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Mesenchymal stromal cells (MSCs) are cultured cells that can give rise to mature mesenchymal cells under
appropriate conditions and secrete a number of biologically relevant molecules that may play an important role
in regenerative medicine. Evidence indicates that pericytes (PCs) correspond to mesenchymal stem cells in vivo
and can give rise to MSCs when cultured, but a comparison between the gene expression profiles of cultured
PCs (cPCs) and MSCs is lacking. We have devised a novel methodology to isolate PCs from human adipose
tissue and compared cPCs to MSCs obtained through traditional methods. Freshly isolated PCs expressed
CD34, CD140b, and CD271 on their surface, but not CD146. Both MSCs and cPCs were able to differentiate
along mesenchymal pathways in vitro, displayed an essentially identical surface immunophenotype, and ex-
hibited the ability to suppress CD3+ lymphocyte proliferation in vitro. Microarray expression data of cPCs and
MSCs formed a single cluster among other cell types. Further analyses showed that the gene expression profiles
of cPCs and MSCs are extremely similar, although MSCs differentially expressed endothelial cell (EC)-specific
transcripts. These results confirm, using the power of transcriptomic analysis, that PCs give rise to MSCs and
suggest that low levels of ECs may persist in MSC cultures established using traditional protocols.

Introduction

Mesenchymal stem cells are defined as cells able to
self-renew and give rise to a number of cell types

characteristic of mesenchymal tissues [1]. Since most works
on this cell type use cultured cells operationally defined as
mesenchymal stem cells because of their adherence to plastic,
proliferation, and differentiation in vitro without clear evi-
dence of their self-renewal in vivo, the term multipotent
mesenchymal stromal cell (MSC) has been proposed to be
more appropriate to describe these cultured cells [2]. The
differentiation capabilities of MSCs make their use interest-
ing for tissue engineering [3]. MSCs may also be important in
regenerative medicine owing to their trophic and immuno-
modulatory properties [4].

A recurrent question regarding MSCs concerns their
in vivo origins, that is, which cells give rise to MSC cul-

tures? Various types of evidence indicate that pericytes
(PCs), cells that wrap around endothelial cells (ECs) in
blood vessels, are the best candidates [5]. One way to an-
swer the question above would be to isolate PCs and cul-
ture them as MSCs to see if the characteristics of both cell
populations match.

PC-associated molecules [6] could be used to select PCs,
but their expression does not always distinguish PCs from
other cells. For example, the use of CD146 as a marker for
PC isolation may provide a cell population that contains not
only PCs but also ECs and smooth muscle cells, which also
express this molecule [7]. Even when CD146 was combined
with other marker molecules to isolate PCs, the resulting
cell population still could not be considered free of cells
from the tunica adventitia of blood vessels [8].

In view of the above, we sought to circumvent some of
the problems related to PC isolation by using a functional
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selection criterion, namely the ability to adhere to tissue
culture-treated plastic surfaces, in addition to expression of
a PC surface maker and the absence of expression of an EC
surface molecule. Adipose tissue (AT) was chosen as the
source of cells because its stromal–vascular fraction (SVF),
which contains PCs and can give rise to cultured MSCs, can
be easily separated from parenchymal cells by centrifuga-
tion after enzymatic disaggregation [9]. The PC marker
chosen was the antigen defined by the 3G5 antibody [10,11].
This antigen has been reported to be present in perivascular
cells in human AT and, additionally, to yield the highest
number of fibroblastic colonies when used as a marker for
positive cell selection compared with CD146 or the antigen
defined by the STRO-1 antibody [12]. The marker chosen
for negative selection was CD31, which is constitutively
expressed on the surface of ECs and some leukocytes [13].

We refer to the 3G5+CD31- cell population isolated by us
as AT-derived 3G5+ cells (AT3G5Cs). AT3G5Cs were
confirmed to be periendothelial in situ. Culture-expanded
AT3G5Cs (cAT3G5Cs) were subjected to characterization
procedures in parallel with AT-derived MSCs (ATMSCs)
that were isolated and cultured using traditional methods.
cAT3G5Cs exhibited MSC characteristics such as a typical
surface molecule profile, in vitro differentiation capability,
and ability to suppress CD3+ lymphocyte proliferation in
vitro. Clustering analyses of the gene expression profiles of
cAT3G5Cs and ATMSCs showed that these two cell types
form a single distinct cluster among other cell types. Further
analyses indicated that the number of molecules differen-
tially expressed by cAT3G5Cs and ATMSCs is relatively
small and is probably related to the persistence of a small
amount of ECs in ATMSC cultures.

Materials and Methods

Reagents and materials

General reagents, culture media, and saline solutions used
in this study were purchased from Sigma-Aldrich Brasil
Ltda (São Paulo, Brazil), unless specified otherwise. Fetal
bovine serum (FBS) was acquired from Hyclone (GE Health-
care Life Sciences, Logan, UT). Plasticware used was supplied
by Greiner Bio-One Brasil Produtos Medicos Hospitalares
Ltda (Americana, Brazil). PC medium (PM) was obtained
from ScienCell Research Laboratories (Carlsbad, CA).

Enzymatic disaggregation of human AT

Human AT was obtained as discarded material from li-
posuction or postbariatric dermolipectomy surgeries at the
University Hospital of the School of Medicine of Ribeirão
Preto, University of São Paulo (HCFMRP-USP), after in-
formed consent from the patients. The Brazilian National
Commission on Ethics in Research (CONEP) has approved
the use of tissue samples from human subjects described in
this work (CAAE 0054.0.004.000-08). All tissue donors
who agreed to participate in this study provided written
informed consent. A description of AT samples and donor
characteristics is shown in Table 1.

Using a wide bore pipette, liposuction material was dis-
pensed into 50-mL centrifuge tubes (*30 mL per tube),
which contained 15 mL of Ca2+ and Mg2+-free Hank’s bal-
anced salt solution with added 10 mM HEPES (CMF-HB-

HBSS). Tubes were capped and the contents mixed by
inversion. The samples were centrifuged at 600 g for 10 min.
After removal of the top oily layer with a Pasteur pipette,
the buoyant AT fractions were harvested and transferred to
fresh 50-mL centrifuge tubes to estimate their volume.
When dermolipectomy material was used, subcutaneous AT
was cut into small fragments with surgical scissors, and the
volume of AT was estimated using a 50-mL centrifuge tube.
Two strategies were used for enzymatic digestion, namely
direct digestion or two-step digestion.

In the direct digestion strategy, liposuction material was
transferred to a polypropylene flask containing an equal
volume of collagenase solution [500 U of collagenase I
(Worthington Biochemical Corp., Lakewood, NJ) per mL of
phosphate-buffered saline (PBS)] and incubated at 37�C for
40 min in a water bath with intermittent swirling of the flask.
Dermolipectomy material was enzymatically disaggregated
in the same manner, except that the volume of collagenase
solution used was twice the volume of AT fragments. At the
end of the incubation, the contents of the flask were trans-
ferred to 50-mL centrifuge tubes and centrifuged (default
centrifugation conditions were 250 g for 10 min at room
temperature). The pelleted material was resuspended in
15 mL of red blood cell lysis solution [155 mM NH4Cl,
10 mM KHCO3, 0.1 mM EDTA, 1 mM sodium pyruvate,
and 50 U/mL deoxyribonuclease I (DNase I) in ultrapure
water]. After incubation for 10 min, the tube was filled with
Roswell Park Memorial Institute 1640 medium (RPMI)
containing 10% (v/v) FBS (RPMI/10) and centrifuged. The
supernatants were discarded, and the pellets were combined
and resuspended in RPMI/10. After washing by centrifu-
gation, the pellets were resuspended in RPMI/10, and viable
cells were counted using Trypan Blue in a hemocytometer.

The two-step digestion strategy was implemented to in-
crease cell yield and to reduce the absolute amount of col-
lagenase used. Accordingly, AT was mixed with an equal
volume (liposuction material) or twice its volume (dermo-
lipectomy material) of RPMI containing 2% FBS (RPMI/2)
and 300 U of type I collagenase/mL and incubated at 37�C
for 1 h in a polypropylene flask with intermittent swirling.
The resulting cell suspension was dispensed into 50-mL
centrifuge tubes and centrifuged. The supernatants were
discarded, and the pellets were combined and resuspended
into RPMI/2. After washing by centrifugation, the pellet was
resuspended in 10 mL of RPMI/2 containing 1,000 U/mL of
type I collagenase and 30 U/mL of DNase I (Worthington).
This cell suspension was incubated at 37�C in a water bath
for 40 min to 1 h, with short intervals made to help digestion
by pipetting. Remaining cell clumps were removed by fil-
tering with a 100-mm pore cell strainer. After centrifugation
and disposal of the supernatant, the pelleted material was
resuspended in 15 mL of red blood cell lysis solution
and incubated for 10 min. The tube was then filled with
RPMI/2 and centrifuged. The pellet was resuspended in
RPMI/2, and viable cells were counted with Trypan Blue
in a hemocytometer.

