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Adipose tissue as a stem cell source is ubiquitously available and has several advantages compared to other sources. It is
easily accessible in large quantities with minimal invasive harvesting procedure, and isolation of adipose-derived mesenchymal
stromal/stem cells (ASCs) yields a high amount of stem cells, which is essential for stem-cell-based therapies and tissue engineering.
Several studies have provided evidence that ASCs in situ reside in a perivascular niche, whereas the exact localization of ASCs in
native adipose tissue is still under debate. ASCs are isolated by their capacity to adhere to plastic. Nevertheless, recent isolation and
culture techniques lack standardization. Cultured cells are characterized by their expression of characteristic markers and their
capacity to differentiate into cells from meso-, ecto-, and entodermal lineages. ASCs possess a high plasticity and differentiate
into various cell types, including adipocytes, osteoblasts, chondrocytes, myocytes, hepatocytes, neural cells, and endothelial and
epithelial cells. Nevertheless, recent studies suggest that ASCs are a heterogeneous mixture of cells containing subpopulations of
stem and more committed progenitor cells. This paper summarizes and discusses the current knowledge of the tissue localization
of ASC:s in situ, their characterization and heterogeneity in vitro, and the lack of standardization in isolation and culture methods.

1. Introduction: Mesenchymal
Stromal/Stem Cells

The pathologist Cohnheim first observed the presence of non-
hematopoietic stem cells in the bone marrow in 1867 [1]. He
hypothesized that cells with a fibroblast-like morphology
migrate to the sites of injury and help to regenerate damaged
tissue. The pioneering work of Friedenstein and coworkers in
the 1960s [2, 3] on the isolation, culture, and osteogenic dif-
ferentiation of bone-marrow-derived cells opened a new field
of stem cell research. Nearly 20 years later, Owen [4] and Ca-
plan [5] introduced the terms stromal stem cells and mes-
enchymal stem cells (MSCs) to the scientific community.
Whereas, in these initial works, MSCs were isolated from ad-
ult bone marrow, in the next decades, MSCs were also found
in nearly all adult tissues (e.g., adipose tissue, synovium, der-
mis, periosteum, deciduous teeth), in peripheral blood, men-
strual blood, and in solid organs (e.g., liver, spleen, lung) [6—
8]. MSCs are a rare and quiescent population in their niche
within fully specialized tissues. At present, there is a strong

amount of data indicating that MSCs represent independent
population(s) of stem cells with self-renewal properties and
established multipotent differentiation profile in vitro [9].
Furthermore, MSCs are attractive candidates for clinical ap-
plications to repair or regenerate damaged tissues, especially
because these cells hold no ethical concerns and can be iso-
lated in appropriate amounts from several sources and pro-
liferated in culture. In addition, MSCs from autologous orig-
in seem to be a safe source for cell-based regenerative approa-
ches.

There is also evidence that MSC preparations are hetero-
geneous cell cultures comprising a subset of stem cells (or dif-
ferent subsets of stem cells) and more differentiated (progen-
itor) cells. To address the inconsistency between the nomen-
clature and biologic properties of this heterogeneous popul-
ation, the International Society for Cellular Therapy has sug-
gested that these plastic-adherent cells, regardless of the
tissue from which they are isolated, be termed multipotent
mesenchymal stromal cells, while the term mesenchymal
stem cells should be used only for the subset (or subsets)
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that meets specified stem cell criteria [10]. In general, MSCs
are isolated by their capacity to adhere to culture-dish plastic.
The cells can be expanded in culture while maintaining their
multipotency during standard cell culture and are immuno-
logically characterized by a specific panel of markers. How-
ever, the characterization of MSCs remains difficult due to
the lack of a definitive and unique cellular marker. Therefore,
the International Society for Cellular Therapy proposed
three minimal criteria for the definition of cultured MSCs:
(a) plastic adherence, (b) expression of CD73, CD90, and
CD105, and lack of CD11b or CD14, CD 19 or CD79«,
CD45, and HLA-DR expression, and (c) their trilineage dif-
ferentiation potential into adipocytes, chondrocytes, and os-
teoblasts [11]. Furthermore, MSCs have reduced immuno-
genic properties and an immunosuppressive potential, which
make them also attractive for allogenic stem cell therapy [12—
15]. In addition, ideal MSCs for use in therapeutical ap-
proaches need to be isolated with minimal harm for the pa-
tient, must be available in high cell numbers, proliferate in
culture, and differentiate into a broad spectrum of lineages.

2. Adipose-Derived Mesenchymal
Stromal/Stem Cells

Over the past ten years, it has been recognized that fat is not
only an energy reservoir, but also a rich source of multipotent
stem cells. Subcutaneous adipose depots are ubiquitous and
easily accessible in large quantities with a minimal invasive
procedure (by liposuction aspiration). Liposuction surgery is
a well-tolerated and safe procedure yielding large quantities
of aspirate. The method is cheaper and less invasive than
bone marrow aspiration for stem cell isolation. Furthermore,
the lipoaspirate is finally discarded as medical waste, qualify-
ing this starting material as a good source of (autologous)
adipose-derived mesenchymal stromal/stem cells (ASCs) for
further cell isolation. Nevertheless, it is also possible to isolate
ASCs from needle biopsies of human adipose tissue or from
inguinal fat pads in mice, as well as from other mammals
[16-20].

Adipose tissue contains a large number of multipotent
cells, which is an essential prerequisite for stem-cell-based
therapies. It has been described that stem and progenitor cells
in the uncultured stroma-vascular fraction (SVF) from adi-
pose tissue usually amount to up to 3% of the whole cells,
and this is 2,500-fold more than the frequency of stem cells
in bone marrow [21]. Others have also described that adipose
tissue provides large numbers of stem cells compared to bone
marrow. A bone marrow transplant contains approximately
6 X 10° nucleated cells per mL [22], of which only 0.001—
0.01% are stem cells [23]. In comparison, the number of
SVE cells that can be isolated from subcutaneous liposuction
aspirates is approximately 0.5-2.0 x 10° cells per gram of
adipose tissue [22, 24-27], whereby the percentages of stem
cells range from 1 to 10% [26, 28, 29], most likely depending
on the donor and tissue harvesting site. Therefore, approx-
imately 0.5 X 10 to 2 x 10° stem cells can be isolated per
gram of adipose tissue, varying among patients.
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The isolation method and the cytological characteriza-
tion of stromal precursor cells from adipose tissue were
shown at the beginning of the 1970s [30, 31]. Later, the adi-
pogenic and osteogenic potential of this cell population was
analyzed [32-35]. The work of Zuk and coworkers in 2001
and 2002 first characterized the multipotent character of
ASCs [24, 36]. It should be mentioned that a different
nomenclature for the isolated cell population was used in
the literature, thus generating a confusing discrepancy. The
terms “adipose-derived adult stem (ADAS) cells,” “adipose-

adipose-derived stromal cells

derived adult stromal cells,”

(ADSC),” “adipose stromal cells (ASC),” “adipose mesen-
chymal stem cells (AAMSC),” “preadipocytes,” “processed
lipoaspirate (PLA) cells,” and “adipose-derived stromal/stem
cells (ASCs)” for cells isolated almost by a similar isolation
procedure (plastic adherence) and, therefore, probably the
same cell population(s) were used in the literature. To elimi-
nate this discrepancy, the International Fat Applied Technol-
ogy Society (IFATS) reached a consensus to adopt the term
“adipose-derived stromal/stem cells” to identify the plastic-
adherent, cultured and serially passaged, and multipotent cell
population from adipose tissue [28, 37].

