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Human adipose derived stroma/stem cells grow in serum-free
medium as floating spheres
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With the goal of obtaining clinically safe human adipose-derived stroma/stem cells (ASC) and
eliminating the use of serum, we have developed a new culture system that allows the expansion
of ASC as spheres in a definedmedium. These spheres can be passaged several times. They are not
only aggregated cells but rather originate from single cells as clonal spheres can be obtained after
seeding at very low density and reform clonal spheres after dissociation. These spheres can also
revert to monolayer growth when plated in medium containing human plasma and even
generate fibroblast-like colonies (CFU-f). Under several differentiation-specific media, spheres-
derived ASC maintain their capacity to differentiate into osteoblasts, endothelial cells and
adipocytes. These results indicate that human ASC can be maintained in a serum-free 3D culture
system, which is of great interest for the expansion in bioreactors of autologous ASC and their use
in clinical trials.

© 2011 Elsevier Inc. All rights reserved.
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Introduction

Adipose tissuehas longbeen knownas themain energy sourceof the
organism. The discovery of its ability to produce and secrete
adipokines such as leptin and adiponectin has revealed its endocrine
function and its pivotal role in metabolism regulation and
physiological homeostasis [1,2]. More recently, certain cells have
been isolated from the stromal vascular fraction of adipose tissue
that are capable of multilineage differentiation even at the clonal
level [3–10]. These cells are termed ASC for adipose derived stroma/
stem cells. Although different, they share numerous features with
mesenchymal stem cells isolated from bone marrow (MSC) and
umbilical blood cord [11–14] and represent an alternative source of

adult stem cells. Indeed, access to subcutaneous deposit is a routine
surgical procedure that can be performed under local anaesthesia
withminimumdiscomfort for thepatient;moreover, ASC isolation is
a simple enzyme-based protocol, making this tissue a more
attractive source of stem cells. ASC isolated from human adipose
tissue have the potential to differentiate into bone, cartilage, fat and
endothelial cells when cultivated under lineage specific condi-
tions [4,9,15,16]. Engineering of these mesenchymal tissues is of
major interest in human diseases such as inherited, traumatic or
degenerative tissue defects or after tumour surgery [17]. The critical
point related to clinical use is that in vitro culture of ASC is still
dependent of fetal calf serum or human plasma [8,18]. Plasma and
serum contain undefined factors, which vary in composition from
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individual to individual andmay activate or inhibit cell proliferation
and differentiation. Moreover, their stock depends on donors and
each batch must be tested for innocuousness (infectious pathogens
such as prions). The above combined with the fact that differential
gene expression was revealed between ASC cultures in human or
fetal bovine serum [18], highlight the need for a substitutive defined
cellmedium formulation and independent of interest in a serum free
medium, to understand the specific effect of any compound.

Multiple approaches employ sphere cluster technology to
study stem cells [19]. In contrast to conventional monolayer cell
culture, in which cells grow only in two dimensions on a flat
surface of a plastic dish, suspension cultures allow cell growth in
all three dimensions. Stem cells have been grown as spheres in
numerous studies using different protocols (non-adherent plates,
methylcellulose semi-solid media, hanging drops and round-
bottom 96-well plates) [19,20]. The most studied of these models
are embryoid bodies, defined as spherical clusters of both
pluripotent and committed stem cells that can organize in a
developmental-specific manner and give rise to mature cells from
any differentiation lineage. The primary goal of growing cells as
spheres has been to reveal the basic principles of a normal tissue
organization that gives cells the opportunity to arrange in a three
dimensional context similar to tissues [19,21]. This sphere
technology is now largely used in cancer research to isolate cancer
initiating cells, as tumour spheres are very similar to solid tumours
in situ [22]. They are also used as molecular assay systems in
toxicology and pharmacology [23]. Additionally, embryonic stem
cells can be driven to generate insulin-producing cell clusters, that
undergo rapid vascularization when injected into diabetic mice
and display an organization and functionality similar to pancreatic
islets [24]. This has led us to investigate a 3D culture system that
enables maintenance of ASC in serum-free conditions.

