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Adipose tissue (AT) is composed of mature adipocytes and stromal vascular fraction (SVF) cells, including
adipose stem/stromal cells (ASCs). We characterized hematopoietic cells residing in human nonobese AT by
analyzing the SVF isolated from human lipoaspirates and peripheral blood (PB). Flow cytometry revealed that
AT-resident hematopoietic cells consisted of AT-resident macrophages (ATMs) or lymphocytes with a negligible
number of granulocytes. AT-resident lymphocytes were composed of helper T cells and natural killer cells.
Almost no B cells and few cytotoxic T cells were observed in nonobese AT. More than 90% of ATMs were M2
state CD206 + macrophages (CD45 +/CD14 + ) that were located in the periendothelium or interstitial spaces
between adipocytes. We also discovered a novel subpopulation of CD34 +/CD206 + ATMs (11.1% of CD206 +

ATMs) that localized in the perivascular region. Microarray of noncultured CD34 +/CD206 + ATMs, CD34 -/
CD206 + ATMs, CD45 -/CD31 -/CD34 + ASCs, and PB-derived circulating monocytes revealed that CD34 +/
CD206 + ATMs shared characteristics with ASCs and circulating monocytes. Unlike CD34 -/CD206 + ATMs,
CD34 +/CD206 + ATMs could grow in adherent culture and were capable of differentiating into multiple mes-
enchymal (adipogenic, osteogenic, and chondrogenic) lineages, similar to ASCs. CD34 +/CD206 + ATMs grew
rapidly and lost expression of CD45, CD14, and CD206 by passage 3, which resulted in a similar expression
profile to ASCs. Thus, this novel ATM subpopulation (CD45 +/CD14 +/CD34 +/CD206 + ) showed distinct bio-
logical properties from other ATMs and circulating monocytes/macrophages. The CD34 +/CD206 + ATMs
possessed characteristics similar to ASCs, including adherence, localization, morphology, and mesenchymal
multipotency. This AT-resident subpopulation may have migrated from the bone marrow and may be important
to tissue maintenance and remolding.

Introduction

Adipose tissue (AT) contains mature adipocytes and
stromal vascular fraction (SVF) cells, including AT-

resident hematopoietic cells. Our previous work shows that
AT-resident hematopoietic cells constitute *10% of the total
cells in intact human AT [1]. These AT-resident hematopoi-
etic/immune cell populations have recently gained attention
for their pivotal roles in the pathogenesis of obesity-related
AT endocrine dysfunction, type 2 diabetes induced insulin
resistance, and metabolic syndrome [2–6]. In the AT of obese
individuals, inflammatory cells, such as macrophages and T
lymphocytes increase in number with the degree of adiposity.

This increase is followed by low-grade chronic inflammation,
which may be responsible for metabolic syndrome-related
traits and type 2 diabetes.

In addition to their involvement in inflammation, AT-
resident hematopoietic cells exhibit a broad range of physio-
logical functions during homeostasis, remodeling, and repair.
For example, AT-associated c-Kit +/Sca-1+ lymphocytes were
demonstrated to regulate self-renewal and antibody produc-
tion of other lymphocytes [7]. Additionally, AT-resident
macrophages (ATMs) that originate from blood-circulating
monocytes exhibit a high degree of heterogeneity, which
depends mostly on their specific microenvironment [8]. Two
types of macrophages, inflammatory macrophages (M1) and
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anti-inflammatory macrophages (M2), are regarded as the 2
extremes in a continuum of functional macrophage stages
[9,10] and are detected at different levels depending on the
adiposity of the AT. Specifically, very few M1 stage macro-
phages are detected in lean AT where inflammatory signals
are low or nonexistent [11,12]; however, M2 anti-inflammatory
macrophages are highly prevalent in lean AT and appear
to function in tissue repair/remodeling and prevention of
inflammation [13,14].

AT has also been shown to act as a reservoir for hemato-
poietic stem/progenitor cells [15,16]. In fact, 1 report dem-
onstrated that murine adipose-derived hematopoietic stem/
progenitor cells contain precursors committed to the mast
cell lineage [17]. Another report demonstrated the existence
of hemangioblasts in human AT that exhibit the capacity for
hematopoietic and endothelial differentiation in vitro [18].

Furthermore, an increasing number of reports suggest that
cells belonging to adipogenic and hematopoietic lineages
share common features [19–24], making it difficult to discern
between the 2 populations. Features of AT-resident hema-
topoietic (stem/progenitor) cells that remain unknown in-
clude composition, localization, biological potential,
physiological function, and their relationship with other
adipose cells, such as adipose progenitor cells and vascular
endothelial cells. Therefore, in the present study, we char-
acterized resident hematopoietic cells in human nonobese
AT. We show that an AT-resident macrophage population of
adherent cells expressing CD34 and CD206 localizes around
the vasculature, expresses anti-inflammatory macrophage
markers, and displays mesenchymal multipotency.