3. Origin of ASCs In Situ

Several studies have tried to identify the location of the stem
cell population within intact adipose tissue. This is a com-
plicated endeavour because no single marker specifically and
unequivocally identifies undifferentiated ASCs (as well as
MSCs in general). Results from these histological studies
using immunohistochemical and immunofluorescence tech-
niques suggest that a stem cell population (or populations)
resides in a perivascular location, where ASCs coexist with
pericytes and endothelial cells. It has also been suggested
that ASCs (and MSCs in general) are a subset of pericytes or
vascular stem/precursor cells at various stages of differentia-
tion located in the wall surrounding the vasculature [38]. It
has also been hypothesized that blood vessels in virtually all
organs and tissues harbour ubiquitous (mesenchymal) stem
cells in their perivascular niche [39].

Several investigations encouraged the hypothesis of a per-
ivascular localization of ASCs. It has been speculated that
ASCs exist as CD34%/CD31~/CD140~ /a-smooth muscle
actin~ (smA) cells in capillaries and in the adventitia of larger
vessels [40]. Zimmerlin and coworkers investigated the loca-
lization of known endothelial and perivascular markers in
sections of intact adipose tissue and detected a CD90*/
CD34*/CD317/CD146~/smA~ population in the outer ad-
ventitial ring of the vasculature [41]. They identified these
cells as supra adventitial ASCs. Traktuev and coworkers de-
scribed that ASCs are primarily located in the walls of adi-
pose microvasculature in a CD34*/CD31~ phenotype [42].
Another study of this group described that these cells are
capable of stabilizing endothelial networks in vitro, as well as
robustly synergizing with endothelial cells to participate in
the in vivo formation of new vessels which connect with host
vasculature, conduct blood flow, and exhibit network stabil-
ity for several weeks [43]. Others described a perivascular
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cell subset in the smallest blood vessels and adventitial cells
around larger ones, which natively expresses mesenchymal
stem cell markers and displays multilineage differentiation in
culture [39, 44, 45]. The authors identified these perivascular
cells by their expression of CD146, neuroglial proteoglycan 2
(NG2), and CD140p, in addition to standard MSC markers
(CD44, CD73, CD90, CD105). Nevertheless, the cell subset
described did not express CD34. In addition, others des-
cribed CD146" cells in the perivascular region that exhibit
the biological properties of MSCs if isolated and cultured
[46]. Therefore, due to the expression of CD146, these cells
are clearly distinct from the cells described by Lin, Zimmer-
lin, and Traktuev. There is also another recent work, in con-
trast to these studies, which described that only the smA*
cells from murine adipose tissue display a multilineage dif-
ferentiation potential, while smA~ cells only differentiate in-
to adipocytes in vitro [47].

Whereas all these studies provided much evidence and it
seems likely that ASCs in situ reside in a perivascular niche
in a CD34*/CD90*/CD31~/CD45~/CD146~ phenotype, the
definite identification of the ASC population(s) in situ has
currently not been achieved. The niche (local microenviron-
ment) is a crucial determinant not only of stem cell fate,
function, and maintenance, but maybe also of the ASCs’
phenotype.

4. Characterization of Uncultured
Primary Isolates

ASCs can easily be isolated by tissue digestion and cen-
trifugation steps, followed by the outgrowth of the plastic
adherent fraction from the primary isolated cell mixture
(the so-called SVF) [24]. SVF is a highly heterogeneous cell
population, because it also comprises the nonadherent cell
population. The composition of the SVF has been reported
with great variability among authors. Cell populations with-
in the SVF could be roughly distinguished by cell size and
granularity in flow cytometry by forward and sideward
scatter diagrams and by their characteristic expression pat-
tern. Miranville and coworkers described some stem cell ma-
rkers (CD34, CD133, ABCG2) in the SVF from different an-
atomic sources. They first described that freshly harvested
SVF contains large numbers of CD34" cells and showed
two subpopulations of CD34% cells [48]. A more compre-
hensive characterization was done by Yoshimura and co-
workers. They identified cell populations in the SVF in-
cluding the following potential ASCs (CD31~/CD34%/
CD457/CD90"/CD1057/CD146~), endothelial (progenitor)
cells (CD31*/CD34*/CD45~/CD90*/CD105°"/CD146%), pe-
ricytes (CD317/CD34~/CD45~/CD90*/CD105-/CD146"),
and blood-derived cells (CD45") by multicolour flow cyto-
metric analysis [49], whereas it is most likely that also
fibroblasts, vascular smooth muscle cells, and preadipocytes
are present in the SVE It has also been described that the
SVF is composed of 11% CD2" cells, 18% CD11a" cells, 29%
CD14" cells, 49% CD31" cells, 57% CD45% cells, and 60%
CD90" cells (referring to ASCs and endothelial cells) [50].
Others detected a different composition of the SVF (nearly

11% CD14" cells, ~2% CD31%" cells, ~7% CD34%, ~9%
CD45" cells, ~29% CD90*, and ~47% 146" cells) [51].

It has been demonstrated that more than 85% of the
SVF cells that initially adhered to the culture wells had
a CD317/CD34%/CD457/CD146~ phenotype [52]. Within
the CD34" cells, two subpopulations with different phe-
notypes have been identified (a CD349™ and CD34bright
subpopulation) [51]. In addition, it has been described
that the CD317/CD34"/CD45~/CD105" cells from purified
uncultured adipose tissue display stem cell properties [53].
The authors also compared CD31~ and CD317" cells from
the SVF and showed that only the CD31~ subpopulation
displayed multilineage differentiation in vitro. Nevertheless,
the data currently available are inconsistent and not adequate
for the clear definition of an exclusive ASCs population in
the SVE Sharing membrane antigens with other cells found
in the SVE, ASCs could not be definitely distinguished in
the whole heterogeneous SVF cell mixture. This is indeed
also based on two facts: (1) that there are several stem cell
subpopulations within the SVF and (2) that the cells are
related to the plastic adherent and cultured population which
dramatically changes the phenotype very early during cell
culture.

5. Characterization and Heterogeneity
of Cultured ASCs

The fraction of adherent cells cultured in standard cell cul-
ture medium is considered as multipotent ASCs. The cells of
this fraction are characterized early during primary culture
by a slightly heterogeneous morphology indicating different
stem and precursor cell subpopulations and (maybe) more
differentiated cells (dedifferentiated endothelial cells, smooth
muscle cells, and pericytes). Heterogeneity of MSC isolations
in general has been discussed in many publications [54-57].
Nevertheless, when analyzing the adherent population by
flow cytometry, no macrophages, endothelial cells, lympho-
cytes, or granulocytes seem to remain [50]: for example, the
presence of endothelial cells is not detectable [50]. However,
endothelial cells in culture are extremely susceptible to
culture conditions, such as supplements and particularly
shear stress, and, therefore, may dedifferentiate or trigger
apoptosis under static culture conditions [57].

The heterogeneity of cultured ASCs can be reduced by a
washing procedure early in the beginning of the cell culture
[58], indicating that several subsets require different time
points to adhere to the cell culture plastic. Other efforts
to reduce the heterogeneity or to isolate specific subsets
of ASCs were carried out by using flow cytometric sorting
or immunomagnetic separation, either by positive or by
negative selection [59-62]. The usage of such techniques for
the reduction of heterogeneity is more or less beneficial but
leads to a very small cell yield. By using immunomagnetic
beads, Rada and coworkers demonstrated that the SVF is
composed of several subpopulations, which express different
levels of ASC markers and exhibit varying osteogenic and
chondrogenic differentiation potentials [60].