Materials and methods

Adipose tissue cell isolation

Subcutaneous adipose tissue was obtained from patients under-
going elective abdominal dermolipectomy. No objection certifi-
cates were obtained according to bioethics law no. 2004-800 of
August 6, 2004. Cells were isolated as previously described [25].
Briefly, adipose tissue (AT) was digested in DMEM-F12 medium
(Invitrogen, Carlsbad, USA) supplemented with 2 mg/ml collage-
nase A (Roche Diagnostic, Indianapolis, IN) and bovine serum
albumin (BSA) (2%) for 45 min at 37 °C under agitation. The
suspension was filtered through 100 μm and 25 μm nylon
membrane and centrifuged at 600 g for 10 min to separate floating
mature adipocytes from the stromal-vascular fraction (SVF). SVF
was incubated in erythrocyte lysis buffer (ammonium chloride
solution, StemCell Technologies, Vancouver, Canada) for 5 min at
4 °C and washed in PBS (phosphate-buffered saline, Sigma, St
Quentin Fallavier, France). SVF cells were counted and either
cultured in vitro or used for flow cytometry analysis.

Cell culture

For ASC monolayer culture, SVF cells were seeded at 4000 cell/cm2

in flasks treated for cell culture (TPP, Dominique Dutscher,
Brumath, France) in ASC expansion medium which consisted of

alpha-MEM (Invitrogen) supplemented with 2% human plasma
enriched with human platelet growth factors (PGFEP), heparin
Choay (1 U/ml, Sigma), amphotericin (0.25 μg/ml), streptomycin
(100 μg/ml) and penicillin (100 U/ml) (Invitrogen). Cells were
incubated at 37 °C under 5% CO2 and the medium was changed
twice a week. For sphere culture, SVF cells were seeded at 60,000
cell/cm2 in ultra low adherent flasks (Corning, Avon, France) in
defined culture medium which consisted of GMEM supplemented
with L-glutamine (2 mM), non essential amino acids (1×), B27
(1×) (Invitrogen), glucose (0.6%, Sigma), human bFGF (10 ng/ml),
human EGF (20 ng/ml), human thrombin (1 U/ml) (PeproTech,
Rocky Hill, NJ) and ciprofloxacin (2 μg/ml, Bayer, France). Cells
were incubated at 37 °C under 5% CO2 and half of the mediumwas
changed once a week.

To assess the presence of proliferating cells in defined culture
medium, BrdU (10 μM)was added for 3 days on the third day after
seeding. To test if sphere containing cells can revert to monolayer
growth, spheres were dissociated with trypsin-EDTA (0.05%,
Invitrogen) and plated in flasks treated for cell culture (TPP) in
ASC expansion medium.

Flow cytometry

Dissociated spheres were incubated with PBS (phosphate-buffered
saline) supplemented with 0.5% new calf serum and FcR Block
reagent (StemCell Technologies, Vancouver). Sextuplet stainings
were performed by incubating cells for 30 min at 4 °C with the
following conjugated primary antibodies or appropriate IgG isotype
controls: CD45-APC-Cy7, CD90-FITC, CD73-PE, CD34-PerCP, CD44-
FITC, CD29-APC, CMH1-APC, CD117-PE-Cy7, CD15-FITC, CD56-PE,
CXCR4-PE, Lin-FITC, CD38-PE-Cy7, CMH2-FITC, CD3-PE-Cy7, CD11b-
APC, CD19-PerCP, CD14-PE-Cy7 (BD Biosciences, Le Pont de Claix,
France), CD105-APC, CD146-FITC, CD31-APC (eBiosciences, Paris,
France),VEGFR2-PE (R&D Systems, Lille, France), and CD133-APC
(Miltenyi, Paris, France). Cells were analyzed on a FACS Canto II (BD
Biosciences). Data acquisition and analysis were performed with
FACS Diva software (BD Biosciences). Only viable cells that excluded
the LIVE/DEAD dye (Molecular Probes, Interchim, Montluçon,
France) were considered.

Cell differentiation

Spheres cultured for 7 days were dissociated with trypsin/EDTA
(0.05%, Invitrogen) and seeded on gelatin-coated plates (0.1% in
PBS, Sigma) for differentiation. The day of plating was considered
as day 0. Differentiation was assessed after 24 h (noted as day 1)
and after 10 days or 21 days depending on differentiation lineage.