Materials and Methods

Human tissue sampling and cell isolation

Liposuction aspirates were obtained from nonobese heal-
thy donors (mean age, 42.4 – 5.4; mean body mass index,
21.9 – 0.9; n = 8) undergoing liposuction of the abdomen and
thigh. The SVF was isolated from the aspirated AT as de-
scribed previously [25]. Briefly, the aspirated AT was wa-
shed with phosphate-buffered saline (PBS) and digested on a
shaker at 37�C in PBS containing 0.075% collagenase (crude
type, cat No. 032-10534; Wako Pure Chemical Industries) for
30 min. Mature adipocytes and connective tissue were sep-
arated from the cell pellet by centrifugation. The cell pellets
were resuspended, filtered through 100-mm, 70-mm, and 40-
mm meshes, and hemolyzed. Peripheral blood (PB) was ob-
tained from healthy volunteers (mean age, 35.0 – 1.1; mean
body mass index, 20.4 – 1.3; n = 4). Hemolyzed blood was
used for analyses. Small excised AT samples were harvested
from the subcutaneous AT of patients undergoing plastic
and reconstructive procedures.

Each patient provided informed consent to the institu-
tional review board-approved protocol before the procedure
(University of Tokyo Hospital, approved number 2489). All
AT and PB samples used in this study were provided by
nonobese patients or volunteers whose body mass index was
under 25.

Immunohistochemistry

Harvested AT samples were zinc-fixed (Zinc Fixative; BD
Biosciences), paraffin-embedded, and sliced into 6-mm-thick

sections. Immunostaining was performed using a mouse
anti-human CD45 monoclonal antibody (1:50, clone 2B11 +
PD7/26; Dako) and a goat anti-human CD206 polyclonal
antibody (1:40, R&D systems), and secondary antibodies
conjugated with Alexa Fluor 488, 546, or 568 (1:200, Mole-
cular Probes). Cell nuclei were visualized with TO-PRO-3
(1:2000, Molecular Probes). An isotypic primary antibody
served as a negative control for each stain. Photographic
images of the stained sections were acquired using a fluo-
rescence microscope equipped with a digital camera (Bio-
Zero; Keyence).

For whole-mount staining, AT was cut into 3-mm pieces
and immediately incubated with antibodies against human
antigens CD14 (1:50, clone UCH-M1; Santa Cruz Bio-
technology), CD34 (1:300, clone QBEnd10; Dako), CD45,
and CD206. This was followed by incubation with sec-
ondary antibodies and Alexa Fluor 647-conjugated isolectin
(1:100, Molecular Probes) to stain the endothelial cells. The
samples were washed and directly observed with a confocal
microscope.

Flow cytometric analyses and cell sorting

We used the following fluorochrome-conjugated mono-
clonal antibodies: anti-CD45-fluorescein isothiocyanate
(FITC) (clone HI30), CD14-phycoerythrin (PE) (clone
M5E2), CD206-Allophycocyanin (APC) (clone 19.2), CD3-
PE (clone UCHT1), CD8-PE (clone HIT8a), CD19-PE (clone
HIB19), CD56-PE (clone B159), CD34-PE (clone 8G12)
(1:100, BD Biosciences), and CD45-PE-Cy7 (clone J.33;
Beckman Coulter). Cells were incubated with each anti-
body for 30 min, and then analyzed using a multicolor flow
cytometer (BD LSR II; BD Biosciences). Control gates were
set based on staining with an irrelevant [matched labeled
isotype control immunoglobulin G (IgG)] antibody; no
more than 0.1% of the cells stained positive using the
irrelevant antibody.

A multiparameter fluorescent-activated cell sorter (BD
FACS Aria; BD Biosciences) was used for sorting of freshly
isolated SVF cells. For multicolor analysis, we used anti-
bodies with a combination of CD45-FITC (clone HI30),
CD14-PE, CD206-APC, and CD34-PE-Cy7 (clone 8G12) or
another combination of CD45-PE-Cy7 (clone HI30), CD14-
PE, CD206-APC, and CD-68-FITC (clone Y1/82A). CD45 +/
CD14+/CD34+/CD206+ cells (CD34+/CD206+ ATMs), CD45+/
CD14 +/CD34 -/CD206 + cells (CD34 -/CD206 + ATMs), and
CD45 -/CD31 -/CD34 + cells (adipose-derived stem/stromal
cells; ASCs) were individually isolated from the SVF of as-
pirated AT from nonobese patients. PB-derived CD45 +/
CD14 + cells (circulating monocytes; PB-MCs) were also
sorted.

Immunocytochemistry

AT-derived sorted cells were cultured in the M199 me-
dium containing 10% fetal bovine serum (FBS). Each passage
was performed when the cells were *80% confluent. At the
first or third passage, the cells were seeded onto an 8-well
glass bottom slide (Lab-Tek II Chamber Slide System; Nalge
Nunc International KK). Immunocytochemistry was per-
formed for CD34, CD45, CD14, and CD206 3 days after
seeding. The same primary antibodies were used as those
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used in immunohistochemistry. Cells cultured on the slides
were washed, fixed in 4% paraformaldehyde, and incubated
with primary antibodies. Next, they were incubated with
a secondary antibody, either Alexa Fluor 488- or 546-
conjugated IgG, and subjected to nuclear staining with
Hoechst 33342 (1:200, Dojindo). Stained slides were observed
under a fluorescence microscope.

