots. Next, the matrices were rimmed with a
27 gauge needle and 100 ml of digestion mix com-
prised of 77 ml culture medium C 23 ml bovine plas-
minogen (Enzyme Research Laboratories, #BPg)

(1 mg/ml) C 2 ml urokinase (Sigma-Aldrich,
#U4010) (20 U/ml) was added for 30–40 minutes at
37�C. Cells were then pelleted at 300 g x 10 minutes
and resuspended in MesenCultCSCSS medium and
replated at 40,000 cells directly into one well of 96
well plate.

Mesenchymal differentiation

Cells recovered from fibrin and plated in MesenCult
C SCSS medium were transferred to commercial
medium designed to induce adipogenic (MesenCult-
BasalCAdipogenic Supplements, #05503), chondro-
genic (StemPro Chondrogenesis Differentiation kit,
Gibco, #A10071–01) and osteogenic (Osteogenesis
Differentiation Kit, Gibco, #A10072–01) differentia-
tion. Adipogenic and skeletal muscle differentiation
occurred spontaneously, but adipogenesis was aug-
mented by adipogenic agents. Analyses were per-
formed using replicates, twice independently.

RT-PCR

PCR primers for RT-PCR were adiponectin forward
50-TGG TGA GAA GGG TGA GAA-30, adiponectin
reverse 50-AGA TCT TGG TAA AGC GAA TG-30; peril-
ipin-1 forward 50-CTG CCG GTG GTG AGT GGC AC-
30, perilipin-1 reverse 50-CAC AGA GGC CAC CAG
GGG GT-30; and GAPDH forward 50- GGA GCG AGA
TCC CTC CAA AAT-30, GAPDH reverse 50-GGC TGT
TGT CAT ACT TCT CT GG-30. Complimentary DNA
(cDNA) was prepared from stromal cells using Cells-to-
cDNA II reagents. PCR amplification was performed
with 3 ml transcribed cDNA and 1 pmol of each primer
for 35 cycles: hot-start at 94�C for 1 minute, denatur-
ation at 94�C for 1 minute, annealing at appropriate tem-
perature for 45 seconds, and elongation at 72�C for
2 minutes, followed by a final elongation for 8 minutes at
72�C. All samples were analyzed in triplicate.

siRNA Ablation of Integrin b1

Stromal myeloid cells were transfected with a pool of 3
Dicer substrate duplexes to integrin b1 or universal
scrambled sequences using a kit from OriGene
(#SR420242C) and 24-hours later underwent fibrin
encapsulation. Cells were recovered from fibrin before
plating on plastic wells for differentiation into adipo-
cytes. Analysis was performed in triplicate and repeated
twice independently.
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In vivo adipogenesis in matrigel

Flow cytometry purified GFPDIM adipose stromal cells or
post-fibrin adipose myeloid cells (approximately 2 £ 106

cells) were gently resuspended in 200 ml of low growth
factor Matrigel at 4�C. Female athymic, Crl:CD1-
Foxn1nu, mice (Charles River, #086) (n D 3) were briefly
anesthetized and the Matrigel/cell suspensions were
injected subcutaneously into the abdomen anterior of
the thigh. After 4 weeks the solid Matrigel plugs and
adjacent skin and subcutaneous muscle were removed.
The plugs were fixed overnight in 4% paraformaldehyde,
and then sliced in half with a razor blade. The halves
were oriented in paraffin blocks with the cut surfaces up
for sectioning. Five mm sections were stained with hema-
toxylin and eosin for histological examination, or sub-
jected to immunofluorescence staining for perilipin and
GFP.

Immunohistochemistry

Five mm sections of paraformaldehyde-fixed, paraffin-
embedded adipose tissue were deparaffinized with Citri-
Solv (Fisher Scientific, Pittsburgh, PA), and rehydrated
in a graded ethanol/water series. Sections, in triplicate,
were subjected to antigen retrieval in citrate buffer in an
electric pressure cooker for 20 minutes. Sections were
blocked with PBS containing 5% goat serum for
30 minutes at room temperature. The sections were incu-
bated overnight in PBSC 5% goat serum at 4�C with pri-
mary antibodies to GFP (Abcam, #ab290), perilipin
(Abcam, #ab3526), desmin (Abcam, #ab32362) or acti-
nin (Abcam, #ab90776). The sections were then washed
and incubated with Alexa Fluor 555 (Invitrogen,
#A21428) or Alexa Fluor 488 (Invitrogen, #A11008)-
conjugated secondary antibodies for 1 hour at room
temperature.

Statistical analysis

qPCR data was analyzed by one-way ANOVA followed
by Tukey’s HSD post-hoc analysis. Data are presented
as § standard error from the mean ( § SE).
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