Adipogenic differentiation
On day 0, cells from dissociated spheres were plated at 65,800
cell/cm2 in 12-well tissue-culture plates (Falcon, Dominique
Dutscher, Brumath, France) and cultured for 3 days in adipogenic
differentiation medium which consisted in ASC expansion medi-
um supplemented with dexamethasone (1 μM), IBMX (450 μM),
and indomethacin (60 μM) (Sigma). Subsequently, IBMX was
removed from the medium and differentiation was extended
during 19 days. The medium was changed every 3 days. The extent
of differentiation was noted by observation of multilocular
refringent droplets in the induced cells and by staining of neutral
lipids by Oil red-O as previously described [26]. Cellular triglyceride
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(TG) content was measured with a commercial test (Triglycerides
Enzymatique PAP 150, Biomerieux). The protein content was
determined using the DC Protein Assay Kit (BioRad, Marne la
Coquette, France). Differentiation quantification was evaluated by
calculating the ratio of TG content per μg of protein.

Osteogenic differentiation
On day 0, cells from dissociated spheres were plated at 15,200
cell/cm2 in 12-well tissue-culture plates (Falcon) and cultured for
21 days in osteogenic differentiation medium which consisted in
ASC expansion medium supplemented with dexamethasone
(0.1 μM), ascorbic acid (250 μM), and NaH2PO4 (3 mM). The
medium was changed every 4 days. Mineralization was revealed
by staining calcium-rich deposits with Alizarin red [6]. Alizarin red
quantity (μg) was assessed at day 1 and day 21 by addition of 10%
acetic acid to the stained culture dishes and measurement of the
optical density at 405 nm with a spectrophotometer.

Angiogenic differentiation
On day 0, cells from dissociated spheres were plated at 100,000
cell/cm2 in 48-well tissue-culture plates (Falcon) and cultured for
ten days in angiogenic differentiation medium which consisted in
ASC expansionmedium supplementedwith VEGF (10 ng/ml, Sigma).
The medium was replaced every 3 days. Angiogenic differentiation
was assessed by CD31 immunostaining. CD31-positive extension
lengths were measured using the Elements AR 3.0 image analyzer
software (Nikon, Champigny sur Marne, France).

Colony forming unit-fibroblast assay

To evaluate the frequency of mesenchymal-like progenitors
among cells growing in defined medium, spheres were dissociated
and cells seeded in 25 cm2 flasks (TPP) at a final concentration of
8 cells/cm2 in ASC expansion medium as previously described. The
medium was renewed every 2 or 3 days. After 12 days, cells were
washed with PBS and fixed with methanol for 15 min. The colony
forming unit-fibroblasts (CFU-f) were stained with Giemsa (6%)
for 30 min and scored under an optical microscope. Colonies were
considered as clusters of more than 50 cells.

Immunostaining

Adherent cells were fixed for 15 min with 4% paraformaldehyde. To
avoid non specific binding, cellswere first incubated for 1 h in PBS and
BSA (2%), then for 2 h with the mouse anti human CD31 antibody
(1/10, Dako, Trappes, France) ormouse IgG1 control isotype (Dako).
After washing, the secondary antibody goat anti-mouse conjugated
to Alexa 488 was added for 1 h (1/200, Invitrogen). Nuclei were
stained with DAPI (1/10,000). Cell staining was observed with a
fluorescence microscope (DMRB Leica, Gennevilliers, France) and
analyzed with the image analyzer software.

For BrdU detection, whole spheres and freshly dissociated
spheres were plated by centrifugation (10 min, 1000 rpm) on
poly-L-ornithine-coated coverslips before fixation. They were
treated with 2 N HCl for 30 min, washed with 0.1 M borate buffer,
and incubated in TBS (Tris buffer saline) triton (0.1%) and goat
serum (5%) for 1 h and stained with the mouse anti human BrdU
antibody conjugated to FITC (1/20, e-biosciences) or mouse IgG1
control isotype; nuclei were counterstained with Hoechst 33242
(5 μg/ml, Sigma).

For paraffin sections, spheres were successively fixed with
paraformaldehyde (4%, 1 h), ethanol (70% 15 min–95% 15 min–
100% 3× 1 h), toluene substitute (Microclearing, 1 h–30 min) and
embedded in paraffin. Sections of 4 μm thickness were depar-
affined and stained with hematoxylin/eosin solution.