Induced mesenchymal differentiation
of cultured cells

CD34 +/CD206 + ATMs and ASCs were induced to dif-
ferentiate into adipogenic, chondrogenic, and osteogenic
lineages. The methods of differentiation and analyses have
been confirmed to be reliable for induction of ASC differ-
entiation [25]. Cells cultured in the control medium [the
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% FBS] were used as negative controls. For adipogenic
differentiation, cells were incubated 21 days in the DMEM
containing 10% FBS, 0.5 mM isobutyl-methylxanthine, 1mM
dexamethasone, 10 mM insulin, and 200 mM indomethacin.
Adipogenic differentiation was confirmed by Oil Red O
staining. We used Nile Red fluorescence to quantitatively
measure lipid droplets by AdipoRedTM (Cambrex) at an ex-
citation wavelength of 485 nm and an emission wavelength
of 535 nm with a fluorescent plate reader (DTX 880 Multi-
mode Detector; Beckman Coulter). For chondrogenic differ-
entiation, cells were incubated 21 days in the DMEM
containing 1% FBS supplemented with 6.25 mg/mL insulin,
10 ng/mL TGF-b1, and 50 nm ascorbate-2-phosphate.
Chondrogenic differentiation was confirmed by Alcian Blue
staining. We used a micromass culture system to quantita-
tively analyze differentiation, as reported previously [26].
Briefly, cells were plated in a 15-mL tube and cultured in the
chondrogenic medium for 21 days. After 21 days, the di-
ameter of the micromass was measured. For osteogenic dif-
ferentiation, cells were incubated 21 days in the DMEM
containing 10% FBS supplemented with 0.1 mM dexameth-
asone, 50 mM ascorbate-2-phosphate, and 10 mM b-glycero-
phosphate (Nacalai Tesque). Osteogenic differentiation was
confirmed by von Kossa staining. Total calcium deposition
was quantitatively evaluated based on the orthocre-
solphthalein complexone method using a Calcium C-Test
Wako Kit (Wako Chemicals) according to the manufacturer’s
instructions.

Microarray analysis

For microarray analysis, 4 cell populations, CD34 +/
CD206 + ATMs, CD34 -/CD206 + ATMs, ASCs, and PB-MCs,
were sorted by FACS from the freshly isolated SVF or PB,
and then immediately treated with an RNA extractant,
ISOGEN-LS (nippongene). cDNA was synthesized from the
extracted total RNA from each population. Labeled cRNA
was then synthesized using a Low Input Quick Amp La-
beling Kit (Agilent Technology). Microarray analysis was
performed using SurePrint G3 Human GE 8x60K (Agilent).
Feature Extraction ver10.7 (Agilent) and GeneSpringGX
ver11.5 (Agilent) were used for data analysis. All array data
sets were deposited into the National Center for Bio-
technology Information Gene Expression Omnibus database
(ID no. GSE37660).

Statistical analysis

Results are expressed as mean – SEM. A paired t-test was
used to evaluate the differences in differentiation capacity
between CD34-positive ATMs and ASCs. A value of P < 0.05
was considered significant.

Results

Human AT-derived SVF, not PB, contains
CD206-positive macrophages

SVF cells obtained through collagenase digestion of hu-
man aspirated AT were substantially contaminated with PB
cells resulting from hemorrhaging during the liposuction
surgery. Therefore, PB and SVF were individually examined
by flow cytometry to analyze AT-resident hematopoietic
cells by excluding contaminated PB-derived circulating cells
(Fig. 1A). PB-derived leukocytes were analyzed and sepa-
rated into 3 populations by cell size [forward scatter (FSC)],
complexity [side scatter (SSC)], and CD14 expression: (1)
granulocytes (FSChigh/SSChigh/CD14 - ), (2) lymphocytes
(FSClow/SSClow/CD14 - ), and (3) monocytes/macrophages
(FSChigh/SSCmedium/CD14 + ). The averaged composition of
each population in our sample was 54.7% (granulocytes),
28.9% (lymphocytes), and 4.6% (monocytes/macrophages)
(n = 4; Fig. 1B, Supplementary Table S1; Supplementary Data
are available online at www.liebertpub.com/scd). The ana-
lyzed SVF cells indicated that the hematopoietic cells of
the SVF were distinct from those of the PB. Specifically,
granulocytes, lymphocytes, and monocytes/macrophages
constituted 19.3( – 5.6)%, 34.9( – 6.5)%, and 36.1( – 8.4)% of
hematopoietic (CD45 + ) cells in the SVF, respectively (n = 6;
Fig. 1A, Supplementary Table S1). Unlike PB, 2 distinct
monocyte/macrophage populations were observed in the
SVF, a CD14 +/CD206 + population and a CD14 +/CD206 -

population (Fig. 1A). The former was not detected in PB,
suggesting that all of CD14 +/CD206 + cells were ATMs as
reported previously [14]. In the samples from nonobese pa-
tients, CD14 +/CD206 + ATMs were observed at a much
higher rate (31.7% – 7.8% of hematopoietic cells) than the
CD14 +/CD206 - population (4.4% – 0.9%), which was com-
posed of PB-derived monocytes/macrophages and a popu-
lation of M1 ATMs (Fig. 1B).