Isolation and expansion of ATMSCs

After enzymatic disaggregation, 1 · 106 viable cells were
seeded into 100-mm Petri dishes (about 15,000 cells/cm2) in
7 mL of low-glucose Dulbecco’s Modified Eagle’s Medium
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(DMEM) containing 10% (v/v) FBS (DMEM/10), 1%
Fungizone (Life Technologies do Brasil Ltda, São Paulo,
Brazil), and 1% penicillin/streptomycin solution. DMEM
used in this study was modified to contain 2.2 g of sodium
bicarbonate per liter and 2.6 g of sodium HEPES per liter
since the amount of CO2 used in the incubators was 5%.
Cells were maintained in an incubator at 37�C with a hu-
midified atmosphere containing 5% CO2. Three days later,
most nonadherent cells were removed along with medium
change, and further medium changes were performed twice
a week [14].

When cultures were 90% confluent, the medium was re-
moved; the cells were rinsed once with cell detachment
basal solution (CMF-HB-HBSS containing 1 mM sodium
pyruvate and 0.5 mM EDTA), and then incubated with the
same solution for 1 min. This solution was then replaced by
cell detachment solution (cell detachment basal solution
containing 0.025% trypsin), and cells were incubated at
37�C for 5–10 min. Cell suspensions were removed from the
dishes, mixed with an equal volume of RPMI/10, centri-
fuged, and resuspended in DMEM/10. Cells were seeded at
a density of 250,000 viable cells per 100-mm Petri dish
(about 3,500 cells/cm2) in 7 mL of DMEM/10. Subsequent
passages were performed in the same way.

At the end of the second passage, ATMSCs were subjected
to analyses or were frozen in FBS containing 10% (v/v)
of dimethyl sulfoxide. In some occasions, primary cultures
were subjected to flow cytometric analyses; in these cases,

trypsin concentration used for cell harvesting was 0.25%
instead of 0.025%.

Isolation of AT3G5Cs

After enzymatic disaggregation, cells were transferred to
150-mm Petri dishes at a concentration of 2.5 · 107 viable
cells in 20 mL RPMI/2 per dish (about 150,000 cells/cm2).
The bottom of the dishes was coated with 5 mL of RPMI/2
right before addition of the cell suspension to minimize
spurious cell attachment. The dishes were incubated at 37�C
in a humidified atmosphere with 5% CO2 from 0.5 to 1.5 h
to allow the cells to settle down and attach to the plastic.

After incubation, most nonadherent cells and visible
clumps were removed by aspiration of the medium. The
remaining nonadherent cells were removed by tilting the
dishes and rinsing at least twice with 10 mL of CMF-HB-
HBSS, dispensing the solution in zigzag at the most elevated
end of the dish, and collecting it at the opposite end. Each
150-mm dish received 10 mL of cell detachment solution
and was incubated at 37�C for 10 min. Trypsin was in-
activated by addition of 5 mL of RPMI/10 per dish. The
contents of each dish were combined in 50-mL tubes and
centrifuged. At the end of centrifugation, the cell pellets
were combined and counted. Cells were then either sub-
jected to antibody staining for fluorescence-activated cell
sorting (FACS) right away or resuspended in 20 mL of
RPMI 1640 containing 20% FBS and 50 U of DNase I and

Table 1. Characteristics of Tissue Donors, Samples, and Cultures Established in This Work

Donor Gender Age Surgery type Body site Cultures established

01 Female 19 Liposuction Thigh cAT3G5Cs, ATMSCs
02 Female 41 Liposuction Thorax, close

to the breast
cAT3G5Cs, ATMSCs

03 Female 44 Liposuction Abdomen cAT3G5Cs, ATMSCs
04 Female 39 Liposuction Pool from

various sites
cAT3G5Cs, ATMSCs

05 Female 30 Liposuction Not assessed cAT3G5Cs, ATMSCs
06 Female 27 Liposuction Not assessed cAT3G5Cs, ATMSCs
07 Female 40 (?) Liposuction Not assessed cAT3G5Cs, ATMSCs
08 Female 50 Dermolipectomy Not assessed cAT3G5Cs, ATMSCs
09 Male 35 Liposuction Lower back

and flanks
cAT3G5Cs, ATMSCs

10 Female 49 Dermolipectomy Not assessed cAT3G5Cs, ATMSCs
11 Female 25 Liposuction Not assessed sample used for flow cytometry

of fixed cells
12 Female 55 Dermolipectomy Arms cAT3G5Cs, ATMSCs
13 Female 29 Dermolipectomy Not assessed cAT3G5Cs lost owing to contamination

after FACS
14 Female 26 Liposuction Not assessed cAT3G5Cs lost owing to contamination

after FACS; ATMSCs established
15 Female 39 Liposuction Not assessed cAT3G5Cs lost owing to contamination

after FACS; ATMSCs established
16 Female 33 Liposuction Abdomen cAT3G5Cs (after decontamination);

ATMSCs
17 Female 42 Dermolipectomy Not assessed cAT3G5Cs, ATMSCs
18 Female 40 Liposuction Lower back cAT3G5Cs, ATMSCs
19 Male 57 Liposuction Sides of the

abdomen
cAT3G5Cs lost owing to contamination

after FACS; ATMSCs
20 Female 31 Liposuction Lower back sides cAT3G5Cs, ATMSCs

A question mark beside donor 07 denotes that her age was estimated.
ATMSCs, adipose tissue-derived mesenchymal stromal cells; cAT3G5Cs, cultured adipose tissue-derived 3G5+CD31- cells; FACS,

fluorescence-activated cell sorting.
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kept at 4�C overnight to start antibody staining the next
morning.

For antibody staining, cells were sequentially stained with
an anti-CD31 antibody and the 3G5 antibody. The anti-
CD31 antibody used was a mouse IgG1 present in the su-
pernatant of the P2B1 hybridoma (Developmental Studies
Hybridoma Bank, Iowa City, IA), which was concentrated
by centrifugation using Amicon Ultra-15 centrifugal filter
units with a nominal molecular weight limit of 100,000 kDa
(Millipore, Billerica, MA). The 3G5 antibody (mouse IgM)
used corresponded to the supernatant of the 3G5 hybridoma
(catalog # CRL-1814; American Type Culture Collection,
Manassas, VA) concentrated in the same way. The amounts
of concentrated supernatants used in immunostainings were
defined by titration assays.

Immunostaining for FACS was performed at low tem-
peratures (4–8�C) throughout the process. Cells were re-
suspended in cold phenol red-free DMEM containing 2% (v/
v) FBS (PRF-DMEM/2) at a concentration of 1 · 108 cells/
mL. The P2B1 supernatant concentrate was added to the cell
suspension at a concentration of 0.5 mL per 1 · 106 cells.
Cells were incubated at 4�C for 30 min and washed by ad-
dition of 3 mL of cold PRF-DMEM/2, followed by centri-
fugation at 400 g for 5 min at 8�C. The supernatant was
discarded, and cells were resuspended in cold PRF-DMEM/
2 at a concentration of 1 · 108 cells/mL. An F(ab¢)2 fragment
of goat anti-murine IgG antibody conjugated with Alexa
Fluor 633 (Life Technologies do Brasil Ltda, São Paulo, SP,
Brazil) was added to the cell suspension at a concentration
of 0.5 mg per 1 · 106 cells. Cells were incubated at 4�C for
30 min and washed by addition of 3 mL of cold PRF-
DMEM/2, followed by centrifugation at 400 g for 5 min at
8�C. The supernatant was discarded, and cells were washed
one additional time. After discarding the supernatant, cells
were resuspended in cold PRF-DMEM/2 at a concentration
of 1 · 108 cells/mL.

The 3G5 supernatant concentrate was added to the cell
suspension at a concentration of 0.5mL per 1 · 106 cells. Cells
were incubated at 4�C for 30 min and washed by addition of
cold 3 mL PRF-DMEM/2, followed by centrifugation at 400 g
for 5 min at 8�C. The supernatant was discarded, and cells were
resuspended in cold PRF-DMEM/2 at a concentration of
1 · 108 cells/mL. A goat anti-murine IgM antibody conjugated
with Alexa Fluor 350 (Life Technologies) was added to the cell
suspension at a concentration of 0.5mg per 1 · 106 cells. Cells
were incubated at 4�C for 30 min and washed by addition of
cold 3 mL PRF-DMEM/2, followed by centrifugation at 400 g
for 5 min at 8�C. The supernatant was discarded, and the cells
were resuspended in cold PRF-DMEM/2 at a concentration of
1 · 107 cells/mL. At this point, the cell suspension received the
additional 50 U of DNase I per mL to minimize cell clumping
and 0.75mg of 7-aminoactinomycin D (7-AAD; BD Bios-
ciences, San Jose, CA) per mL to identify nonviable (7-AAD+)
cells. A control tube containing 200,000 cells was prepared in
the same way as described for the cells immunostained for
FACS, except that isotype-matched unspecific antibodies used
at a concentration of 1mg/1 · 106 cells were substituted for the
anti-CD31 and the 3G5 antibodies.