Real time PCR

Cell total RNA was isolated using RNAeasy minikit (Qiagen,
Courtaboeuf, France) according to themanufacturer's recommenda-
tions. RNA (1 μg) was reverse-transcribed using the High-Capacity
cDNA Reverse Transcription kit. All amplification reactions were
performed in duplicate from 25 ng cDNA in 50 μl Power SYBR®
Green PCR Master Mix containing 0.2 μM of each specific primers
(for control, Platinum® Taq DNA polymerase was omitted):

hPUM1 Fp: GCCATGTTGTCGGAGTGAAA/Rp: ACACATGCAACGCT-
CATTCC,
hOCT4 Fp: CCCCTGGTGCCGTGAAG/Rp: GCAAATTGCTC-
GAGTTCTTTCTG,
hNANOG Fp: AGAACTCTCCAACATCCTGAACCT/Rp: ATTCTTCGGC-
CAGTTGTTTTTC.
hPPARγ Fp: GATACACTGTCTGCAAACATATCAC/RP: CCACGGAGCT-
GATCCCAA
hLPL Fp: GGTCGAAGCATTGGAATCCAG/RP: TAGGGCATCTGA-
GAACGAGTC
hRUNX 2 Fp: ATTCCTGTAGATCCGAGCACC/Rp: GCTCACGTCGCT-
CATTTTGC
hOsteoprotegerin Fp: AGCACCCTGTAGAAAACACAC/Rp: ACAC-
TAAGCCAGTTAGGCGTAA.

Amplification and detection were performedwith the ABI PRISM
7500 Sequence Detection System as follows: initial denaturation at
94 °C for 2 min, followed by 40 cycles of denaturation at 94 °C for
30 s, annealing at 60 °C for 30 s and extension at 72 °C for 1 min. To
evaluate the specificity of the amplifications a dissociation curve
was analyzed (95 °C (15 s), 60 °C (20 s), and 95 °C (15 s)). All PCR
amplificationswere analyzed induplicates and includedpositive and
negative (H2O) control samples. Relative quantification of specific
genes mRNA levels was determined using the 2−ΔΔCT method.
Results were analyzed with the GeneAmp 7500 software, and genes
mRNA expression level was first normalized by PUM taken as
reference gene and then to a calibrator consisting of human ASC

Table 1 – Serum-free culture conditions tested for sphere
formation. Serum free supplements B27 and N2 as well as
glucose and the mitotic cell toxin ARA-C were tested in
several combinations with the following basic medium:
GMEM medium supplemented with L-glutamine, non
essential amino acids, human bFGF, human EGF and human
thrombin. All these media formulations were tested on cells
plated in culture dishes treated for adherent cell culture or
in ultra low adherent supports.

A B C D I J K L

B27 (1×) + + + + − − − −
N2 (1×) − − − − + + + +
Glucose (0.6%) − + − + − + − +
ARAC (5–100 μM) − − + + − − + +
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control. All PCR products and analyzerwere purchased fromApplied
Biosystems, Villebon, France.

Data analysis

Results were expressed as means±SEM. Data from at least three
independent preparations of ASC grown as spheroids or as a
monolayer were statistically processed with the Prism 4 software
(GraphPad, San Diego, CA). Significance was defined as *p≤0.05,
**p≤0.01 and ***p≤0.001.

Results

Serum-free culture conditions allowing for sphere formation

We have evaluated the capacity of several enzymatic digestion
conditions, medium formulations and culture dishes to support
the growth of human ASC as spheres without the use of serum.
Two collagenases were tested for digestion of adipose tissue:
collagenase A type II or VIII, during 45, 60 or 90 min. These

Fig. 1 – Characterization of spheres. (A) Morphology of spheres 7 days after seeding at 190 cells/μl (scale bars 200 μm, 100 μm and
20 μm). (B) Spheres display heterogeneous sizes after 7 days of culture. (C) Hematoxylin and eosin staining on 4 μm-thick paraffin
sections of spheres (scale bar 20 μm). (D) BrdU immunodetection (green) on spheres grown for 7 days in presence of BrdU during
3 days. Nuclei are stained with Hoechst (blue) (scale bar 20 μm). (E) Clonal spheres obtained after 20 days of culture from primary
sphere cells dissociated and seeded at 0.5 cell/μl (scale bars 200 μm and 20 μm).
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conditions were associated with several products combinations
listed in Table 1, in culture dishes treated for adherent cell culture or
in ultra low adherent supports and with the following medium
formulation: GMEM medium supplemented with L-glutamine
(2 mM), non essential amino acids (1×), human bFGF (10 ng/ml),

human EGF (20 ng/ml), human thrombin (1 U/ml) and ciproflox-
acine (2 μg/ml).