Composition of hematopoietic cells residing
in human AT

Immunohistochemistry using paraffin-embedded sections
of human excised AT from nonobese patients was addi-
tionally performed to examine the number and localization
of CD206 + ATMs (n = 5). Histology revealed that all CD206 +

cells also expressed CD45 (Fig. 2A) and CD206 + ATMs
constituted 65.3% – 3.5% of hematopoietic (CD45 + ) cells in
the nonobese AT (Fig. 2B). However, FACS analysis of the
SVF from aspirated AT (n = 6) showed the CD206 + ATMs
constituted 31.7% – 7.8% of CD45 + cells (Fig. 2B), because
aspirated AT (and also the freshly isolated SVF from aspi-
rated AT) was substantially contaminated with PB through
the operative procedure. The important finding that all
CD206 + cells reside in AT, not in PB, enabled us to calculate
the proportion of contaminated PB cells in SVF from aspi-
rated AT theoretically; the rate of contaminating PB-derived
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CD45 + cells and AT-resident CD45 + cells is 51.5% and 48.5%
respectively in the SVF isolated from aspirated AT (Fig. 2B).

Now, we could also calculate the theoretical proportion of
AT-resident hematopoietic cells with the exception of con-
taminating PB cells from the FACS data on SVF cells isolated
from aspirated AT. AT-resident hematopoietic cells were
composed of 58.9% CD206+ ATMs (on average), 3.8% CD206-

ATMs (on average), and 37.2% lymphocytes (on average). The
number of granulocytes was negligible (Fig. 2C).

The composition of lymphocytes in SVF and PB was also
compared by flow cytometry (Supplementary Fig. S1 and
Supplementary Table S2). The most remarkable difference
was observed in T cell subpopulations. The percentage of
memory T cells (CD45 +/CD3+/CD45RA-/CD45RO + ) was
much higher in the SVF than in the PB. Naı̈ve T cells (CD45+/
CD3 +/CD45RA +/CD45RO- ) and cytotoxic T cells (CD45 +/
CD3 +/CD8+ ) were more abundant in the PB (Supplementary
Fig. S1A, B). We virtually calculated the composition of

FIG. 1. Flow cytometric analysis of hematopoietic (CD45 + ) cells in peripheral blood (PB) and stromal vascular fraction
(SVF) freshly isolated from aspirated adipose tissue (AT). (A) By using FSC (forward scatter, representing cell size), SSC (side
scatter, representing granularity), and expression of CD45 and CD14, nucleated PB cells (leukocytes) were classified into 3
predominant populations; granulocytes (purple; CD45 +/FSChigh/SSChigh/CD14 - ), lymphocytes (yellow; CD45 +/FSClow/
SSClow/CD14 - ), and monocytes/macrophages (blue; CD45 +/FSChigh/SSCmedium/CD14 + ), and all of them were negative for
CD206. In contrast, adipose-derived SVF cells contain CD45 - cells, which are AT-derived cells, such as adipose stromal cells
(ASCs) and vascular endothelial cells. In comparison of CD45 + cells in SVF to those in PB, CD206 + cell population (green)
was detected only in SVF. Thus, it was indicated that CD45 +/FSChigh/SSCmiddle/CD14+/CD206+ were AT-resident macrophages
(ATMs), though not all ATMs were CD206-positive. (B) Summarized data of hematopoietic (CD45 + ) cell composition in PB and
SVF. SVF cells were composed of AT-resident cells and PB-derived cells. Almost all granulocytes in SVF were derived from PB,
while most of monocytes/macrophages in SVF were found to be AT-resident in nonobese AT. Mono/Macro: monocytes/
macrophages, Lymph: lymphocytes, Granu: granulocytes. Color images available online at www.liebertpub.com/scd

988 ETO ET AL.



adipose-resident lymphocytes based on the lymphocyte
quantity in the SVF and PB and on contamination of PB in the
SVF (Supplementary Fig. S1C). This revealed that adipose-
resident lymphocytes are predominantly composed of helper T
cells (CD45+/CD3+/CD8- ) and natural killer (NK) cells
(CD45+/CD3+/CD56+ ) and that almost no B cells (CD45+/
CD3+/CD19+ ) and few cytotoxic T cells reside in nonobese AT.

Two distinct CD206 + ATM populations were found,
CD34 + population and CD34 - population

We analyzed CD206 + ATMs in the SVF by multicolor flow
cytometry and found that all CD206 + cells in the SVF co-

expressed CD45. Gated CD45 +/CD206 + cells were shown to
be positive for CD14 and CD68. The CD45 +/CD14 +/
CD68 + /CD206 + ATMs were clearly divided into 2 sub-
populations according to CD34 expression, CD34 +/CD206 +

ATMs (11.1% – 1.7%, n = 5) and CD34 -/CD206 + ATMs
(88.9% – 1.7%, n = 5) (Fig. 3A).