Cultured ASCs show an extensive proliferative ability in
an uncommitted state while retaining their multilineage dif-
ferentiation potential. In later passages, ASC cultures are
homogeneous and exhibit a fibroblastoid morphology. The
composition of subpopulations, therefore, may change dur-
ing expansion [63]. Cell culture selects for this homogeneous
morphology, enriching for cells expressing a stromal im-
munophenotype [28]. Different studies have characterized
and compared the immunophenotype of cultured ASCs in
early and later passages over the past few years and found that
the expression profile of ASCs changes during culture time. It
has been repeatedly shown that freshly isolated ASCs express
different surface markers than ASCs in higher passages [28,
52]. At the beginning of the culture, ASCs do not uni-
formly express all surface proteins, which are supposed to
be characteristic. Subsets with distinct phenotypic properties
can be discerned in freshly isolated cells by specific surface
markers [63]. On the other hand, ASCs in passage 2 or 3
uniformly express their characteristic markers (positive for
CD10, CD13, CD29, CD 44, CD49%, CD73, CD90, CD105,
and CD166, and negative for CD11b, CD14, CD31, and
HLA-DR) [35]. The expression of the markers seems to be
dependent on culture conditions or time in culture. The
specific surface markers CD29, CD90, and CD166 increase
during culture [28], while the expression of other markers
decreases [28, 52]. Similar to SVF and contrary to long-
term cultured ASCs, freshly isolated ASCs are described as
expressing CD34, CD117, and HLA-DR [52]. In the case
of CD34, it has been demonstrated that more than 95% of
the cells are still CD34 positive after one week of culture,
whereas, subsequently, the expression level of CD34 de-
creases dramatically during culture. It has also been des-
cribed that only some ASCs lose their CD34 expression with
increasing culture time and that cell culture in medium 199
supplemented with acidic FGF maintained CD34 expression
for at least 10-20 weeks [49]. On the other hand, expression
of CD105 and especially CD166 is relatively low on the
freshly isolated ASCs but rises to a high extent during cell
culture [52]. Another study also described that stromal cell-
associated markers (CD29, CD73, CD166) are initially exp-
ressed lower but rise during successive passages, whereas the
expression of CD34 dramatically decreases [28].

Whereas expression of some characteristic markers is
consistently found to be expressed by cultured ASCs and oth-
ers are consistently not found to be expressed (summarized
in [64]), many studies differ in some of the markers. The exp-
ression of some antigens is described in a very contrary way.
Some reports described CD34, CD54, CD107, or CD146 to
be expressed on cultured ASCs, and others did not find the
expression of these antigens. These differing results are due to
differences in the isolation or culture method or caused by
the investigation of different passages of cultured ASCs: for
example, although CD34 is reckoned as a hematopoietic
stem-cell-associated marker, it is expressed by early passages
of ASCs’ subsets and subsequently lost in later passages [28,
49]. Another study compared the CD34" and CD34~ subsets
of ASCs and found that CD34" cells are more proliferative
and have a higher ability to form colonies, while CD34~ cells
have a greater ability to differentiate into adipogenic and
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osteogenic lineages [65]. CD34" cells also expressed other
endothelial markers, whereas CD34~ cells expressed markers
such as CD146. CD146 is described as lowly expressed by the
whole ASCs population, and this expression decreases with
culture time [28]. Since CD146 is also a marker for endo-
thelial cells and pericytes, it could belong to a subset of ASCs
[26, 49]. Taken together, comprehensive studies are needed
to further characterize the whole expression profile of ASCs
in different passages in detail.

6. What about Standardization of the Isolation
and Culture Procedure?

Discrepancies in the results of studies from different labo-
ratories may result from many different origins. First of all,
ASCs are isolated from different donors. These donors differ
in age, body mass index, gender, ethnicity, and their medical
history (e.g., preexisting diseases, nicotine, or alcohol abuse
in humans). It has been shown, for example, that the body
mass index correlates negatively to the number of stromal
cells per gram and their differentiation capacity [66]. The
liposuction procedure may differ between different clinics,
the liposuction (or biopsy) side is different, and the time la-
pse until isolation procedure starts differs between the lab-
oratories. It has been reported for ASCs that liposuction side,
liposuction procedure, age, or body mass index play an im-
portant role in the cell yield, growth, and frequency of stem
cells [26, 66—69], but it is not clear whether this favours dif-
ferent subsets in cultured ASCs. All these variables may affect
the composition of the isolated initial cell culture, but it is
extremely difficult, if not impossible, to standardize these
variables.

On the other hand, the methods and quality of isolations
of ASCs from different laboratories per se vary tremendously,
resulting in a different composition of the initial cell cul-
ture. Finally, the culture procedure of isolated ASCs differs
between the laboratories; at the present time, there is no
unique and standardized culture protocol for the culture of
ASCs. There are many variables that impair the cultured cells
(or the composition of subpopulations) in their undifferen-
tiated state: initial plating density and confluency, coating
of culture dishes and stiffness of the substrate, composition
of cell culture basal media, cell culture supplements (bovine
serum, human serum, platelet lysate, or growth factors), ad-
dition of antibiotics, oxygen supply (hypoxia), and method
of subculturing and cryopreservation (Table 1).

In vivo, many cell types are attached to soft materials,
either other cells or extracellular matrices, but most of what is
known about cell structure and function in vitro derives from
studies of cells plated onto rigid substrates, such as plastic
[70]. As a result, some aspects found in vitro are rarely if ever
seen in vivo [70]. Differentiation of MSCs, for example, has
been shown to be dependent on the substrate on which
the cells are cultured. Whereas MSCs on stiff substrates
expressed markers of osteogenesis, MSCs on softer substrates
expressed myogenic markers, and cells on the softest gels exp-
ressed neuronal markers [71]. Nevertheless, stiffness alone
is not sufficient to fully differentiate cells. Furthermore,
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TaBLE 1: Summary of cell culture parameters which affect the
undifferentiated state of ASCs.

— Medium composition (e.g., DMEM,
aMEM, M199)

(i) Basal medium
— Glucose content

— Calcium content

— Serum (bovine or human)
— Platelet lysate

— Growth factors (e.g., bFGF, aFGF, EGF,
PDGF)

— Corticoids

(i) Supplements

Antioxidants
Antibiotics (?)
— Hypoxia

|

!

(iii) Environment = Perfusion culture (Shear stress)

|

Stiffness of the substrate (coating)

|

Mechanical strain

!

Confluency (cell cell-contacts)

the influence of plastic coating with collagen or fibronectin
has also been shown to influence the differentiation state of
MSCs [72]. Therefore, more work about the optimal sub-
strate and substrate stiffness to culture ASCs is highly des-
irable.

Only limited information is available about which me-
dium optimally expands ASCs by maintaining the undif-
ferentiated stem cell character in vitro [73-75]. It has been
shown in cultures of MSCs that basal medium, glucose con-
centration, quality of FCS, cell plating, and cell density highly
affect the final outcome [76], resulting in the expansion of
populations with totally different potential. The media com-
position, for example, highly effects the expression of the
stem-cell-related transcription factors NANOG, Oct-4, Sox-
2, and Rex-1 in ASCs [75]. These factors have also been
shown to be expressed by ASCs in earlier studies [27, 77, 78]
and are related to the undifferentiated state of ASCs (and also
to pluripotency of stem cells in general). Many laboratories
use Dulbecco’s modified Eagle medium (DMEM) as a basal
medium to culture ASCs, but there are different DMEMs
commercially available, and a further description of the exact
medium used in these studies is often not indicated. We use
DMEM with an approximately physiological glucose content
(100 mg/dL). Others use a standard DMEM with a higher
glucose content, because, in this medium, ASCs show a much
better proliferation rate. Nevertheless, a physiological glu-
cose content is one variable which should be considered to
be near to the in vivo situation. Furthermore, a low calcium
concentration and supplementation with antioxidants have
been shown to accelerate the proliferation of ASCs, but it was
not clearly shown that this culture medium did not alter the
whole differentiation capacity of ASCs [79].