Only collagenase A type II allowed the formation of regular
spheres and 45 min of digestion appeared to be sufficient. Using
this collagenase, clonal spheres were only obtained in conditions

Fig. 2 – Flow cytometry analysis of cells composing the spheres. The vast majority of cells composing the spheres are CD34+ and
display a mesenchymal phenotype CD105+, CD90+, CD73+, and CD45−. They are CD29+, CD44+, and CMH1+ but CD133−, CD117−,
CD15−, CD31−, VEGFR2−, CD146−, CD56−, CXCR4−, Lin−, CD38−, CMH2−, CD3−, CD11b−, CD19− and CD14−.
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A, B and J and among them, sphere structure appeared to be most
regular under condition B. In flasks treated for cell culture, some
cells adhered to the bottom of the flask while spheres formed in
the supernatant. In ultra low adherent flasks, no cell adhered to
the bottom and only spheres were obtained in the supernatant.
Thus, in order to better evaluate the potential of the cells that
composed the spheres, subsequent studies were performed using
collagenase A type II for 45 min for tissue digestion, and culture in
medium formulation B in ultra low adherent flasks. These optimum
conditions allowing sphere formation in defined medium are
gathered in the Materials and methods section.

Characterization of spheres

Spheres were roundwith defined borders and varied in size 7 days
after their first emergence (Figs. 1A and B). As shown in Fig. 1B,
most spheres (80%) were small in diameter (<100 μm), 18% were
medium (100–200 μm) and the remaining spheres were large
(>200 μm).

To determine their structure, spheres were sectioned and
stained with hematoxylin and eosin. The cells that composed the
spheres appeared homogeneous in size andmorphology. No cavity
was observed (Fig. 1C). Secretion of extracellular matrix proteins
was evaluated on spheres sections by immunocytochemistry or
dye staining. Neither collagen, fibronectin, hyaluronic acid nor
elastic fibers were detected (data not shown).

Evidence of a proliferation rate was observed as few cells
were KI67 positive (data not shown) and 3 days after addition of
BrdU in the medium, around 15% of the cells that composed the
spheres appeared to have incorporated BrdU (Fig. 1D). A very

limited amount of dead cells was assessed by TUNEL assay (data
not shown). Spheres could be passaged at least three times, as
enzymatically dissociated spheres could reform new spheres at
clonal densities as low as 0.5 cells per μl (Fig. 1E). These data suggest
that a sphere can be formed at clonal level through proliferation.
However, a very small amount of cells can be considered as sphere
initiating cells, as upon dissociation, only 0.8% of the cells that
compose a sphere could form secondary spheres.

FACS analysis revealed that, similar to ASC cultured directly
from SVF in ASC expansion medium, most of the cells that
composed the spheres expressed simultaneously CD34 and
classical mesenchymal cell-associated markers such as CD105,
CD90, and CD73, and were negative for CD45 (Fig. 2A). Evaluation
of the expression of other markers revealed that the majority of
cells contained in the spheres expressed CD29, CD44, and CMH1
but not CD133, CD117, CD15, CD31, VEGFR2, CD146, CD56, CXCR4,
Lin, CD38, CMH2, CD3, CD11b, CD19 nor CD14 (Fig. 2B). No dif-
ference in marker expression profiles was observed between
primary and secondary spheres (spheres formed initially and
passaged once respectively) except for CD34 positive cells which
represent 80% (+/−10) and 43% (+/−11) of the cells in primary
and secondary spheres respectively.

After enzymatic dissociation and culture in ASC expansion
medium containing fetal calf serum, spheres could revert to
monolayers in flasks treated for adherent cell culture. They re-
adhered and morphologically resembled primary cultured ASC
obtained from SVF plating and continued to proliferate.

Taken together, these results suggest that ASC can grow in
serum-free medium in suspension as clonal spheres, maintain
their mesenchymal phenotype and revert to monolayer growth.