FACS was performed using the FACSAria cell sorter
equipped with 350 nm, 488 nm, and 647 nm lasers, and a
100-mm-wide nozzle (BD Biosciences). The temperature of
the sample compartment was set to 4�C and the sample

holder was programmed to spin the sample intermittently.
The control tube was run through the sorter to set baseline
fluorescence values for each channel used, make any nec-
essary compensation adjustments, and adjust the drop delay
parameter. The cell suspension that contained the cells im-
munostained for sorting was filtered through a 40-mm cell
strainer to remove any major clumps, and then run through
the sorter. Sorting gates were drawn to allow discrimination
of 7-AAD-3G5+CD31- events, 7-AAD-3G5-CD31+ events,
and 7-AAD-3G5+CD31+ events. The sorting mask was set to
purity or single cell.

Sorted cells were collected either in 15-mL conical tubes
containing 6 mL of culture medium or directly in six-well
culture plates containing 2 mL of culture medium. In the
latter case, the number of cells plated per well varied from
as few as 5,000 cells to as many as 100,000 cells.

Expansion of AT3G5Cs in culture

During FACS, 3G5+/CD31- cells were collected directly in
six-well plates coated with poly-L-lysine (2mg/cm2) and
containing 2 mL of PM. PM consisted of a proprietary basal
medium containing 2% FBS, penicillin/streptomycin solution,
and PC growth supplement. The PC growth supplement
components and their final concentrations in PM were as fol-
lows: bovine serum albumin (BSA; 10mg/mL), apo-transferrin
(10mg/mL), insulin (5mg/mL), epidermal growth factor (2 ng/
mL), fibroblast growth factor 2 (2 ng/mL), insulin-like growth
factor 1 (2 ng/mL), and hydrocortisone (1mg/mL).

Cells were subcultured whenever they reached 90%
confluence. Subculturing was performed as follows: cells
were harvested by rinsing the cell monolayers with CMF-
HB-HBSS and incubating them with cell detachment solu-
tion at 37�C for 5 min; the resulting cell suspensions were
mixed with one volume of RPMI/10 for every four volumes
of cell suspension and centrifuged; the cells were re-
suspended in PM, counted, and seeded in new poly-L-
lysine-coated flasks at a density of 1,000 cells/cm2.

Flow cytometry

For direct detection of surface molecules by flow cytometry,
1 · 105 cells were resuspended in 100mL of PBS or culture
medium containing 2% FBS and were stained with 0.1mg of
fluorochrome-labeled antibody for 20 min at room temperature
in the dark. Antibodies used included anti- CD13, CD14,
CD29, CD31, CD34, CD44, CD45, CD49a, CD49e, CD51/61,
CD54, CD56, CD73, CD90, CD105, CD106, CD144,
CD140b, CD146, CD166, CD271, KDR, HLA-ABC, and
HLA-DR or isotype controls (BD Biosciences). After washing
with PBS, cells were resuspended into 300mL of PBS, and
fluorescence was read in a FACSCalibur flow cytometer (BD
Biosciences).

The anti-nerve/glial antigen 2 (NG2) antibody used was
from R&D Systems (Minneapolis, MN). The 3G5 antibody
was used in line with an Alexa Fluor 488-conjugated anti-
IgM secondary antibody (Life Technologies). In some oc-
casions, fluorescence was read in a FACSAria cell sorter. In
some experiments, cells received concomitant addition of
two antibodies labeled with nonoverlapping fluoro-
chromes. Flow cytometry histograms were generated using
Cyflogic 1.2.1 (CyFlo Ltd, Turku, Finland; freely available
at http://www.cyflogic.com/).
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For a detailed comparison of frequencies of positive cells
and geometric mean fluorescence intensity (MFI), four
ATMSC and four cAT3G5C populations from matching
donors (ATMSCs 06, 08, 09, and 10, and cAT3G5Cs 06, 08,
09, and 10), which were established after the implementation
of the adherence selection step, were harvested at the end of
the second or third passages. Frequencies of positive cells
were obtained by subtracting the frequency of false-positive
events in control tubes from the frequency of positive cells in
tubes stained for the indicated surface molecules.

Sample size for most analyses was four in each group
(ATMSCs or cAT3G5Cs), with rare exceptions in some
cases, in which data were missing owing to faulty or missing
antibodies used on the days of the data acquisitions. These
exceptions were CD49e and CD56 in cAT3G5Cs 09, CD166
in ATMSCs 10, and NG2 in ATMSCs 08, ATMSCs 09,
cAT3G5Cs 08, and cAT3G5Cs 09. Student’s t-test was used
for statistical comparisons of frequencies or log(2) MFIs of
each marker between ATMSCs and cAT3G5Cs, except when
data did not pass tests for normality or homogeneity of var-
iance. In these cases, Mann–Whitney rank sum tests were
used to detect significant differences. Differences were con-
sidered significant when the calculated P value was £ 0.01.

Differentiation assays

Osteogenic differentiation was performed on ATMSCs or
cAT3G5Cs from matching donors at similar passage num-
bers. Cells used in the experiments were harvested between
passages 3–7. Cells were seeded at a density of 5 · 104 cells
per well in six-well dishes in 2.5 mL of DMEM/10 con-
taining 1 · 10-8 M dexamethasone and 50 mg/mL ascorbic
acid 2-phosphate for 10 days when this medium formulation
was augmented with 2 mM b-glycerophosphate and cells
were cultured for additional two weeks. Calcium-rich ex-
tracellular matrix (ECM) was detected by staining with
Alizarin Red S.

Adipogenic differentiation was performed on ATMSCs or
cAT3G5Cs from matching donors at similar passage num-
bers. Cells used in the experiments were harvested between
passages 3–7. Cells were seeded at a density of 1 · 105 cells
per well in six-well dishes in DMEM/10 containing 1 · 10-8

M dexamethasone and 5mM rosiglitazone for 7 to 10 days
when this medium was augmented with 5mg/mL bovine
insulin and cells were cultured for additional time (1–2
weeks). Lipid-containing vacuoles were stained with Oil Red
O, and cells were counterstained with Harris hematoxylin.

For chondrogenic differentiation, cells were harvested
between passages 3–7, washed in serum-free DMEM, and
resuspended at a concentration of 1 · 106 cells/mL in a de-
fined chondrogenic medium (high-glucose DMEM, 1%
ITS+, 1% nonessential amino acids, 1 mM sodium pyruvate,
1 · 10-7 M dexamethasone, 50mg/mL ascorbic acid 2-
phosphate, and 100 ng/mL transforming growth factor b3
[15,16]). Cells were dispensed into polypropylene freezing
vials with a conical bottom at a density of 250,000 cells per
tube and placed in a tissue culture incubator with the cap
slightly loose to permit gas exchange. Cells deposited to the
bottom of the tubes and formed aggregates, which were
cultured for 3 weeks in 250mL of chondrogenic medium
with three medium changes a week. At the end of the culture
period, cell aggregates were washed in PBS, fixed for

15 min in 4% paraformaldehyde in PBS, washed once again
with PBS, and subjected for standard processing for paraffin
embedding. Cell aggregates were sectioned at 5 mm, trans-
ferred to histological slides, deparaffinized, and stained with
Toluidine Blue O to allow visualization of sulfated gly-
cosaminoglycans by metachromasia (color change from
blue to purple).

Inhibition of T-cell proliferation assay

The inhibitory effect of PCs and ATMSCs from two
different donors on allogeneic lymphocyte proliferation was
tested using the carboxyfluorescein diacetate succinimidyl
ester (CFSE) dilution method as follows. Peripheral blood
mononuclear cells (PBMNCs) from healthy donors were
isolated by centrifugation of peripheral blood samples on a
Ficoll-Hypaque density gradient, labeled with CFSE (Life
Technologies) at a final concentration of 10 mM for 10 min
at 37�C, and resuspended in RPMI supplemented with 5%
human serum albumin.