Most of the investigators use DMEM with 10% foetal calf
or bovine serum as a standard proliferation medium, where-
as others use low-serum expansion media supplemented
with one or more growth factors, for example, epidermal

growth factor (EGF), platelet-derived growth factor, and/or
basic fibroblast growth factor [80-83]. There are many
concerns about the practicability of foetal calf or bovine
serum (infectious complications, host immune reactions)
related to a possible use of ASCs in human therapeutical ap-
proaches [84]. Additionally, human serum may be a source
of pathogen contamination or immunoreactivity and shows
batch-to-batch variability. Using defined cell culture medium
is an urgent need in order to produce ASCs for clinical ap-
plications. The gold standard for culturing ASCs would be a
medium absolutely free of animal serum or factors, with
well-known ingredients. Parker and coworkers tested eight
commercially available serum-free media developed for use
with other cell lines for their ability to support growth of
human ASCs [74]. None of the available media was sufficient
for supporting cell growth as purchased, and none per-
formed better as a base medium than their standard medium
containing serum. Others described serial testing of new me-
dium formulations containing human serum or platelet ly-
sate or tested the use of animal serum- or xeno-free media for
the culture of ASCs in regard to cell morphology, cell pro-
liferation, phenotype, and differentiation potential [85-88].
As a result of these studies, there is obviously no favourable
serum- and xeno-free medium for the expansion of ASCs
retaining their undifferentiated state. Rajala and coworkers,
for example, described a xeno-free medium that induced sig-
nificantly higher proliferation rates than medium containing
allogeneic human serum [88]. This medium maintained the
differentiation potential of ASCs. Nevertheless, the authors
detected significant differences in the surface marker expres-
sion of ASCs cultured in xeno-free medium compared with
human serum.

In summary, modifications in the isolation and/or cul-
ture conditions might select for the expansion of subpop-
ulations and have a huge impact on the differentiation po-
tential of the cells cultured, albeit the primary cells could be
phenotypically identical [57]. Therefore, standardization of
the isolation and culture procedure is highly needed for a
good reproducibility of results from different laboratories
and studies.

7. The Differentiation Potential of ASCs

The in vitro differentiation of ASCs into multiple cell types
of mesodermal origin has been shown in a variety of studies.
ASCs can be cultured by serial passaging without losing their
multipotent properties [27] and have the capacity to main-
tain chromosome stability in long-term cultures [89]. Differ-
ent studies described ASCs’ plasticity towards chondrocytes,
osteoblasts, adipocytes, and myocytes (cardiomyocytes,
smooth muscle, and skeletal muscle cells) [24, 36, 90-97]. In
general, the induction of ASCs’ differentiation in vitro is
mainly achieved by culture in selective media with lineage-
specific induction factors. The transcriptional and molecular
events triggering the mesodermal lineage-specific differenti-
ation of stem cells are well known [98-103]. ASCs have also
been shown to be angiogenic and hematopoietic supporting
cells [104-106]. These supporting characteristics of ASCs are



mainly due to the secretion of antiapoptotic angiogenic and
hematopoietic factors (cytokines and growth factors), such
as macrophage colony-stimulating factor, granulocyte ma-
crophage colony-stimulating factor, insulin-like growth fac-
tor, hepatocyte growth factor, vascular endothelial growth
factor, hepatocyte growth factor, and transforming growth
factor-$ [107-109].

The potential of ASCs to differentiate into lineages with
nonmesodermal origin, although ASCs originate from the
mesoderm, is even more exciting. The differentiation poten-
tial of ASCs into cells of ecto- and endodermal origin has also
been shown. Therefore, the term pluripotent stem cells
would be more correct for ASCs (rather than multipotent), as
a differentiation into cells from all three germ layers has been
shown. Nevertheless, the morphology of ASCs is different
to other pluripotent stem cells, and their ability to form
teratoma has not been shown. Therefore, ASCs’ pluripotency
is not accepted overall in the scientific community.

A variety of studies documented the induced in vitro
differentiation into hepatocytes, pancreatic islet cells, neural
cells, endothelial cells, and epithelial cells [16, 50, 75, 110—
120]. Our studies have clearly verified that ASCs can enter
the epithelial lineage when treated with retinoids [50], con-
ditioned medium (CM) from renal tubular epithelial cells, or
a mixture of growth factors [116-119]. In vivo differentiation
of ASCs toward renal epithelial cells has also been shown in
a renal ischaemia-reperfusion model [120]. The multiorgan
engraftment of transplanted ASCs has been shown, in com-
bination with epithelial lineage differentiation [121]. Fang
and coworkers examined the in vivo characteristics and be-
haviour of human ASCs transplanted in sublethally irradi-
ated nonobese mice with diabetes or severe combined im-
munodeficiency. They demonstrated that ASCs differentiate
into epithelial cells of the gastrointestinal tract, liver, and
bronchi, and endothelial cells by using immunofluorescence
staining and in situ hybridization.

The multilineage potential of ASCs has also been shown
at the single cell level [29, 95, 122]. Clonal analysis of sin-
gle-cell-derived colonies of MSCs demonstrated that not
every cell possesses a trilineage differentiation potential [63,
123]. This is also the case in single cell clones from human
ASCs, which were induced for adipogenesis, osteogenesis,
chondrogenesis, and neurogenesis using lineage-specific dif-
ferentiation media [29]. Eighty-one percent of the clones dif-
ferentiated into at least one of the lineages, and 52% of the
clones differentiated into two or more of the lineages. The
authors, therefore, reasoned that ASCs are a type of multi-
potent adult stem cell and not solely a mixed population of
unipotent progenitor cells [29]. It has been demonstrated
that single clones of ASCs isolated from mouse inguinal fat
pads are capable of clonogenic, myogenic, adipogenic, and
neurogenic differentiation [122].

Several tissue engineering and cell therapeutical ap-
proaches using ASCs with or without scaffolds have been
carried out in animal experiments to verify ASCs’ in vitro
differentiation potential. Besides the obvious applications of
ASC:s to repair or regenerate cartilage, bone, muscle, or adi-
pose tissue, the possibility of peripheral nerve regeneration,
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hepatic regeneration, insulin-producing islet cell regenera-
tion, functional repair of myocardial infarction, and recovery
of renal function has recently been shown in in vivo models
[124-130]. In most of these in vivo studies, undifferentia-
ted ASCs proliferated under conditions preserving the un-
differentiated state were transplanted or used to assemble
tissue engineered constructs. Nevertheless, some researchers
used ASCs predifferentiated in culture [131] or genetically
modified ASCs in their in vivo models [129, 132, 133].

8. Final Remarks

Apart from all the proven basic scientific evidence in in vitro
and in vivo studies which have been accumulated during the
last few years, we are at the beginning of a new era of stem
cell therapy. ASCs are probably one of the most powerful
adult stem cells. Both preclinical studies and clinical trials
using ASCs have been initiated for autologous or allogenic
therapeutical trials (recently reviewed in [134]). Neverthe-
less, the lack of standardization in the isolation methods and
culture protocols needs to be overcome in order to eliminate
the significant variability in cell quality. Research progress
has also been hampered by the limited knowledge of ASCs’
subsets, due to the lack of unique markers for their isolation.
In addition, good manufacturing practices (GMP), qualified
isolation, and culture protocols are needed for the use of
ASCs in clinical trials [135, 136]. A variety of other questions
need to be answered before ASCs can be used in standard
clinical usages: bio-safety (tumour capacity), reproducibility,
and efficiency of transplanted ASCs. Moreover, additional
studies using in vivo models are needed to augment our
understanding of how the migration, growth, and differen-
tiation of ASCs are governed by interactions with resident
cells, growth factors, and cytokines during regeneration or
repair. Nevertheless, the entirety of recent in vivo studies and
of the few published case reports and clinical trials has shown
that ASCs are on the direct path to their clinical usage for the
treatment of a multitude of diseases.