Fig. 3 – Colony forming unit fibroblast assay (CFU-f). Spheres were dissociated and plated at 8 cells per cm2 for 12 days in ADSC
expansion medium. (A) Sphere-derived CFU-f score is similar to ADSC-derived CFU-F. (B) CFU-f stained with Giemsa. (C) High
magnification of a colony stained with Giemsa. Scale bars 1 cm and 200 μm.
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ASC maintain their multipotentiality when cultured as
spheres in defined medium

In order to determine whether cells that composed the spheres
expressed pluripotency-associated markers, the expression of
Oct4 and Nanog was evaluated by RT-PCR. Both markers were
expressed but no significant difference was observed compared to

the expression of these markers in ASC cultured directly from SVF
in ASC expansion medium (data not shown).

The progenitor content of spheres was evaluated by the CFU-f
test. This revealed that the proportion of true progenitors
contained in spheres (17±5%) was similar to that in ASC cell
population cultured under conventional conditions (15±4%)
(Fig. 3).

Fig. 4 – Adipogenic differentiation. SVF-derived cells were cultured for 7 days as spheres in defined medium before adipogenic
differentiation. After 21 days in differentiation medium, cells display numerous lipidic droplets (B) stained by Oil red-O (D) which
were rare at day 1 (A and C) (scale bars 50 μmand 20 μM). (E) PPARγ gene expression is upregulated after 21 days of differentiation.
(F) LPL gene expression is upregulated after 21 days of differentiation. (E) Triglyceride content is significantly increased on 21 days
relative to day 1 of differentiation. *p≤0.05.
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To confirm that the differentiation capacity of sphere-derived
ASC was maintained 7 days, spheres were dissociated and
incubated in lineage specific differentiation media. Early differen-
tiation (noted day 1) was assessed 24 h after plating, whereas late
differentiation was assessed 10 days after plating for angiogenic
differentiation or 21 days after plating for adipogenic and
osteogenic differentiation. Following 21 days in adipogenic differ-
entiation medium, sphere-derived ASC displayed intracellular
accumulation of lipid droplets detected by Oil red-O staining
(Figs. 4A–D). The peroxisome proliferator-activated receptor
gamma (PPARγ) and the lipoprotein lipase (LPL) genes, which
play a key role in lipid metabolism, were upregulated (Figs. 4E
and F) and the triglyceride content was 3 fold higher after 21 days
of adipogenic differentiation relative to day 1 (Fig. 4G). It is
noteworthy that lipid accumulation is an early and spontaneous
event as sphere-derived ASC displayed some Oil red-O positive
droplets as soon as day 1 in differentiating medium. Sphere-derived
ASC cultured for 10 days under angiogenic conditions showed a
typical endothelial-like organization in culture as they expressed
CD31 (PECAM-1) and formed highly branched networks (Figs. 5A
and B). Process length of cells differentiated for 10 days were 625
+/−22 μmwhereas theywere only 109+/−6 μmatday 1 (Fig. 5C).
When induced towards osteogenic lineage, dissociated sphereswere
capable of forming mineralized nodules visualized by Von Kossa
(Figs. 6A and B) and Alizarin red staining (Figs. 6C and D). The Runt-
related transcription factor 2 (Runx 2) and osteoprotegerin genes,
which play a central role in bone metabolism, were upregulated
(Figs. 6E and F) and Alizarin red accumulation was highly increased

after 21 days of differentiation relative to day 1 (Fig. 6G). Thus, our
results show that sphere-derived ASC display in vitro multipotency.

Discussion

Our data provide the first evidence thatmesenchymal cells derived
from human adipose tissue can be grown in serum-free medium in
suspension as floating spheres through several passages and
maintain their multilineage differentiation capacities.

Similarly, it has been reported that mesenchymal cells derived
from other tissues like umbilical cord [27] or skeletal muscles [28]
can grow in serum free medium as spheres and maintain
multipotency. Studies that aimed to use serum-free media to
culture mesenchymal cells from adipose tissue were all restricted
to monolayer cultures [29–31] and the ones that derived
aggregates from ASC all required a first step of monolayer culture
in 10% fetal bovine serum containingmedia [32–34]. In the present
work, we plated cells from freshly dissociated tissue directly in
non-adherent conditions without any preliminary monolayer
culture and only in serum-free media. Our culture process induced
the loss of the vast majority of the harvested primary SVF cells,
while some of the growth factor-responsive cells survived,
divided, and generated spheres. The amount of cells initiating
the spheres was reflected by the number of secondary spheres
formed after the dissociation of primary spheres and reseeding at
clonal density. It represented 0.8%, revealing that only rare cells
owned the property to develop as spheres. In comparison, 17% of