CFSE-labeled PBMNCs (5 · 105 cells/mL) were added to
24-well plates (1 mL/well), which had been previously
seeded with PCs or ATMSCs at six different PC:PBMNC or
ATMSC:PBMNC ratios (1:2, 1:5, 1:10, 1:20, 1:50, and
1:100) in the presence of 0.5 mg/mL of phytohemagglutinin.
Cocultures were incubated for 5 days at 37�C in an atmo-
sphere containing 5% CO2. On the fifth day of coculture,
PBMNCs were harvested, stained with a phycoerythrin-
conjugated anti-CD3 antibody (BD Biosciences), and ana-
lyzed by flow cytometry to determine the intensity of CFSE
fluorescence in CD3+ cells. Controls included CFSE-labeled
PBMCs stimulated with phytohemagglutinin in the absence
of PCs or ATMSCs and CFSE-labeled PBMNCs cultured in
the absence of phytohemagglutinin, PCs, or ATMSCs.

Karyotyping

PCs used for cytogenetic investigation were harvested at
the third passage and treated with colcemid solution (Irvine
Scientific, Santa Ana, CA) at 37�C for 1 h. Cells were
subjected to hypotonic treatment by incubation in KCl so-
lution at 37�C for 20 min and fixed with methanol and acetic
acid according to standard procedures. Metaphases were G-
banded with trypsin (Irvine Scientific).

Criteria for defining an abnormal karyotype were the
presence of at least two metaphases showing the same
structural abnormality or chromosome gain in at least two
metaphases or loss of the same chromosome in at least three
metaphase cells. The metaphase images were acquired using
an Axio Imager M2 microscope (Zeiss, Jena, Germany)
equipped with BandView software, version 5.5 (ASI,
Carlsbad, CA). Automatic identification of chromosomes
was based on the average resolution of 450 bands per hap-
loid set. A minimum of 20 metaphases were analyzed using
the BandView software (ASI).

Slides for spectral karyotype (SKY) analysis were pre-
pared using the same fixed chromosome preparations em-
ployed for G-banding analysis. Chromosome labeling was
done with an SKY fluorescent labeling kit (Applied
Spectral Imaging, Migdal HaEmek, Israel) according to the
manufacturer’s protocol. Image acquisition was performed
with an SD200 Spectracube (Applied Spectral Imaging)
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mounted on an Axio Imager M2 microscope (Zeiss) using a
custom-designed optical filter (SKY-1; Chroma Technol-
ogy, Brattleboro, VT). Automatic identification of chromo-
somes was based on the measurement of the spectrum for
each chromosome. A minimum of 20 metaphases were an-
alyzed using the SkyView 5.5 software (ASI).

Immunofluorescence

Subcutaneous AT fragments of around 2 cm3 from pa-
tients who underwent dermolipectomy surgeries were in-
cluded in optimal cutting temperature compound (OCT) and
frozen in liquid nitrogen. Specimens were sectioned in a
cryostat at a temperature of -20�C; section thickness was set
to 7mm. Sections were transferred to gelatin-coated glass
slides and stored at -20�C until use.

All procedures used for immunostaining were performed at
room temperature. Slides used for immunostaining were
rinsed with PBS to remove OCT, and sections were circled
with a histological pen. Before antibody staining, slides were
incubated with 5% nonfat powdered milk in PBS for 30 min
to minimize nonspecific antibody binding. Sections were then
covered with the supernatant of the 3G5 hybridoma and in-
cubated for 30 min. After rinsing with 0.5% nonfat milk in
PBS, sections were incubated for 30 min with an Alexa Fluor
488-conjugated goat anti-mouse IgM antibody (Life Tech-
nologies) at a concentration of 0.5 mg/mL in PBS containing
1% BSA. Sections were rinsed with 0.5% nonfat milk in PBS,
covered with the supernatant of the P2B1 hybridoma, and
incubated for 30 min. Sections were rinsed with 0.5% nonfat
milk in PBS, and then incubated with an Alexa Fluor 594-
conjugated goat anti-mouse IgG at a concentration of 0.5 mg/
mL in PBS containing 1% BSA for 30 min.

Slides were rinsed with PBS and incubated with a 4¢,6-
diamidino-2-phenylindole (DAPI) solution for 15 min be-
fore mounting with a coverslip. Mounting medium consisted
of a 1:9 mixture of PBS and glycerol containing a final
concentration of 5 mg/mL of n-propyl gallate. Control slides
were prepared in the same way as described above, except
that nonspecific isotype-matched antibodies at a concentra-
tion of 0.5 mg/mL were substituted for the 3G5 and P2B1
antibodies. Slides were analyzed under an upright epi-
fluorescence microscope (Axioskop2; Zeiss) or on an in-
verted confocal microscope (LSM 710; Zeiss). Images were
captured through digital cameras attached to the micro-
scopes using the software provided by the manufacturer.

Microarray hybridization and scanning

RNA was extracted using TRIzol LS reagent (Life Sci-
ences) and cleaned up using the RNeasy mini kit (QIAGEN
Biotecnologia Brasil Ltda, São Paulo, Brazil) following
manufacturers’ instructions. RNA was quantified using a
NanoDrop 1000 spectrophotometer (ThermoScientific,
Wilmington, DE).

Oligonucleotide microarrays from two 4 · 44K Whole
Human Genome Microarray Kits (Agilent, G4112F, and
G4845A; design IDs 014850 and 026652, respectively),
which contain probes for more than 41,000 gene transcripts,
were used to analyze gene expression of the samples. A
predetermined amount of control bacterial RNA from the
One-Color RNA Spike-In Kit (5188-5282; Agilent) was

added to total RNA before synthesis of complementary
RNA (cRNA) and labeling with cyanine 3 (Cy3) using the
One-Color Quick Amp Labeling Kit (5190-0442; Agilent).
RNA was reverse transcribed using oligo (dT) containing a
promoter for RNA T7 polymerase. The resultant cDNA was
purified, fragmented, and used as template for cRNA in vitro
transcription using T7 RNA polymerase and nucleotides,
which included Cy3-CTP for labeling. The cDNA obtained
was purified using the Illustra RNAspin mini Kit (25050071;
GE Life Sciences).

cDNA quantitation and labeling efficiency were deter-
mined using a NanoDrop 1000 spectrophotometer (Thermo-
Scientific). Labeled cRNA was hybridized with microarray
slides using the Gene Expression Hybridization Kit (5188-
5242; Agilent) in SureHyb hybridization chambers (G2534A;
Agilent) for 17 h at 65�C at 10 RPM in a hybridization oven
(G2545A; Agilent). After hybridization, microarray slides
were washed and dried. The slides were then scanned at
535 nm with a resolution of 5 mm/pixel using a DNA Micro-
array Scanner with Sure Scan High-Resolution Technology
(Agilent Technologies). Expression data were extracted using
Agilent’s Feature Extraction software versions 8.5 or 11.5.
Microarray raw data files have been deposited in NCBI’s
Gene Expression Omnibus (GEO; www.ncbi.nlm.nih.gov/
geo/) as data series GSE67747.

Microarray analyses

To compare data from the two microarray design IDs, one
tab-delimited text file corresponding to each design was
selected to define probes common to both using Microsoft
Excel’s VLOOKUP function after filtering out probes cor-
responding to controls. Since both designs contain a non-
matching number of repeated probes, the resulting probe list
had duplicate probes removed by checking the option, un-
ique records only, in Excel’s advanced filter. The resulting
unique probe list, which contained 18,561 probes, was
used as a reference to remove probes (and their associated
parameter values), which were not shared by both designs
using Excel’s VLOOKUP function after organizing probe
names in the ascending order. Nonunique probes were re-
moved using Excel’s advanced filter, and data files were
used for downstream analyses.

Analyses were performed using BRB-ArrayTools
(version 4.3.1) developed by Dr. Richard Simon and the
BRB-ArrayTools Development Team, available at http://
linus.nci.nih.gov/BRB-ArrayTools.html. Data files were
imported to BRB-ArrayTools using its general format im-
porter tool. The unique ID was defined as the probe name, the
intensity value was set as the processed signal of the green
channel (gProcessedSignal column), the column, gIsFeat-
NonUnifOL, was set as a flag, and the column, gNumPix, was
set as the spot size descriptor. Expression data were converted
to log2 values and subjected to quantile normalization.
Whenever samples were grouped, log2 expression values for
each probe were averaged within each group.

Statistical analyses were performed using the class com-
parison between groups of arrays tool in BRB-ArrayTools
using default settings, which include a nominal significance
level of 0.001 for each univariate test. Before these analyses,
samples were grouped according to their characteristics,
flagged spots and spots with a size <10 were removed, and
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genes that contained more than 50% of missing values were
excluded.