Significant overlap of gene clusters
was observed between CD34 + ATMs and ASCs

Gene expression patterns were compared by microarray
analysis to elucidate the relationships between the 4 freshly
isolated cell populations, SVF-derived CD34 +/CD206+ ATMs,

FIG. 2. Cellular composition of AT-resident hematopoietic (CD45 + ) cells. (A) Paraffin-embedded sections of intact (excised)
AT were stained for CD45 (nucleated hematopoietic cells; red), CD206 (green), and TO-PRO3 (nuclei; blue). All of CD206 + cells
were positive for CD45, suggesting that no other cells than ATMs express CD206 in intact AT. Scale Bar = 50 mm. (B) CD206 +

ATMs were measured, histologically using immunostained sections of intact AT, or by flow cytometry of SVF from aspirated
AT. CD206 + ATMs accounted for 65.3% of AT-resident hematopoietic cells in intact AT, whereas CD206 + ATMs account for
31.7% of hematopoietic cells from aspirated AT, which contains PB contamination. Considering together, we estimated the
average ratio of PB-derived leukocyte contamination was 51.5% in our aspirated AT samples. (C) Composition of each
hematopoietic cell population residing in intact AT was calculated for a rough estimation. The mean value of each cell type is
listed at the bottom. CD206 + ATMs appeared to constitute more than half of AT-resident hematopoietic cells in intact AT and
most of the rest were composed of AT-resident lymphocytes, while CD206-negative monocyte/macrophage population
constitutes less than 10% in nonobese AT. Color images available online at www.liebertpub.com/scd
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SVF-derived CD34 -/CD206 + ATMs, SVF-derived ASCs
(CD34 +/CD31 -/CD45 - ), and PB-MCs (CD14 +/CD45 + ). A
correlation plot of these samples revealed that CD34 +/
CD206 + ATM cells are similar to ASCs and that they are
both quite different from CD34 -/CD206 + ATMs (Fig. 3B).
Consistent with this observation, unsupervised hierarchical
clustering of all genes using a decision tree algorithm based
on the average Euclidean distance placed CD34 +/CD206 +

ATMs and ASCs into the same group (Fig. 3C). Similar re-
sults were also obtained by clustering analysis using the
Centroid or Ward algorithms.

ATMs and PB-monocytes showed high expression of
monocyte/macrophage markers. Many genes were similarly
expressed in CD34 +/CD206 + ATMs and ASCs, including
high expression of mesenchymal markers and pericyte
markers (Fig. 3D). This suggests a potential link in physio-
logical roles of the mesenchymal progenitors shared by these
2 populations. Interestingly, only CD34 +/CD206 + ATMs
displayed a relatively high expression of a series of vascular
endothelial markers.

Gene ontology (GO) analysis of the genes highly ex-
pressed in CD34 +/CD206 + ATMs compared to CD34 -/

FIG. 3. Flow cytometry and
microarray analysis of distinct
ATM populations. (A) Flow
cytometric analysis of SVF cells
obtained from aspirated AT
showed that CD45+/CD206+

cell population expressed both
CD14 and CD68, confirming
that it is a population of
monocytes/macrophages. The
CD45+/CD206+/CD14+/CD68+

ATMs were further divided
into 2 subpopulation, CD34+

population (11.1%) and CD34-

population (88.9%). (B) Correla-
tion plot of the gene expression
of 4 samples, CD34+/CD206+

ATMs, CD34-/CD206+ ATMs,
ASCs, and PB-derived mono-
cytes/macrophages (PB-MCs).
CD34+/CD206+ ATMs,
CD34-/CD206+ ATMs, and
ASCs were freshly sorted from
SVF and PB-MCs were ob-
tained from PB. The plot
revealed that the gene expres-
sion profiles of CD34+/CD206+

ATMs were more similar to
that of ASCs compared with
CD34-/CD206+ ATMs or PB-
MCs. All array data sets were
deposited into the National
Center for Biotechnology In-
formation Gene Expression
Omnibus database (ID no.
GSE30742, www.ncbi.nlm.nih
.gov/geo/query/acc.cgi?acc =
GSE30742). (C) Cluster analysis
of the 4 samples. This analysis
confirmed that CD34+/CD206+

ATMs show similar gene ex-
pression pattern as ASCs rather
than CD34-/CD206+ ATMs. (D)
Gene expression of mesenchy-
mal, pericyte, endothelial, and
monocyte/macrophage mark-
ers in samples. Both CD34+/
CD206+ ATMs and ASCs highly
expressed mesenchymal mark-
ers and pericytes markers. Only
CD34+/CD206+ ATMs showed
endothelial markers. Color
images available online at www
.liebertpub.com/scd
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CD206 + ATMs identified several characteristic ontologies
(Fig. 4A, Supplementary Table S3). The expression of extra-
cellular matrix components collagen, laminin, and heparin
sulfate proteoglycans (Fig. 4B) in addition to the expression
of a combination of molecules responsible for cell adhesion,
such as integrins (Fig. 4C), raises the possibility that CD34 +/
CD206 + ATMs might have unique adhesive properties that
are not evident in normal macrophages. More interestingly,
CD34 +/CD206 + ATMs expressed a series of genes involved
in cell migration (Fig. 4D), vasculature, and blood vessel

development, including the vascular endothelial growth
factor-C and angiotensin (Fig. 4E). This suggests that
CD34 +/CD206 + ATMs may be involved in blood vessel
formation.