Acknowledgment

This work was supported by the Adolf Messer Stiftung, Kon-
igstein, Germany.

References

[1] J. Cohnheim, “Uber Entziindung und Eiterung,” Virchows
Archiv A: Pathology. Pathologische Anatomie, vol. 40, pp. 1-
79, 1867.

[2] A.J.Friedenstein, I. I. Piatetzky-Shapiro, and K. V. Petrakova,
“Osteogenesis in transplants of bone marrow cells,” Journal of
Embryology and Experimental Morphology, vol. 16, no. 3, pp.
381-390, 1966.

[3] A. J. Friedenstein, K. V. Petrakova, A. I. Kurolesova, and
G. P. Frolova, “Heterotopic of bone marrow.Analysis of
precursor cells for osteogenic and hematopoietic tissues,”
Transplantation, vol. 6, no. 2, pp. 230247, 1968.

[4] M. Owen, “Marrow stromal stem cells,” Journal of Cell
Science, vol. 10, supplement 10, pp. 63-76, 1988.



Stem Cells International

(5]
(6]

~

(14]

(15]

[16]

(17

(20]

[21]

A. 1. Caplan, “Mesenchymal stem cells,” Journal of Ortho-
paedic Research, vol. 9, no. 5, pp. 641-650, 1991.

L. da Silva Meirelles, P. C. Chagastelles, and N. B. Nardi, “Me-
senchymal stem cells reside in virtually all post-natal organs
and tissues,” Journal of Cell Science, vol. 119, no. 11, pp. 2204—
2213, 2006.

L. Kassis, L. Zangi, R. Rivkin et al., “Isolation of mesenchymal
stem cells from G-CSF-mobilized human peripheral blood
using fibrin microbeads,” Bone Marrow Transplantation, vol.
37, no. 10, pp. 967-976, 2006.

Z. Zou, Y. Zhang, L. Hao et al., “More insight into mesen-
chymal stem cells and their effects inside the body,” Expert
Opinion on Biological Therapy, vol. 10, no. 2, pp. 215-230,
2010.

M. Dominici, P. Paolucci, P. Conte, and E. M. Horwitz, “Het-
erogeneity of multipotent mesenchymal stromal cells: from
stromal cells to stem cells and vice versa,” Transplantation,
vol. 87, no. 9, pp. S36-42, 2009.

E. M. Horwitz, K. Le Blanc, M. Dominici et al., “Clarification
of the nomenclature for MSC: the international society for
cellular therapy position statement,” Cytotherapy, vol. 7, no.
5, pp. 393-395, 2005.

M. Dominici, K. Le Blanc, I. Mueller et al., “Minimal crit-
eria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position state-
ment,” Cytotherapy, vol. 8, no. 4, pp. 315-317, 2006.

K. Le Blanc, “Immunomodulatory effects of fetal and adult
mesenchymal stem cells,” Cytotherapy, vol. 5, no. 6, pp. 485—
489, 2003.

M. Krampera, A. Pasini, G. Pizzolo, L. Cosmi, S. Romagnani,
and F. Annunziato, “Regenerative and immunomodulatory
potential of mesenchymal stem cells,” Current Opinion in
Pharmacology, vol. 6, no. 4, pp. 435-441, 2006.

K. MclIntosh, S. Zvonic, S. Garrett et al., “The immuno-
genicity of human adipose-derived cells: temporal changes in
vitro,” Stem Cells, vol. 24, no. 5, pp. 1246-1253, 2006.

G. Siegel, R. Schifer, and E Dazzi, “The immunosuppressive
properties of mesenchymal stem cells,” Transplantation, vol.
87, 10. 9, pp. $45-49, 2009.

K. M. Safford, K. C. Hicok, S. D. Safford et al., “Neurogenic
differentiation of murine and human adipose-derived stro-
mal cells,” Biochemical and Biophysical Research Communica-
tions, vol. 294, no. 2, pp. 371-379, 2002.

S.S. Tholpady, A. J. Katz, and R. C. Ogle, “Mesenchymal stem
cells from rat visceral fat exhibit multipotential differentia-
tion in vitro,” Anatomical Record—Part A, vol. 272, no. 1, pp.
398-402, 2003.

I. A. Peptan, L. Hong, and J. J. Mao, “Comparison of osteo-
genic potentials of visceral and subcutaneous adipose-deri-
ved cells of rabbits,” Plastic and Reconstructive Surgery, vol.
117, no. 5, pp. 1462-1470, 2006.

M. A. Vidal, G. E. Kilroy, M. J. Lopez, J. R. Johnson, R. M.
Moore, and J. M. Gimble, “Characterization of equine adi-
pose tissue-derived stromal cells: adipogenic and osteogenic
capacity and comparison with bone marrow-derived mes-
enchymal stromal cells,” Veterinary Surgery, vol. 36, no. 7, pp.
613-622, 2007.

M. Neupane, C. C. Chang, M. Kiupel, and V. Yuzbasiyan-
Gurkan, “Isolation and characterization of canine adipose-
derived mesenchymal stem cells,” Tissue Engineering - Part A,
vol. 14, no. 6, pp. 1007-1015, 2008.

J. K. Fraser, M. Zhu, I. Wulur, and Z. Alfonso, “Adipose-
derived stem cells,” Methods in Molecular Biology, vol. 449,
pp. 59-67, 2008.

(22]

(23]

(24]

[25]

[26]

(27]

(28

[29]

(31]

(32]

(33]

[34]

(35]

(36]

(37]

(38]

D. A. De Ugarte, K. Morizono, A. Elbarbary et al., “Com-
parison of multi-lineage cells from human adipose tissue and
bone marrow,” Cells Tissues Organs, vol. 174, no. 3, pp. 101—
109, 2003.

M. E Pittenger, A. M. Mackay, S. C. Beck et al., “Multilineage
potential of adult human mesenchymal stem cells,” Science,
vol. 284, no. 5411, pp. 143-147, 1999.

P. A. Zuk, M. Zhu, H. Mizuno et al., “Multilineage cells from
human adipose tissue: implications for cell-based therapies,”
Tissue Engineering, vol. 7, no. 2, pp. 211-228, 2001.

L. Aust, B. Devlin, S. J. Foster et al., “Yield of human adipo-
se-derived adult stem cells from liposuction aspirates,” Cyfo-
therapy, vol. 6, no. 1, pp. 7-14, 2004.

M. J. Oedayrajsingh-Varma, S. M. van Ham, M. Knippenberg
et al., “Adipose tissue-derived mesenchymal stem cell yield
and growth characteristics are affected by the tissue-har-
vesting procedure,” Cytotherapy, vol. 8, no. 2, pp. 166-177,
2006.

Y. Zhu, T. Liu, K. Song, X. Fan, X. Ma, and Z. Cui, “Adipose-
derived stem cell: a better stem cell than BMSC,” Cell Bio-
chemistry and Function, vol. 26, no. 6, pp. 664—675, 2008.

J. B. Mitchell, K. McIntosh, S. Zvonic et al., “Immunophe-
notype of human adipose-derived cells: temporal changes in
stromal-associated and stem cell-associated markers,” Stem
Cells, vol. 24, no. 2, pp. 376385, 2006.

E Guilak, K. E. Lott, H. A. Awad et al., “Clonal analysis of
the differentiation potential of human adipose-derived adult
stem cells,” Journal of Cellular Physiology, vol. 206, no. 1, pp.
229-237,2006.