To detect pathways over-represented in gene lists resul-
tant from statistical analyses, gene lists were analyzed using
the Functional Annotation Tool in Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.7 at
http://david.abcc.ncifcrf.gov/home.jsp. The identifiers used
in these gene lists were the probe names, which correspond
to AGILENT_ID in DAVID. The background used was
Homo sapiens. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways were selected for analysis. Pathways
with a Benjamini–Hochberg-corrected P value £ 0.05 were
considered significantly enriched in the gene lists analyzed.

For clustering experiments, expression intensity values
were thresholded to eight to reduce background noise;
subsequently, samples were clustered using the Euclidean
distance with average linkage. Data files included in the
clustering experiments were either generated in this study
or obtained from GEO.

Data generated by us included ATMSCs 16–18 (har-
vested at the end of passage 2), ATMSCs from donor 18
cultured in PM (ATMSCs 18 PM; harvested at the end of
passage 5), cultured adipose AT 3G5+/CD31- cells cultured
in PM (cAT3G5Cs) 1–3 [harvested at the end of passages 6
(cAT3G5Cs 1 and 2) and 7 (cAT3G5Cs 3)], and cAT3G5Cs
1–3 cultured in DMEM + 10% FBS (cAT3G5Cs 1–3
DME10; harvested at the end of the second passage), GEO
accessions GSM1655122-GSM1655131, respectively.

Data obtained from GEO were as follows: bone mar-
row MSCs (BMMSCs) 1–5, GEO accessions GSM451463,
GSM451464, GSM451465, GSM451466, and GSM451467,
respectively [17]; dermal fibroblasts (dermal FBs), GEO ac-
cession GSM242095, induced pluripotent stem cells derived
from dermal fibroblasts (dermal FB iPSCs), GEO accession
GSM241846 [18]; airway fibroblasts (airway FBs) 1–3, GEO
accessions GSM385592, GSM385593, and GSM385594,
respectively; distal lung fibroblasts (distal lung FBs) 1–3,
GSM385595, GSM385596, and GSM385597, respectively
[19]; human microvascular endothelial cells, GEO accession
GSM1103367 [20]; human umbilical vein endothelial cells
(HUVECs) 1–3, GEO accessions GSM418611, GSM418615,
and GSM418619, respectively [21]; HUVECs (senescent),
GEO accession GSM910552, HUVECs (young), GEO acces-
sion GSM910550 [22]; human embryonic stem cells (hESCs)
H9, BG03, and ES01, GEO accessions GSM910550,
GSM194390, and GSM194391, respectively [23]; peripheral
blood white blood cells (PBWBCs) 1–5, GEO accessions
GSM469524, GSM469528, GSM469532, GSM469536, and
GSM469540, respectively [24]; and dental pulp stem cells
(DPSCs) 1–3, GEO accessions GSM1105733, GSM1105734,
and GSM1105735, respectively [25].

Results

Isolation and culture of AT3G5Cs

The frequency of 3G5+ cells was highly variable in SVF
cells analyzed right after enzymatic disaggregation: 1%, 1%,
3%, 9%, 10%, and 21% in samples from six different tissue
donors. Even though cells that expressed the 3G5 antibody-
defined antigen at high levels could be clearly detected in
these samples, it was likely that a number of cells that ex-
pressed this antigen at lower levels were not detectable

because of the high background fluorescence levels owing to
dead cells and debris resultant from the enzymatic disag-
gregation procedure. The number of 3G5+ cells was variable
also in primary ATMSC cultures: 9%, 14%, 27%, and 36%
in primary cultures from four different tissue donors.

While seeking for an explanation for the highly variable
apparent frequency of 3G5+ cells in the SVF, we checked
the material retained in cell strainers used to remove gross
remnants of one freshly disaggregated tissue sample and
found that those remnants comprised mainly integer blood
vessels of small caliber. Observation of this material under
phase contrast indicated that many PCs remained attached to
these vessels (not shown). This finding called for an in-
crease in collagenase concentration, which was detrimental
to cell viability. To circumvent that problem, we performed
enzymatic disaggregation in medium containing 2% FBS;
this would prevent tryptic activity, but preserve col-
lagenolytic activity.

After processing one AT sample in this way, the resulting
population was immunostained to allow detection of
3G5+CD31- cells, which were selected by FACS, and cul-
tured in standard MSC medium. However, even after a
week in culture, the adherent cells did not proliferate. When
the medium was switched to a formulation optimized for
human PC expansion, these cells became proliferative and
gave rise to the first cAT3G5C population. From then on,
AT3G5Cs isolated by FACS were directly cultured under
PC conditions. This isolation and expansion procedure was
successfully applied to samples from other tissue donors
(Table 1); however, in some instances, variable numbers of
cells that failed to adhere were present in primary cultures
in spite of previously coating the plates with poly-L-lysine
(not shown). Additionally, the high fluorescent noise caused
by dead cells and debris during AT3G5C detection for
FACS persisted.

Since the adherent fraction of primary adipose stromal
cultures contained 3G5+ cells, we hypothesized that ad-
herence to plastic could be used both as a functional crite-
rion for the selection of 3G5+ cells and as a way to remove
most debris from the samples. Therefore, stromal–vascular
cells obtained after enzymatic disaggregation of AT were
dispensed into culture-treated plastic dishes in culture me-
dium containing a minimal amount of FBS (2%) and
allowed to attach for only a minimal amount of time (0.5 to
1.5 h) to minimize phenotypical changes before im-
munostaining for FACS. Removal of nonadherent cells and
debris by washing with saline solution, followed by har-
vesting of the cells with a low trypsin concentration, yielded
a cell sample with high quality for FACS.

In one experiment designed to visually assess the efficacy
of the isolation methodology, cells isolated by FACS were
inspected 12 h after plating; the vast majority of the
3G5+CD31- cells were found well attached to the bottom of
the plates, while most of the 3G5-CD31+ cells failed to
adhere and spread on the substratum (Fig. 1). cAT3G5Cs
exhibited cell projections up to the third day in culture (Fig.
2A) and became fibroblastoid thereafter (Fig. 2B–D).
Average population duplication time was 1.5 day during the
first three passages (not shown). Three cAT3G5C popula-
tions were checked for chromosomal abnormalities using
classical G-band karyotyping and spectral karyotyping, with
no cytogenetic alterations detected (Fig. 2C).
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In vitro functional characterization
of cAT3G5Cs and ATMSCs

When cultured under adipogenic conditions, the fre-
quency of adipocytes originating from cAT3G5Cs was far
superior compared with MSCs cultured under the same
conditions (Fig. 3A, E, I, J). In some experiments, the fre-
quency of lipid vacuole-rich cells in cAT3G5Cs subjected to
adipogenic conditions was visually estimated to be above
95%. cAT3G5Cs also deposited more mineralized matrix
than MSCs (Fig. 3C, G, L, M). To verify that cAT3G5Cs
meet minimal differentiation criteria to be classified as
MSCs, we also subjected them to chondrogenic culture
conditions. Staining of histological sections of chondrogenic
pellets showed that cAT3G5Cs produced sulfated glycos-
aminoglycans as detected by Toluidine Blue metachromasia
(Fig. 3O).

During the differentiation experiments of one of the
cAT3G5C populations established without the adherence
selection step, we could observe the formation of multinu-
cleated tubes, some of which are able to contract (Fig. 3P).
In that case, the myogenic cells were considered to be de-
rived from muscle tissue scraped off during the liposuction
procedure as *2% of these cAT3G5Cs expressed CD56
(Fig. 3Q), a marker present in myogenic muscle cells [26].
In agreement with this, myogenic cells were not observed in
any of the 3G5+CD31- cell populations established from
subcutaneous fat obtained from patients who underwent
postbariatric dermolipectomy surgeries. Interestingly, we
did not observe myotube formation in any of the cAT3G5Cs
established after using the adherence selection step. In one

experiment, a culture established by 3G5+CD31- cells iso-
lated by FACS after adherent cell selection was compared
with a culture established by 3G5+CD31- cells from the
same donor that were not subjected to this procedure. Flow
cytometry analyses indicated that both cell populations were
similar, except that cAT3G5Cs established without the ad-
herence step contained a small number of CD56+ cells (not
shown). Therefore, the adherence selection step seemed to
eliminate CD56+ cells derived from muscle that were
scraped off during liposuction surgeries and could give rise
to myotubes in culture.