In contrast, GO analysis of the genes highly expressed in
CD34 +/CD206 + ATMs compared to ASCs identified im-
mune system-related genes (Fig. 4F, Supplementary Table
S4). These included genes involved in response to stimulus
and wounding, such as M2 macrophage-specific markers
IL10, IL1RN, CCL3, CCL18, CXCL9, TNF, CD14, and

FIG. 4. Gene ontology (GO)
analysis of the genes specifi-
cally expressed in CD34 +/
CD206 + ATMs. (A) GO
analysis of the genes that
show more than 5 times
higher expression in CD34 +/
CD206 + ATMs comparing to
CD34 -/CD206 + ATMs. The
top 15 biological process
terms were shown. (B)–(E)
Expression profile of the
genes in the selected ontolo-
gy; (B) Extracellular matrix
organization, (C) Adhesion,
(D) Cell migration, and (E)
vasculature development. (F)
GO analysis of the genes that
show more than 5 times
higher expression in CD34 +/
CD206 + ATMs comparing to
ASCs. (G) Expression profile
of the genes in the ontology,
immune system. Color ima-
ges available online at www
.liebertpub.com/scd
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LYVE1. The expression profile of immune-related genes is
comparable between CD34 +/CD206 + ATMs and CD34 -/
CD206 + ATMs. These results suggest that CD34 +/CD206 +

ATMs may be unique peripheral macrophages with charac-
teristic expression of genes involved in cell adhesion, mi-
gration, and vasculature formation.

Whole-mount staining for localization
and immunophenotyping of ATMs

Flow cytometry and immunohistology of human AT
suggest that more than half of the AT-resident hematopoietic
cells are CD206 + ATMs. Immunohistochemical whole-
mount staining confirmed that all CD206 + cells in intact

human AT expressed both CD14 and CD45 (Fig. 5A,B). This
indicates that these cells are a subpopulation of monocytes/
macrophages. Most of the CD206 + ATMs (CD45 +/CD14 +/
CD206 + ) were at periendothelial locations, while a small
number of them were observed in interstitial spaces between
adipocytes. Some of the CD206 + ATMs coexpressed CD34
and localized in the perivascular area (Fig. 5C).

Subculture of CD34 +/CD206 + ATMs and CD34 -/
CD206 + ATMs

CD34 +/CD206 + and CD34 -/CD206 + ATMs, and non-
hematopoietic cell populations (CD45 - ) from the SVF were
sorted and cultured separately on tissue culture plastic

FIG. 5. Whole-mount histological examination for localization of ATMs (A) Immunostaining of whole-mount AT indicated
that CD206 + ATMs (CD14 +/CD206 + cells) located mostly periendothelially in capillaries and a small number of CD206 +

ATMs were seen also in interstitial spaces between adipocytes. Lectin (blue) was used to visualize vascular endothelium. Scale
bar = 50 mm. (B) CD206 + ATMs (CD206 +/CD45 + cells; arrowhead) localized outside of endothelial cells, while intravascular
hematopoietic cells (CD45 + circulating leukocytes) did not express CD206. Scale bar = 25mm. (C) ATMs (CD206 + cells),
coexpressing CD34, were found to be localized perivascularly, although not all ATMs expressed CD34. Scale bar =
25 mm. (D) Staining images with isotype control. Scale bar = 50 mm. Color images available online at www.liebertpub.com/scd
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dishes. ASCs can be selectively expanded from CD45 -

populations by adherent culture in the M199 medium [26].
Interestingly, the CD34 +/CD206 + ATMs expanded as rap-
idly as ASCs; however, CD34 -/CD206 + ATMs did not grow
in adherent culture (Fig. 6A). Although cultured CD34 +/
CD206+ ATMs partly preserved their expression of CD45, CD14,
and CD206 at passage 1, they lost expression of CD45, CD14,
and CD206 by passage 3 (Fig. 6B). Thus, CD34 +/CD206 +

ATMs displayed a similar expression profile to cultured
ASCs after a few weeks of adherent culture and they could
not be distinguished from each other by expression profiles
or morphology.

CD34 +/CD206 + ATMs differentiate into multiple
mesenchymal lineages

We next investigated whether adherent CD34 +/CD206 +

ATMs have mesenchymal multidifferentiation potentials,

such as ASCs. Our results indicated substantial differentiat-
ing capacities of cultured CD34 +/CD206 + ATMs into adi-
pogenic, osteogenic, and chondrogenic lineages (Fig. 7A).
Rather, CD34 +/CD206 + ATMs displayed significantly en-
hanced adipogenic differentiation compared to ASCs (Fig.
7B). Thus, CD34 +/CD206 + ATMs may be involved in AT
remodeling as adipose-resident mesenchymal stem cells or
adipocyte progenitor cells.