W. J. Poznanski, I. Waheed, and R. Van, “Human fat cell
precursors. Morphologic and metabolic differentiation in
culture,” Laboratory Investigation, vol. 29, no. 5, pp. 570-576,
1973.

R. L. R. Van, C. E. Bayliss, and D. A. K. Roncari, “Cyto-
logical and enzymological characterization of adult human
adipocyte precursors in culture,” Journal of Clinical Investiga-
tion, vol. 58, no. 3, pp. 699-704, 1976.

H. Hauner, G. Entenmann, M. Wabitsch et al., “Promoting
effect of glucocorticoids on the differentiation of human adi-
pocyte precursor cells cultured in a chemically defined me-
dium,” Journal of Clinical Investigation, vol. 84, no. 5, pp.
1663-1670, 1989.

Y. C. Halvorsen, W. O. Wilkison, and J. M. Gimble, “Adipose-
derived stromal cells—their utility and potential in bone
formation,” International Journal of Obesity and Related
Metabolic Disorders, vol. 24, supplement 4, pp. S41-S44,
2000.

A. Sen, Y. Renee Lea-Currie, D. Sujkowska et al., “Adipo-
genic potential of human adipose derived stromal cells
from multiple donors is heterogeneous,” Journal of Cellular
Biochemistry, vol. 81, no. 2, pp. 312-319, 2001.

S. Gronthos, D. M. Franklin, H. A. Leddy, P. G. Robey, R. W.
Storms, and J. M. Gimble, “Surface protein characterization
of human adipose tissue-derived stromal cells,” Journal of
Cellular Physiology, vol. 189, no. 1, pp. 54—63, 2001.

P. A. Zuk, M. Zhu, P. Ashjian et al., “Human adipose tissue is
a source of multipotent stem cells,” Molecular Biology of the
Cell, vol. 13, no. 12, pp. 42794295, 2002.

J. M. Gimble, A. J. Katz, and B. A. Bunnell, “Adipose-derived
stem cells for regenerative medicine,” Circulation Research,
vol. 100, no. 9, pp. 1249-1260, 2007.

G. Lin, M. Garcia, H. Ning et al., “Defining stem and pro-
genitor cells within adipose tissue,” Stem Cells and Develop-
ment, vol. 17, no. 6, pp. 1053-1063, 2008.



[39] M. Corselli, C. W. Chen, M. Crisan, L. Lazzari, and B. Péault,

[41

[42

[43

[49

[54

]

]

J

“Perivascular ancestors of adult multipotent stem cells,” Arte-
riosclerosis, Thrombosis, and Vascular Biology, vol. 30, no. 6,
pp. 1104-1109, 2010.

C.S.Lin, Z. C. Xin, C. H. Deng, H. Ning, G. Lin, and T. E. Lue,
“Defining adipose tissue-derived stem cells in tissue and in
culture,” Histology and Histopathology, vol. 25, no. 6, pp. 807—
815, 2010.

L. Zimmerlin, V. S. Donnenberg, M. E. Pfeifer et al., “Stromal
vascular progenitors in adult human adipose tissue,” Cytom-
etry Part A, vol. 77, no. 1, pp. 22-30, 2010.

D. O. Traktueyv, S. Merfeld-Clauss, J. Li et al., “A population
of multipotent CD34-positive adipose stromal cells share
pericyte and mesenchymal surface markers, reside in a
periendothelial location, and stabilize endothelial networks,”
Circulation Research, vol. 102, no. 1, pp. 77-85, 2008.

D. O. Traktuev, D. N. Prater, S. Merfeld-Clauss et al., “Robust
functional vascular network formation in vivo by coopera-
tion of adipose progenitor and endothelial cells,” Circulation
Research, vol. 104, no. 12, pp. 1410-1420, 2009.

M. Crisan, C. W. Chen, M. Corselli, G. Andriolo, L. Lazzari,
and B. Péault, “Perivascular multipotent progenitor cells in
human organs,” Annals of the New York Academy of Sciences,
vol. 1176, pp. 118-123, 2009.

M. Crisan, S. Yap, L. Casteilla et al., “A perivascular origin
for mesenchymal stem cells in multiple human organs,” Cell
Stem Cell, vol. 3, no. 3, pp. 301-313, 2008.

A. C. W. Zannettino, S. Paton, A. Arthur et al., “Multipo-
tential human adipose-derived stromal stem cells exhibit
a perivascular phenotype in vitro and in vivo,” Journal of
Cellular Physiology, vol. 214, no. 2, pp. 413-421, 2008.

X. Cai, Y. Lin, P. V. Hauschka, and B. E. Grottkau, “Adipose
stem cells originate from perivascular cells,” Biology of the
Cell, vol. 103, no. 9, pp. 435-447, 2011.

A. Miranville, C. Heeschen, C. Sengenes, C. A. Curat, R.
Busse, and A. Bouloumié, “Improvement of postnatal neo-
vascularization by human adipose tissue-derived stem cells,”
Circulation, vol. 110, no. 3, pp. 349-355, 2004.

K. Yoshimura, T. Shigeura, D. Matsumoto et al., “Character-
ization of freshly isolated and cultured cells derived from the
fatty and fluid portions of liposuction aspirates,” Journal of
Cellular Physiology, vol. 208, no. 1, pp. 64-76, 2006.

M. Brzoska, H. Geiger, S. Gauer, and P. Baer, “Epithelial
differentiation of human adipose tissue-derived adult stem
cells,” Biochemical and Biophysical Research Communications,
vol. 330, no. 1, pp. 142-150, 2005.

G. Astori, E. Vignati, S. Bardelli et al., “”In vitro” and multi-
color phenotypic characterization of cell subpopulations id-
entified in fresh human adipose tissue stromal vascular frac-
tion and in the derived mesenchymal stem cells,” Journal of
Translational Medicine, vol. 5, article no. 55, 2007.

M. J. O. Varma, R. G. M. Breuls, T. E. Schouten et al., “Pheno-
typical and functional characterization of freshly isolated adi-
pose tissue-derived stem cells,” Stem Cells and Development,
vol. 16, no. 1, pp. 91-104, 2007.

A. C. Boquest, A. Shahdadfar, K. Frgnsdal et al., “Isolation
and transcription profiling of purified uncultured human
stromal stem cells: alteration of gene expression after in vitro
cell culture,” Molecular Biology of the Cell, vol. 16, no. 3, pp.
1131-1141, 2005.

W. Vogel, F. Griinebach, C. A. Messam, L. Kanz, W. Brug-
ger, and H. J. Bithring, “Heterogeneity among human bone
marrow-derived mesenchymal stem cells and neural progen-
itor cells,” Haematologica, vol. 88, no. 2, pp. 126-133, 2003.

(55]

(57]

(58]

(59]

(60]

[61]

(62]

(63]

[64]

(6]

[67]

(68]

[69]

(70]

Stem Cells International

W. Wagner, R. E. Feldmann, A. Seckinger et al., “The het-
erogeneity of human mesenchymal stem cell preparations—
Evidence from simultaneous analysis of proteomes and
transcriptomes,” Experimental Hematology, vol. 34, no. 4, pp.
536-548, 2006.

W. Wagner and A. D. Ho, “Mesenchymal stem cell prepara-
tions—comparing apples and oranges,” Stem Cell Reviews,
vol. 3, no. 4, pp. 239-248, 2007.

A. D. Ho, W. Wagner, and W. Franke, “Heterogeneity of mes-
enchymal stromal cell preparations,” Cytotherapy, vol. 10, no.
4, pp. 320-330, 2008.