Finally, both cAT3G5Cs and ATMSCs were able to in-
hibit CD3+ cell proliferation induced by phytohemagglutinin
when cocultured with PBMNCs for 5 days (Fig. 3R). Per-
formance of both cell populations was similar, with inhi-
bition of CD3+ cell proliferation becoming apparent at a
proportion of one cell to 20 PBMNCs. A nearly complete
inhibition of CD3+ cell proliferation was attained at a pro-
portion of one cell to five PBMNCs. No statistical dif-
ferences between cAT3G5Cs and ATMSCs within each
cell:PBMNC proportion were found using Student’s t-test.

cAT3G5Cs and ATMSCs display
a congruent immunophenotype

When cAT3G5Cs were analyzed by flow cytometry, they
were found to exhibit a surface molecule profile essentially
identical to that of ATMSCs from the same donors (Fig.
4A–D). We applied statistical tests to determine if differ-
ences between ATMSCs and cAT3G5Cs were detectable.
We observed that a difference in frequency of CD13+ cells

FIG. 1. Morphology of 3G5+CD31- cells,
3G5+CD31+ cells, and 3G5-CD31+ cells af-
ter 12 h in culture. (A–F) Low-power images
demonstrate cells derived from 3G5+CD31-

cells (A, D), which were adherent in their
majority compared with cells derived from
3G5+CD31+ cells (B, E), or 3G5-CD31+

cells (C, F), which were nonadherent in their
majority. (G–L) Higher power images that
detail the morphology of the adherent cells
derived from the three cell populations
examined. (H, K) Adherent cells with a
pericytic morphology aggregated with non-
adherent cells are visible (white arrows). (H)
A cell clump corresponding to a microvessel
fragment is indicated by a black arrow. (I)
Adherent cells with endothelial morphol-
ogy are indicated (white arrow). (L) White
arrows indicate adherent cells with a cell
morphology characteristic of macrophages.
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between these populations was statistically significant at
P £ 0.05 (P = 0.0308), but such a difference did not make
sense in a biological context as both cell populations ex-
hibited nearly 99% of positive cells (averages were 98.975
in ATMSCs and 99.5475 in cAT3G5Cs). Therefore, we
decided to consider differences statistically significant at
P £ 0.01. Consequently, no statistical differences were de-
tected between ATMSCs and cAT3G5Cs regarding fre-
quency of positive cells or geometric MFI for each surface
molecule analyzed.

While the frequency of cells positive for surface markers
typically associated with MSCs, such as CD13, CD29,
CD44, CD73, CD90, CD105, and CD166, was invariable,
the frequency of CD146+ cells was variable in cAT3G5Cs
and ATMSCs. Since we found that CD146 was not sub-
jected to variation in BMMSCs routinely analyzed using the
same antibody in the same flow cytometry facility, and
which were harvested using a trypsin concentration 10 times
higher than that used in this study (0.25% vs. 0.025%, re-
spectively; not shown), the possibilities that the anti-CD146
antibody used was faulty and that CD146 is sensitive to
trypsin were excluded. Since CD146 has been reported to be
subject to cleavage by matrix metalloproteinase 3 (MMP3)

[27], we decided to check expression of this enzyme in the
microarray data used in this study. Consequently, we found
that cAT3G5Cs and ATMSCs express this enzyme, while
BMMSCs do not (Fig. 4E). Therefore, variability on CD146
expression on the surface of cAT3G5Cs and ATMSCs may
be explained by cleavage of CD146 by autogenous MMP3.

In addition to the molecules above, both cAT3G5Cs and
ATMSCs did not express EC markers, such as CD31 or
KDR, nor did they exhibit the hematopoietic markers, CD45
and CD14. Both cell populations were positive for the PC
markers, CD140b and NG2, and were negative for CD34,
CD56, CD106, CD271, and HLA-DR. CD49a, CD49e,
CD51/61, CD54, and HLA-ABC were also expressed by
cAT3G5Cs and ATMSCs. The frequency of 3G5+ cells in
both populations was minimal, which indicates that ex-
pression of the 3G5-defined antigen was lost in culture.
Since cAT3G5Cs expressed the activated PC marker, NG2
(a.k.a. high-molecular-weight melanoma-associated anti-
gen) [28], loss of expression of the 3G5 antigen by these
cells in culture is likely to reflect transition from a resting
PC phenotype (AT3G5Cs) to an activated PC phenotype
rather than inability of PM to support maintenance of a
pericytic phenotype.

FIG. 2. Morphology and
cytogenetics of cAT3G5Cs.
(A) On day three after isola-
tion, cAT3G5Cs exhibited
various morphologies, with a
few or multiple cellular pro-
jections. (B) On day 5 after
isolation, cAT3G5Cs were al-
ready fibrolastoid. This mor-
phology was maintained on
day 7 after isolation (C) and
after serial passaging. (D)
cAT3G5Cs after the first pas-
sage. (E) Spectral karyotype
of cAT3G5Cs. cAT3G5Cs,
cultured adipose tissue-derived
3G5+CD31- cells.
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AT3G5Cs exhibit CD34, CD140b, and CD271
on their surface, but not CD146

When the methodology for AT3G5C isolation was fully
developed, the isolated cells were subjected to im-
munophenotyping right after FACS. Two immunostaining
experiments were performed (Fig. 5A, B). The analyses
indicated that freshly isolated AT3G5Cs were indeed free
from ECs since no CD144+ cells were clearly detectable.
Hematopoietic cells, identifiable by CD45 expression, were
also not detected. The vast majority of freshly isolated
AT3G5Cs were positive for CD140b and for CD34. Inter-
estingly, at least half of these cells were positive for the low
affinity nerve growth factor receptor, CD271.

CD146, a marker for endothelial and smooth muscle cells
[7], was not detectable on the surface of AT3G5Cs. As
mentioned in the previous section, the absence of detection
of CD146 on the surface of these cells could not be attrib-

uted to a defective anti-CD146 antibody because this re-
agent did react against CD146 on the surface of BMMSCs
routinely analyzed in the same flow cytometry facility.
Additionally, cleavage of CD146 owing to tryptic activity of
type I collagenase is excluded because tissue disaggregation
was performed in the presence of FBS, whose antitrypsin
extinguishes tryptic activity present in this enzymatic
preparation. It is noteworthy that the absence of CD146
expression has been previously demonstrated in the CD34+

fraction of human AT SFV [29] to which AT3G5Cs belong.
Therefore, the absence of surface CD146 is a genuine
characteristic of AT3G5Cs.

In the first immunophenotyping experiment performed,
cells were also stained with antibodies raised against KDR,
CD56, HLA-DR, and NG2. NG2 was barely detectable on
the surface of the AT3G5Cs; HLA-DR seemed to be ex-
pressed at very low levels on the surface of a subpopulation
of <5% of CD140b+ cells; KDR and CD56 were not detected.

FIG. 3. In vitro functional character-
ization of cAT3G5Cs and ATMSCs. (A)
cAT3G5Cs subjected to adipogenic differ-
entiation, stained with Oil Red O to show
lipid-laden vacuoles (visible as dark gray—
black in grayscale), and counterstained with
Harris hematoxylin. (B) Negative control for
(A). (C) Micrograph of cAT3G5Cs sub-
jected to osteogenic differentiation and
stained with Alizarin Red S, which high-
lights calcium in the extracellular matrix in
red (visible as dark gray—black in gray-
scale). (D) Negative control for C. (E)
Micrograph of ATMSCs subjected to adi-
pogenic differentiation, stained with Oil Red
O, and counterstained with Harris hema-
toxylin. (F) Negative control for E. (G)
ATMSCs subjected to osteogenic differen-
tiation and stained with Alizarin Red S. (H)
Negative control for G. (I–N) Macroscopic
views of A, E, F, C, G, and H, respec-
tively. Staining intensity is proportional to
the intensity of black (I–N). (O) Section
of a chondrogenic pellet formed by one
cAT3G5C population, stained with Tolui-
dine Blue, which changes color from blue
(which would correspond to a dark shade of
gray in grayscale) to purple (shown as a
light shade of gray) in the presence of
sulfated glycosaminoglycans characteristic
of cartilage. (P) Myotubes formed in a
cAT3G5C culture established from lipo-
suction material without the adherence se-
lection step. (Q) Flow cytometry dot plot
showing the presence of a minor popula-
tion (around 2%) of CD56+ cells (possibly
contaminating myogenic cells scraped off
muscle during liposuction) in a cAT3G5C
culture established without the adherence
step. (R) In vitro suppression of CD3+

lymphocyte proliferation by cAT3G5Cs and
ATMSCs. ATMSCs, adipose tissue-derived
mesenchymal stromal cells.
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AT3G5Cs are periendothelial in vivo

As a final step to confirm that the AT3G5Cs isolated by us
correspond to PCs, we decided to directly observe the mi-
croanatomical location of 3G5+ cells in human AT. Ana-
lyses of 7-mm-thick cryosections from subcutaneous AT
revealed the presence of 3G5+ cells physically associated
with CD31+ capillaries in a periendothelial manner (Fig. 6).
Confocal laser microscopy confirmed that expression of the
antigen defined by the 3G5 antibody and CD31 did not
colocalize (Fig. 6C–F). We failed to detect a signal from the
3G5 antibody in cell types outside the vasculature. We
verified the absence of unspecific immunostaining in nega-
tive controls.