Fig. 5 – Angiogenic differentiation. SVF-derived cells were cultured for 7 days as spheres in defined medium before angiogenic
differentiation. (A–B) After 10 days of differentiation, cells expressed CD31 (green) and formed highly branched networks. Nuclei
were stained with DAPI (blue). Scale bars 50 μm. (C) Process length (μm). ***p≤0.0001.
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cells obtained from dissociated spheres could form CFU-f,
suggesting that cells forming CFU-f are not necessarily able to
initiate a new sphere or at least have distinct requirements in
culture. Therefore, cells initiating spheres could be considered as a
non-adherent stem cell population. Indeed, they behold capacities
to proliferate in non-adherent condition, to renew medium size
spheres (100 μm diameter) at clonal level, to maintain in vitro

through several passages (i.e. to be dissociated and re-plated to
form secondary then tertiary spheres) and to differentiate into the
three primarymesenchymal phenotypes— adipocytes, osteoblasts
and endothelial cells, demonstrating the key in vitro properties of a
progenitor/stem cell — self-renewal at clonal level in culture and
multilineage differentiation. In the same way, Westerman et al.
who derived myospheres from skeletal muscles in serum-free

Fig. 6 – Osteogenic differentiation. SVF-derived cells were cultured for 7 days as spheres in defined medium before osteogenic
differentiation. After 21 days, differentiated cells formed calcic deposits. (A–B) Von Kossa staining. (C–D) Alizarin red staining (scale
bars 50 μm). (E) Runx2 gene expression is upregulated after 21 days of differentiation. (F) Osteoprotegerin gene expression is
upregulated after 21 days of differentiation. (G) Quantification of Alizarin red staining (μg/cm2). *p≤0.05 and ***p≤0.0001.
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media, demonstrated the pre-myogenic nature of the myosphere
initiating cells [28]. However, they were not able to generate
clonal myospheres. To demonstrate the clonal nature of spheres,
individual cells can be plated in single well of 96-well plates.
However, their propagation under these conditions is difficult
because it prevents paracrine communications between the cells.
For these reasons we have chosen to derive clonal spheres through
plating at very low cell density (0.5 cell/μl). Indeed, Coles-Takabe
et al. demonstrated the clonal nature of spheres through mixing
experiments, in which cells were labeled with two different
markers (yellow and red fluorescent proteins) and then mixed
together [35]. These experiments showed that from plating
density of 1 cell/μl, almost all the spheres generated after mixing
contained only one of the two fluorescent labels. Moreover, we left
the cells undisturbed during sphere formation to prevent any fluid
motion that could increase the probability of aggregation and thus
chimeric sphere formation.

In addition, the sphere culture of ASC may enhance their
biological activity as the administration of human ASC increased
the rate of diabetic wound healing when ASC were derived from
aggregates, but not when delivered ASC derived from monolayer
culture [34]. Indeed, in this study, ASC formulated as three-
dimensional aggregates by the hanging droplet method produced
significantly more extracellular matrix proteins and secreted
soluble factors compared to monolayer culture. In our sphere
culture process that differs by the absence of serum we could not
find the presence of the extracellular matrix proteins collagen,
fibronectin, hyaluronic acid and elastin (data not shown).

This new non-adherent and serum-free method presented here
is a first step towards developing improved protocols for stem cell
culture. First, it appears necessary to extend the analyze of gene
expression central for cell cycle progression and cell differentia-
tion in sphere-derived ASC, as differential gene expression was
established between human serum and fetal bovine serum
cultured ASC [18]. The next steps will involve the optimization of
medium formulation for higher expansion rate, followed by the
development of serum free differentiation media as described for
bone-marrow mesenchymal stem cells [36]. The differentiation
potential of sphere-derived ASC needs to be further analyzed as we
have only searched for the differentiation potential of the
mesenchymal lineage. For example, ASC derived from rhesus
adipose tissue cultured asmonolayer in proliferationmediumwith
10% fetal calf serum could be committed to neuronal differenti-
ation after a step of sphere culture [37]. Finally, there is a growing
interest in designing bioreactor systems, that provide safe and
controlled high-density cell culture in production.

In this context, our results represent an important step in our
ability to isolate and maintain ASC in culture and extend the
possibilities of cell-based therapies.
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