D. Kaiser, M. A. Freyberg, and P. Friedl, “Lack of hemody-
namic forces triggers apoptosis in vascular endothelial cells,”
Biochemical and Biophysical Research Communications, vol.
231, no. 3, pp. 586—590, 1997.

N. Griesche, W. Luttmann, A. Luttmann, T. Stammermann,
H. Geiger, and P. C. Baer, “A simple modification of the
separation method reduces heterogeneity of adipose-derived
stem cells,” Cells Tissues Organs, vol. 192, no. 2, pp. 106-115,
2010.

T. Rada, R. L. Reis, and M. E. Gomes, “Distinct stem cells
subpopulations isolated from human adipose tissue exhibit
different chondrogenic and osteogenic differentiation poten-
tial,” Stem Cell Reviews and Reports, pp. 1-13, 2010.

D. Ishimura, N. Yamamoto, K. Tajima et al., “Differentiation
of adipose-derived stromal vascular fraction culture cells into
chondrocytes using the method of cell sorting with a mes-
enchymal stem cell marker,” Tohoku Journal of Experimental
Medicine, vol. 216, no. 2, pp. 149-156, 2008.

T. Jiang, W. Liu, X. Lv et al., “Potent in vitro chondrogenesis
of CDI105 enriched human adipose-derived stem cells,”
Biomaterials, vol. 31, no. 13, pp. 3564-3571, 2010.

A. Schellenberg, T. Stiehl, P. Horn et al., “Population dynam-
ics of mesenchymal stromal cells during culture expansion,”
Cytotherapy, vol. 14, no. 4, pp. 401-411, 2012.

M. Locke, J. Windsor, and P. R. Dunbar, “Human adipose-
derived stem cells: isolation, characterization and applica-
tions in surgery,” ANZ Journal of Surgery, vol. 79, no. 4, pp.
235-244, 2009.

H. Suga, D. Matsumoto, H. Eto et al., “Functional implica-
tions of CD34 expression in human adipose-derived stem/
progenitor cells,” Sterm Cells and Development, vol. 18, no. 8,
pp. 1201-1209, 2009.

V. Van Harmelen, T. Skurk, K. Rohrig et al., “Effect of BMI
and age on adipose tissue cellularity and differentiation capa-
city in women,” International Journal of Obesity, vol. 27, no.
8, pp. 889895, 2003.

V. Van Harmelen, K. Rohrig, and H. Hauner, “Comparison
of proliferation and differentiation capacity of human adi-
pocyte precursor cells from the omental and subcutaneous
adipose tissue depot of obese subjects,” Metabolism, vol. 53,
no. 5, pp. 632-637, 2004.

A. H. E Bakker, F. M. H. Van Dielen, J. W. M. Greve, J. A.
Adam, and W. A. Buurman, “Preadipocyte number in omen-
tal and subcutaneous adipose tissue of obese individuals,”
Obesity Research, vol. 12, no. 3, pp. 488-498, 2004.

W. J. E M. Jurgens, M. J. Oedayrajsingh-Varma, M. N. Hel-
der et al., “Effect of tissue-harvesting site on yield of stem cells
derived from adipose tissue: implications for cell-based ther-
apies,” Cell and Tissue Research, vol. 332, no. 3, pp. 415-426,
2008.

T. Yeung, P. C. Georges, L. A. Flanagan et al., “Effects of sub-
strate stiffness on cell morphology, cytoskeletal structure,



Stem Cells International

and adhesion,” Cell Motility and the Cytoskeleton, vol. 60, no.
1, pp. 24-34, 2005.

A.J. Engler, S. Sen, H. L. Sweeney, and D. E. Discher, “Matrix
elasticity directs stem cell lineage specification,” Cell, vol. 126,
no. 4, pp. 677-689, 2006.

A. S. Rowlands, P. A. George, and J. J. Cooper-White, “Di-
recting osteogenic and myogenic differentiation of MSCs: in-
terplay of stiffness and adhesive ligand presentation,” Ameri-
can Journal of Physiology—Cell Physiology, vol. 295, no. 4, pp.
C1037-C1044, 2008.

H. Suga, T. Shigeura, D. Matsumoto et al., “Rapid expansion
of human adipose-derived stromal cells preserving multipo-
tency,” Cytotherapy, vol. 9, no. 8, pp. 738-745, 2007.

A. M. Parker, H. Shang, M. Khurgel, and A. J. Katz, “Low ser-
um and serum-free culture of multipotential human adipose
stem cells,” Cytotherapy, vol. 9, no. 7, pp. 637-646, 2007.

P. C. Baer, N. Griesche, W. Luttmann, R. Schubert, A. Lut-
tmann, and H. Geiger, “Human adipose-derived mesenchy-
mal stem cells in vitro: evaluation of an optimal expansion
medium preserving stemness,” Cytotherapy, vol. 12, no. 1, pp.
96-106, 2010.

P. A. Sotiropoulou, S. A. Perez, M. Salagianni, C. N. Baxe-
vanis, and M. Papamichail, “Characterization of the optimal
culture conditions for clinical scale production of human
mesenchymal stem cells,” Stern Cells, vol. 24, no. 2, pp. 462—
471, 2006.

R. Izadpanah, C. Trygg, B. Patel et al., “Biologic properties
of mesenchymal stem cells derived from bone marrow and
adipose tissue,” Journal of Cellular Biochemistry, vol. 99, no.
5, pp. 1285-1297, 2006.

U. Riekstina, I. Cakstina, V. Parfejevs et al., “Embryonic stem
cell marker expression pattern in human mesenchymal stem
cells derived from bone marrow, adipose tissue, heart and
dermis,” Stem Cell Reviews and Reports, vol. 5, no. 4, pp. 378—
386, 2010.

T. M. Lin, J. L. Tsai, S. D. Lin, C. S. Lai, and C. C. Chang,
“Accelerated growth and prolonged lifespan of adipose
tissue-derived human mesenchymal stem cells in a medium
using reduced calcium and antioxidants,” Stem Cells and
Development, vol. 14, no. 1, pp. 92-102, 2005.

W. Wagner, F. Wein, A. Seckinger et al., “Comparative charac-
teristics of mesenchymal stem cells from human bone mar-
row, adipose tissue, and umbilical cord blood,” Experimental
Hematology, vol. 33, no. 11, pp. 1402-1416, 2005.

T. Skurk, S. Ecklebe, and H. Hauner, “A novel technique
to propagate primary human preadipocytes without loss of
differentiation capacity,” Obesity, vol. 15, no. 12, pp. 2925—
2931, 2007.

S. Iwashima, T. Ozaki, S. Maruyama et al., “Novel culture sys-
tem of mesenchymal stromal cells from human subcutaneous
adipose tissue,” Stem Cells and Development, vol. 18, no. 4, pp.
533-543, 2009.

T. L. Hebert, X. Wu, G. Yu et al., “Culture effects of epi-
dermal growth factor (EGF) and basic fibroblast growth fac-
tor (bFGF) on cryopreserved human adipose-derived strom-
al/stem cell proliferation and adipogenesis,” Journal of Tissue
Engineering and Regenerative Medicine, vol. 3, no. 7, pp. 553—
561, 2009.

I. Miiller, S. Kordowich, C. Holzwarth et al., “Animal ser-
um-free culture conditions for isolation and expansion of
multipotent mesenchymal stromal cells from human BM,”
Cytotherapy, vol. 8, no. 5, pp. 437-444, 2006.

(85]

(87]

(89]

[90]

[91]

[92]

(93]

[94]

(95]

[96]

[97]

(98]

[99]

J. E. Krieger, I. S. Blande, V. Bassaneze et al., “Adipose tis-
sue mesenchymal stem cell expansion in animal serum-free
medium supplemented with autologous human platelet lys-
ate,” Transfusion, vol. 49, no. 12, pp. 2680-2685, 2009.