The gene expression profile of cAT3G5Cs
is very similar to that of ATMSCs

When three populations of cAT3G5Cs and three popu-
lations of ATMSCs were included in clustering analyses
along with other cell types, ATMSCs were found to cluster
closer to other adult MSCs (BMSCs, DPSCs) or fibroblasts
rather than remaining close to cAT3G5Cs (Fig. 7). We hy-
pothesized that these results reflected the effect of different
culture conditions on cAT3G5Cs and ATMSCs. Therefore,
we cultured the same three cAT3G5Cs under ATMSC
conditions for two passages and used their RNAs to prepare
new microarrays. When these data were included in the
clustering analyses, cAT3G5Cs cultured under ATMSC

FIG. 4. Immunophenotype of ATMSCs, cAT3G5Cs, and freshly isolated AT3G5Cs. Solid line histograms depict the
expression of the indicated molecules in ATMSCs (A) or cAT3G5Cs (B) from the same donor compared with negative
controls (shaded histograms), representative of at least three immunophenotypings, in which ATMSCs and cAT3G5Cs from
different donors were compared with each other. (C) Frequencies of cells positive for the indicated surface molecules in
ATMSCs and cAT3G5Cs. Bars represent standard deviation. (D) Log(2) means fluorescence intensities (MFIs) of the
indicated surface molecules in ATMSCs and cAT3G5Cs. Bars represent standard deviation. (E) Normalized log(2) ex-
pression levels of matrix metalloproteinase 3 (MMP3) by ATMSCs, cAT3G5Cs, cAT3G5Cs cultured in MSC medium
(cAT3G5Cs DME10), bone marrow MSCs (BMMSCs), dental pulp stem cells (DPSCs), lung fibroblasts (lFBs), human
umbilical vein endothelial cells (HUVECs), peripheral blood white blood cells (PBWBCs), and human embryonic stem
cells (hESCs). Table cells were colored to reflect MMP3 gene expression intensity shown in the scale below it.
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conditions (cAT3G5Cs DME10) not only clustered close to
ATMSCs but also merged in a single cluster with them (Fig.
7). We next asked if an ATMSC population would acquire
the characteristics of cAT3G5Cs when cultured in PM.
When microarray data from one ATMSC population sub-
jected to culture in PM (ATMSCs 18 PM) were included in
a clustering analysis, this population clustered with
cAT3G5Cs (Fig. 7), which reinforces the similarity between
ATMSCs and cAT3G5Cs.

To further investigate the seemingly minor differences
between cAT3G5Cs DME10 (n = 3) and ATMSCs (n = 3),
their microarray data were statistically compared using a
nominal significance level of 0.001. The expression levels,
only 222 transcripts (1.2% of a total of 18,561 transcripts),
were found to be significantly different between these two
cell populations (Table 2). This is in contrast with the
number of transcripts whose levels were significantly dif-
ferent when cAT3G5Cs 1–3 and cAT3G5Cs 1–3 DME10
were compared with each other (2,003 transcripts, or 10.8%
of the total number of transcripts), or when cAT3G5Cs 1–3
and ATMSCs 16–18 were compared with each other (2,481
transcripts, or 13.4% or the total number of transcripts).

When we focused on the transcripts differentially ex-
pressed when cAT3G5Cs DME10 and ATMSCs were
compared with each other, we found that 75 (0.4%) were
upregulated in cAT3G5Cs DME10 compared with ATMSCs
and 147 (0.8%) were upregulated in ATMSCs compared
with cAT3G5Cs DME10 (Table 2). Seven of the transcripts
upregulated in ATMSCs corresponded to EC markers
(LIPG, PECAM1, CD93, VWF, TIE1, ECSM2, and KDR),
which indicates that at least some of the differences found
between cAT3G5Cs DME10 and ATMSCs are attributable
to the presence of ECs in the latter, even though endothelial
contamination in ATMSC cultures was not detectable by
flow cytometry.

No significant pathways emerged when the upregulated
transcript lists shown in Table 2 were subjected to an analysis
of over-represented signaling pathway components (Table 3),
which could be attributed to the very high similarity between
cAT3G5Cs DME10 and ATMSCs. In contrast, when genes
upregulated in cAT3G5Cs compared with cAT3G5Cs
DME10 or ATMSCs were mined, the significant pathways
that emerged were essentially associated with cell prolifera-
tion and DNA synthesis/repair (Table 3) as cAT3G5Cs were
highly proliferative compared with cAT3G5Cs DME10 and
ATMSCs. In contrast, both cAT3G5Cs DME10 and ATMSCs
had the pathway terms ‘‘ECM-receptor interaction,’’ ‘‘focal
adhesion,’’ and ‘‘pathways in cancer,’’ over-represented when
compared with cAT3G5Cs, which once again reinforces the
similarities between cAT3G5Cs DME10 and ATMSCs.

FIG. 5. Immunophenotype of freshly isolated AT3G5Cs.
Plastic adherent 3G5+CD31- cells (AT3G5Cs) were isolated
from human subcutaneous adipose tissue from two different
donors by fluorescence-activated cell sorting, and double-
immunostained with antibodies to detect the molecules in-
dicated, or with control antibodies (IgG). (A) Dot plots of
AT3G5Cs from donor no. 19. Expression of NG2 is addi-
tionally shown as a histogram (solid line) plotted against a
control histogram (shaded). (B) Dot plots of AT3G5Cs from
donor no. 20. NG2, nerve/glial antigen 2.

‰
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FIG. 6. Immunodetection of 3G5+CD31-

cells in situ. Cryosections of subcutaneous ad-
ipose tissue were stained with an anti-CD31
antibody to identify endothelial cells and with
the 3G5 antibody to identify pericytes. (A, B)
Micrographs of sections observed using stan-
dard fluorescence microscopy; arrows indicate
3G5+ cells. (C–F) Sequence of confocal mi-
croscopy micrographs showing nuclei stained
with DAPI (C), a 3G5+ cell (D), a microvessel
(E), and a composite image (F), with an arrow
indicating the 3G5+ cell. DAPI, 4¢,6-
diamidino-2-phenylindole.

FIG. 7. Hierarchical clustering of cAT3G5Cs, ATMSCs, and other cell types. Microarray data were clustered using
Euclidean distance with average linkage. airway FBs, airway fibroblasts; ATMSCs 18 PM, ATMSCs from donor no. 18
cultured in pericyte medium; cAT3G5Cs, adipose tissue-derived 3G5+ cells cultured in pericyte medium; cAT3G5Cs
DME10, cAT3G5Cs cultured in ATMSC medium (DMEM + 10% fetal bovine serum); dermal FB iPSCs, dermal fibroblast
induced pluripotent stem cells; dermal FBs, dermal fibroblasts; distal lung FBs, distal lung fibroblasts; DMEM, Dulbecco’s
modified Eagle’s medium; ESC, embryonic stem cell (additional letters designate specific cell lines); HMECs, human
microvascular endothelial cells; PBWBCs, peripheral blood white blood cells (numbers indicate different samples).
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Discussion

The antigen defined by the 3G5 antibody has been vali-
dated as a PC marker in several studies [10–12,30]. Marker
molecules exhibit specific identification of their target cells
only in specific contexts. The 3G5 antibody has been shown
to specifically detect the 3G5 antigen on the surface of PCs
in the vasculature as other cell types, such as neuroendo-
crine cells [31], a subpopulation of T cells [32], kidney
tubular cells [33], melanocytes [34], and keratocytes [35],
also express this antigen on their surface. Gushi et al. [36]
reported detection of the 3G5 antigen in the granules–but
not on the surface–of mast cells in human skin, but over-
looked the fact that antibodies can nonspecifically bind to

mast cell granules [37]. All of these details regarding the
identification of cells by the 3G5 antibody highlight the
importance of the methodology used to isolate PCs in this
study as the cells selected by us (1) were derived from the
AT SVF, which greatly reduces the possibility of staining of
cells not associated with the vasculature; (2) were plastic
adherent, which means nonadherent cells such as T cells
were discarded before immunostaining; (3) expressed the 3G5
antigen on their surface, as required for FACS; and (4) did not
express CD31, which ensures ECs, or other CD31+ cells,
physically attached to PCs were excluded. The cells obtained
through this methodology (AT3G5Cs) are periendothelial
in situ, and express the PC markers, 3G5 and CD140b,
whereas the cultured cells derived from them (cAT3G5Cs)