Discussion

The SVF isolated from aspirated AT is contaminated by
numerous PB-derived erythrocytes and leukocytes. This is
one factor that makes it difficult to analyze AT-resident he-
matopoietic cells. The composition of CD45 + cells contained
in the SVF was analyzed previously by FACS [27]. Of these
cells, 19% were CD14 + (macrophages), 6% were CD3 + (T
cells), and 1.5% were CD56 + (NK cells); very few of the cells

FIG. 6. Adherent culture for
characterization of CD34+/
CD206+ ATMs. (A) CD34+/
CD206+ ATMs and CD34-/
CD206+ ATMs were sorted
and individually plated for
adherent culture. ASCs were
also cultured as control.
CD34+/CD206+ ATMs prolif-
erated with fibroblast-like
morphology on a plate, while
CD34- ATMs did not grow in
the adherent culture. Scale
bars = 100mm. (B) Immuno-
cytochemistry of cultured
CD34+/CD206+ ATMs and
ASCs. Cultured CD34+/
CD206+ ATMs remained ex-
pressing CD34, CD45, CD14,
and CD206 at passage 1 (P1),
while cultured ASCs ex-
pressed only CD34. After cul-
ture for several weeks (at
passage 3), CD34+/CD206+

ATMs completely lost their
expression of CD45, CD14,
and CD206, although CD34
was still partly expressed.
Thus, the cultured ATMs were
not discriminated from cul-
tured ASCs with their surface
marker expression and mor-
phology. Scale bars = 50mm.
Color images available online
at www.liebertpub.com/scd
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were CD19 + (B cells) [27]. In this previous report, however,
contaminating PB cells were not excluded. Therefore, we
aimed to accurately measure the composition of CD45 + cells
residing in the AT. We confirmed that CD206-expressing
cells were not detected in the PB, but were detected in the
AT. We were able to estimate the contamination of aspirated
AT by PB cells by using calculations based on the cell com-
position of the PB (examined by FACS), the SVF (from as-
pirated AT examined by FACS), and the AT (excised samples
embedded in paraffin and examined by immunohistochem-
istry). Our estimation may not be exact because of the pos-
sible remaining of PB cells inside vessels in the paraffin-
embedded AT. Regardless, this is the first report on the
cellular composition of AT-resident hematopoietic cells that
takes into account and subtracts out contaminating PB cells.
It was concluded that AT-resident hematopoietic cells in
nonobese subjects were composed predominantly of mac-

rophages (constituting *60%) and lymphocytes (constitut-
ing *40%), the latter of which were predominantly
composed of helper T cells (60%–70%), NK cells (30%–40%),
and no B cells. T lymphocytes, especially cytotoxic T lym-
phocytes, have been shown to infiltrate obese AT, consistent
to the degree of adiposity, and secrete inflammatory factors
[5,6]. In this study, nonobese AT contained a negligible
number of cytotoxic T cells. This was also observed for
macrophages; CD206 - macrophages that correspond to the
M1 state inflammatory macrophages can constitute up to
40% of the cells in obese AT [28,29]. These cells were detected
only in small numbers in our nonobese AT samples.

The molecular repertoire of M2 macrophages includes
proteins, such as the mannose receptor (CD206), that are
expressed at very low levels by M1 macrophages [10,13,30–
32]. Our analyses demonstrated that cells expressing CD206
and CD14 accounted for the main population (about 60%) of

FIG. 7. Mesenchymal differ-
entiation of CD34 +/CD206 +

ATMs in comparison with
ASCs. (A) Representative mi-
croscopic images of differen-
tiation assays for adipogenic,
osteogenic, and chondrogenic
pathways. Lipid droplets of
differentiated adipocytes were
stained in red (Oil red O
staining), while calcium de-
posits resulting from osteo-
genic differentiation were
stained in black with von
Kossa staining. Chondrogen-
esis was assessed by Alcian
blue staining. Control cells
cultured in control medium
were also stained in each as-
say. Scale bars = 100mm. (B)
Quantitative evaluations of
mesenchymal differentiation
into adipogenic, osteogenic,
and chondrogenic lineages
(n = 3). Each differentiation
capacity was evaluated by
measuring lipid droplet con-
tent (adipogenic), total cal-
cium content (osteogenic), or
micromass diameter (chon-
drogenic). *P < 0.05. Error
bars represent SEM. Color
images available online at
www.liebertpub.com/scd
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hematopoietic cells and for more than 90% of CD45 +/CD14 +

ATMs in lean patients. Because almost no CD206 + cells were
detected in the PB and all CD206 + cells were CD14-positive,
we used the phenotypic marker CD206 to identify anti-in-
flammatory ATMs as described in previous studies [32].
Whole-mount staining demonstrated that there were quite a
few CD206 + ATMs in intact AT. Some of them reside in the
interstitial space between adipocytes, but most reside in
periendothelial regions where ASCs are thought to be lo-
calized [33–35]. A previous study on ATMs in lean mice [11]
reported that M2 ATMs reside between adipocytes and oc-
casionally associated with blood vessels, which is supported
by the present study. More recently, it was shown that some
adipocytes originate from fetal vascular endothelium [36]
and ASCs may be physiological progenitors for both adi-
pocytes and vascular endothelial cells [37], which may also
suggest a close relationship among CD206 + ATMs, adipo-
cytes, and vascular cells.

Our results indicated that some of the perivascular ATMs
coexpressed CD34. Flow cytometric analysis showed that
11.2% of ATMs (CD45 +/CD14 +/CD206 + cells) in the SVF
expressed CD34. This provides new insights for translating
previous studies. For example, CD45 +/CD34 + cells that re-
side in the AT are phenotypically macrophages, at least in
part, and some researchers, including us, have already
pointed out that the proportion of CD45 +/CD34 + cells in AT
is higher than in PB. However, the identity of these cells
remains unknown. Cousin B et al. [15] demonstrated that
CD45 +/CD34 + cells in mice AT are hematopoietic stem/
progenitor cells due to their ability to form hematopoietic
colonies in methylcellulose. Recent reports also suggest the
presence of functional hematopoietic stem/progenitor cells
in AT [16]. Hematopoietic stem/progenitor cells predisposed
to forming monocytes/macrophages are located in the ad-
ventitia of murine aortas [38], which harbor tissue-specific
progenitors with the potential to differentiate into vascular
endothelial and smooth muscle cells [39]. Thus, the CD34 +

ATMs might also function physiologically as hematopoietic
progenitor cells in the AT.

Although CD34 is a hallmark of hematopoietic stem cells
[40,41], it is also expressed in a wide variety of non-
hematopoietic cells, such as vascular endothelial cells and
ASCs. We previously attempted to compare CD34 + and
CD34 - fractions within shortly cultured ASCs and the re-
sults suggested that CD34 expression may correlate more
with immaturity or the endothelial lineage than with mes-
enchymal or pericyte lineages [28]. In the present study, we
observed many distinct features between CD34 +/CD206 +

ATMs and CD34 -/CD206 + ATMs. Only CD34 +/CD206 +

ATMs acted like stromal cells and were capable of growing
in adherent culture, suggesting that CD34 expression in
ATMs might be greatly involved in cell adhesion. Compre-
hensive gene expression analyses also revealed that both cell
populations had clear differences in gene expression patterns
related to cell adhesion, vascular development, and extra-
cellular matrix organization.

Our results revealed that CD34 +/CD206 + ATMs share
many biological features with ASCs. First, both are localized
in the perivascular region, like pericytes in the AT. Second,
CD34 +/CD206 + ATMs were adherent and lost expression of
CD45 and CD14 over time in culture and they possessed
similar expression profiles and morphologies as ASCs. Third,

CD34 +/CD206 + ATMs display mesenchymal multipotency
by differentiating toward the adipogenic, osteogenic, and
chondrogenic lineages. Finally, microarray analysis revealed
that CD206 +/CD34 + ATMs and ASCs share many gene
clusters related to extracellular organization, cell adhesion,
cell migration, and vascular development. Both populations
displayed a higher expression of mesenchymal markers and
pericyte markers than CD34 -/CD206 + ATMs. Previous
studies demonstrate that ASCs can be converted into mac-
rophages depending on the microenvironment [42] and vice
versa [43]. This suggests that both ASCs and macrophages
have substantial plasticity and are closely related to each
other. In addition, some studies suggest that certain adipo-
cytes and adipose progenitor cells originate from bone
marrow-derived cells [44–46], although there was a contra-
dictory report that failed to demonstrate transdifferentiation
of bone marrow-derived cells into adipocytes [47]. Our study
demonstrated high adipogenic differentiation capacity of
CD34 +/CD206 + ATMs. Previous findings that some ASCs
are derived from trafficked bone marrow-derived cells [46]
may explain the origin and function of CD34 +/CD206 +

ATMs. Furthermore, there have also been reports that sug-
gest a close relationship between endothelial progenitor cells
and monocyte/macrophages, which mimic each other in
many aspects [48,49]. Our microarray data indicates that
CD34 +/CD206 + ATMs display a higher expression of en-
dothelial progenitor markers, such as KDR, Tie-1, and Tie-2
compared to ASCs, CD34 -/CD206 + ATMs, and PB-
monocytes, suggesting CD34 +/CD206 + ATMs may be as-
sociating in some way with endothelial progenitor cells. The
relationship among CD34 +/CD206 + ATMs, ASCs, and en-
dothelial cells is quite an interesting question, so further
study from various angles is needed.

In the present study, many experiments were based
mainly on marker expressions of cells. In this regard, we
should consider that some epitopes of antigens may have a
cross reaction with doubtful antibodies. For example, it was
reported that human mesenchymal stromal cells expressed
CD14 cross-reactive epitopes depending on the clone of an-
tibody [50].

In conclusion, we identified a novel population of ATMs
(M2 macrophages) that express CD34 and CD206, share
properties of monocytes/macrophages and ASCs, and are
distinct from CD34 -/CD206 + ATMs. These CD34 +/CD206 +

ATMs exist in nonobese AT in high numbers (constituting
5%–10% of AT-resident hematopoietic cells) and are located
perivascularly like pericytes and ASCs. They highly express
various gene clusters related to cell adhesion, cell migration,
vascular development, extracellular matrix organization, and
macrophage-specific and endothelial markers. They also
demonstrated a high differentiation capacity toward adipo-
genic, osteogenic, and chondrogenic lineages. Altogether this
report, along with previous reports, suggests that CD34 +/
CD206 + ATMs may migrate from bone marrow, home to
AT, and functionally differentiate into various lineages, in-
cluding adipocytes, endothelial cells, and macrophages for
AT maintenance and remodeling.
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