Table 3. Pathway Analysis of Genes Significantly Upregulated

in cAT3G5Cs, cAT3G5Cs DME10, and ATMSCs

KEGG term Count % P value Benjamini

Transcripts upregulated in cAT3G5Cs DME10 compared with ATMSCs
hsa05200:pathways in cancer 6 8.33 0.005933 0.197633
hsa04010:MAPK signaling pathway 5 6.94 0.015412 0.249743
hsa04722:neurotrophin signaling pathway 3 4.17 0.077016 0.627844

Transcripts upregulated in ATMSCs compared with cAT3G5Cs DME10
hsa04510:focal adhesion 6 4.23 0.039665 0.924999
hsa04512:ECM-receptor interaction 4 2.82 0.044163 0.764343
hsa04916:melanogenesis 4 2.82 0.065976 0.766848
hsa04270:vascular smooth muscle contraction 4 2.82 0.08818 0.77168
hsa00830:retinol metabolism 3 2.11 0.09163 0.707745

Transcripts upregulated in cAT3G5Cs compared with cAT3G5Cs DME10
hsa03030:DNA replication 23 2.37 4.10E-19 6.24E-17
hsa04110:cell cycle 32 3.30 1.17E-12 8.91E-11
hsa00240:pyrimidine metabolism 21 2.16 2.69E-07 1.36E-05
hsa00230:purine metabolism 26 2.68 1.44E-06 5.45E-05
hsa03430:mismatch repair 10 1.03 2.40E-06 7.31E-05
hsa03410:base excision repair 9 0.93 6.47E-04 0.016267
hsa03420:nucleotide excision repair 10 1.03 7.15E-04 0.015419
hsa03020:RNA polymerase 8 0.82 7.97E-04 0.015032
hsa00900:terpenoid backbone biosynthesis 6 0.62 0.001124 0.018813

Transcripts upregulated in cAT3G5Cs DME10 compared with cAT3G5Cs
hsa04512:ECM-receptor interaction 16 1.74 5.39E-06 7.49E-04
hsa04510:focal adhesion 24 2.60 4.53E-05 0.003144
hsa05200:pathways in cancer 30 3.25 5.02E-04 0.023019

Transcripts upregulated in cAT3G5Cs compared with ATMSCs
hsa03030:DNA replication 22 1.91 4.00E-16 7.37E-14
hsa04110:cell cycle 33 2.87 2.41E-11 2.00E-09
hsa03430:mismatch repair 10 0.87 1.03E-05 5.69E-04
hsa00240:pyrimidine metabolism 20 1.74 1.66E-05 6.89E-04
hsa00230:purine metabolism 24 2.09 2.48E-04 0.008206
hsa03420:nucleotide excision repair 11 0.96 6.01E-04 0.016502
hsa03410:base excision repair 9 0.78 0.002034 0.047126
hsa03440:homologous recombination 8 0.70 0.002232 0.045299
hsa00900:terpenoid backbone biosynthesis 6 0.52 0.00247 0.044587

Transcripts upregulated in ATMSCs compared with cAT3G5Cs
hsa04512:ECM-receptor interaction 21 1.75 1.08E-07 1.73E-05
hsa04510:focal adhesion 33 2.75 4.85E-07 3.90E-05
hsa05200:pathways in cancer 37 3.08 4.45E-04 0.023602

Genes upregulated in cAT3G5Cs, cAT3G5Cs DME10, and ATMSCs were analyzed using the Functional Annotation Tool in DAVID,
with Homo sapiens selected as the background. Genes that are involved in the indicated KEGG pathway terms are listed. Count, number of
genes that match the indicated pathway term; %, percentage of genes relative to the total number of genes involved in the indicated
pathway; P value, parametric P value; Benjamini, P value as adjusted using the Benjamini–Hochberg method. In the absence of significant
pathway over-representation in the cAT3G5Cs DME10 versus ATMSC analysis, all resultant terms are shown. Only terms significantly
over-represented are listed for the cAT3G5Cs versus cAT3G5Cs and cAT3G5Cs versus ATMSCs analyses.

ECM, extracellular matrix; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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express PC-associated molecules, such as CD140b and CD13,
in addition to the activated PC marker, NG2. In this context, it
is reasonable to regard AT3G5Cs as PCs.

According to the hypothesis that PCs give rise to MSC
cultures [5], cAT3G5Cs should share functional proper-
ties and surface molecule profile with MSCs. In line with this,
the surface imunophenotypes or cAT3G5Cs and ATMSCs
were essentially identical, and both cell types exhibited a
similar ability to inhibit the proliferation of peripheral blood
CD3+ cells in direct contact coculture. It is noteworthy that
cAT3G5Cs lose expression of the 3G5 antigen when ex-
panded in culture and become 3G5- as ATMSCs.

Studies in which 3G5+ cells were isolated and had 3G5
expression reassessed after culture expansion are scarce.
Helmbold et al. [38] reported maintenance of the 3G5 an-
tigen in dermal PCs cultured on type I collagen in medium
containing 10% bovine retinal EC culture supernatant. Ex-
pression of the 3G5 antigen in human corneal keratocytes is
lost in culture, but can be reacquired after treatment with
transforming growth factor-b [35]. It is possible that the
conditions used by us favor acquisition of an activated PC
phenotype by AT3G5Cs as cAT3G5Cs express appreciable
levels of the activated PC marker, NG2, on their surface, but
lack expression of the 3G5 antigen. The possibility that
cAT3G5Cs reexpress the 3G5 antigen when cultured in
conditions that closely mimic the native PC environment
was not tested in this study and cannot be discarded.

Differences between cAT3G5Cs and ATMSCs were also
found. During differentiation experiments, the osteogenic
and adipogenic differentiation efficiencies of cAT3G5Cs
were far superior to those exhibited by ATMSCs. The pur-
pose of these differentiation assays was to verify that
cAT3G5Cs exhibit the in vitro differentiation potential re-
quired to be considered MSCs, while ATMSCs were used as
controls. Therefore, investigating the causes of the in vitro
differentiation ability differences between cAT3G5Cs and
ATMSCs was beyond the scope of this study.

It is possible that the discrepancies found between
cAT3G5Cs and ATMSCs are a consequence of the condi-
tions used to establish the cultures and expand the cells.
Various cell types are present during the establishment of
MSC cultures, which are maintained in basal medium con-
taining 10% FBS; conversely, AT3G5Cs establish long-term
cultures in the absence of other cell types and are main-
tained in basal medium that contains 2% FBS. On the other
hand, in view of the presence of RNAs that code for EC
makers in ATMSCs, it is possible that small amounts of ECs
in these cultures negatively interfere with differentiation in a
manner similar to that described by Rajashekhar et al. [39],
who showed impaired adipogenic differentiation of
ATMSCs when in the presence of ECs. Since ECs are not
detectable by flow cytometry in ATMSC cultures, we
speculate that the sources of EC-specific transcripts in
ATMSCs are ECs that underwent endothelial-to-
mesenchymal transition [40] during culture establishment.

Differences apart, similarities between cAT3G5Cs and
ATMSCs prevail when the former are cultured under
ATMSC conditions, as shown by gene expression profile
clustering experiments, in which three cAT3G5C popula-
tions clustered with ATMSCs when cultured in MSC me-
dium. Similarities between cAT3G5Cs and ATMSCs are
further emphasized by the fact that an ATMSC population

cultured in PM clusters with cAT3G5Cs cultured in PM.
The gene expression analyses described here indicate that
PCs change their phenotype in culture to become MSCs.
Altogether, our results indicate that cAT3G5Cs represent
MSCs established in the absence of cell types such as ECs,
which strengthens the hypothesis that the progeny of PCs
contribute to MSC cultures.

Recently, Kramann et al. [41] reported a population of
murine perivascular Gli1+ cells that express the antigen
defined by the 3G5 antigen, but do not express significant
levels of CD146 or NG2 in situ, just like AT3G5Cs. These
Gli1+ cells were reported to give rise to MSC cultures and
acquire expression of CD146 and NG2. Since AT3G5Cs
give rise to cells that express CD146 and NG2 in culture,
they could correspond to human counterparts of the Gli1+

cells described by Kramann et al. [41].
Friedenstein proposed that fibroblast colony-forming units

(CFU-Fs) give rise to stromal cultures [42], and Owen pro-
posed that CFU-Fs encompass stromal stem cells and com-
mitted precursors [43]. The results shown here suggest PCs
represent primordial CFU-Fs, while CD146+ perivascular
cells represent progenitors ultimately derived from PCs. This
view could explain the establishment of MSC cultures by
AT3G5Cs as shown here and by CD146+CD56- perivascular
cells in various organs [8], including skeletal muscle [44].
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