P. Lund, L. Pilgaard, M. Duroux, T. Fink, and V. Zachar,
“Effect of growth media and serum replacements on the pro-
liferation and differentiation of adipose-derived stem cells,”
Cytotherapy, vol. 11, no. 2, pp. 189-197, 2009.

B. Lindroos, S. Boucher, L. Chase et al., “Serum-free, xeno-
free culture media maintain the proliferation rate and multi-
potentiality of adipose stem cells in vitro,” Cytotherapy, vol.
11, no. 7, pp. 958-972, 2009.

K. Rajala, B. Lindroos, S. M. Hussein et al., “A Defined
and Xeno-free culture method enabling the establishment of
clinical-grade human embryonic, induced pluripotent and
adipose stem cells,” PLoS ONE, vol. 5, no. 4, Article ID
€10246, 2010.

B. R. Grimes, C. M. Steiner, S. Merfeld-Clauss et al., “Inter-
phase FISH demonstrates that human adipose stromal cells
maintain a high level of genomic stability in long-term cul-
ture,” Stem Cells and Development, vol. 18, no. 5, pp. 717-724,
2009.

J. M. Gimble and F. Guilak, “Adipose-derived adult stem cells:
isolation, characterization, and differentiation potential,”
Cytotherapy, vol. 5, no. 5, pp. 362-369, 2003.

J. M. Gimble and E. Guilak, “Differentiation Potential of
Adipose Derived Adult Stem (ADAS) Cells,” Current Topics
in Developmental Biology, vol. 58, pp. 137-160, 2003.

B. M. Strem, K. C. Hicok, M. Zhu et al., “Multipotential dif-
ferentiation of adipose tissue-derived stem cells,” Keio Journal
of Medicine, vol. 54, no. 3, pp. 132-141, 2005.

J. K. Fraser, R. Schreiber, B. Strem et al., “Plasticity of human
adipose stem cells toward endothelial cells and cardiomy-
ocytes,” Nature Clinical Practice Cardiovascular Medicine, vol.
3, supplement 1, pp. S33-S37, 2006.

G. S. Jack, E G. Almeida, R. Zhang, Z. C. Alfonso, P. A.
Zuk, and L. V. Rodriguez, “Processed lipoaspirate cells for
tissue engineering of the lower urinary tract: implications
for the treatment of stress urinary incontinence and bladder
reconstruction,” Journal of Urology, vol. 174, no. 5, pp. 2041—
2045, 2005.

L. V. Rodriguez, Z. Alfonso, R. Zhang, J. Leung, B. Wu, and
L. J. Ignarro, “Clonogenic multipotent stem cells in human
adipose tissue differentiate into functional smooth muscle
cells,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 103, no. 32, pp. 12167-12172,
2006.

H. Mizuno, P. A. Zuk, M. Zhu, H. P. Lorenz, P. Benhaim, and
M. H. Hedrick, “Myogenic differentiation by human pro-
cessed lipoaspirate cells,” Plastic and Reconstructive Surgery,
vol. 109, no. 1, pp. 199-209, 2002.

J. H. Lee and D. M. Kemp, “Human adipose-derived stem
cells display myogenic potential and perturbed function in
hypoxic conditions,” Biochemical and Biophysical Research
Communications, vol. 341, no. 3, pp. 882—888, 2006.

M. L. Tong, M. Martina, D. W. Hutmacher, J. H. P. O. Hui,
H. L. Eng, and B. Lim, “Identification of common pathways
mediating differentiation of bone marrow- and adipose tis-
sue-derived human mesenchymal stem cells into three me-
senchymal lineages,” Stem Cells, vol. 25, no. 3, pp. 750-760,
2007.

H.X.Li, X. Luo, R. X. Liu, Y. J. Yang, and G. S. Yang, “Roles of
Wnt/f-catenin signaling in adipogenic differentiation poten-
tial of adipose-derived mesenchymal stem cells,” Molecular



10

(100]

[101]

[102]

(103]

[104]

[105]

[106]

[107]

(108]

[109]

(110]

[111]

[112]

[113]

(114]

[115]

and Cellular Endocrinology, vol. 291, no. 1-2, pp. 116-124,
2008.

M. Karbiener, C. Fischer, S. Nowitsch et al., “microRNA miR-
27b impairs human adipocyte differentiation and targets
PPARY,” Biochemical and Biophysical Research Communica-
tions, vol. 390, no. 2, pp. 247-251, 2009.

A. W. James, P. Leucht, B. Levi et al., “Sonic hedgehog in-
fluences the balance of osteogenesis and adipogenesis in
mouse adipose-derived stromal cells,” Tissue Engineering.
Part A, vol. 16, no. 8, pp. 2605-2616, 2010.

L. A. Davis and N. I. zur Nieden, “Mesodermal fate decisions
of a stem cell: the Wnt switch,” Cellular and Molecular Life
Sciences, vol. 65, no. 17, pp. 2658-2674, 2008.

A. Schiiffler and C. Biichler, “Concise review: adipose tissue-
derived stromal cells—basic and clinical implications for
novel cell-based therapies,” Stem Cells, vol. 25, no. 4, pp. 818—
827, 2007.

B. Cousin, M. André, E. Arnaud, L. Pénicaud, and L. Caste-
illa, “Reconstitution of lethally irradiated mice by cells iso-
lated from adipose tissue,” Biochemical and Biophysical Re-
search Communications, vol. 301, no. 4, pp. 1016-1022, 2003.
A. Miranville, C. Heeschen, C. Sengenes, C. A. Curat, R.
Busse, and A. Bouloumié, “Improvement of postnatal neo-
vascularization by human adipose tissue-derived stem cells,”
Circulation, vol. 110, no. 3, pp. 349-355, 2004.

J. Corre, C. Barreau, B. Cousin et al., “Human subcutaneous
adipose cells support complete differentiation but not self-
renewal of hematopoietic progenitors,” Journal of Cellular
Physiology, vol. 208, no. 2, pp. 282288, 2006.

J. Rehman, D. Traktuev, J. Li et al., “The secretion of angio-
genic and anti-apoptotic factors by human adipose stromal
cells,” Circulation, vol. 109, pp. 1291-1298, 2004.

H. Nakagami, K. Maeda, R. Morishita et al., “Novel autolo-
gous cell therapy in ischemic limb disease through growth
factor secretion by cultured adipose tissue-derived stromal
cells,” Arteriosclerosis, Thrombosis, and Vascular Biology, vol.
25, no. 12, pp. 2542-2547, 2005.

G. E. Kilroy, S. J. Foster, X. Wu et al., “Cytokine profile of
human adipose-derived stem cells: expression of angiogenic,
hematopoietic, and pro-inflammatory factors,” Journal of
Cellular Physiology, vol. 212, no. 3, pp. 702-709, 2007.

M. J. Seo, S. Y. Suh, Y. C. Bae, and J. S. Jung, “Differentiation
of human adipose stromal cells into hepatic lineage in vitro
and in vivo,” Biochemical and Biophysical Research Commu-
nications, vol. 328, no. 1, pp. 258-264, 2005.

C. Lange, H. Bruns, D. Kluth, A. R. Zander, and H. C. Fiegel,
“Hepatocytic differentiation of mesenchymal stem cells in
cocultures with fetal liver cells,” World Journal of Gastroen-
terology, vol. 12, no. 15, pp. 2394-2397, 2006.

A. Banas, T. Teratani, Y. Yamamoto et al., “Adipose tissue-
derived mesenchymal stem cells as a source of human hepa-
tocytes,” Hepatology, vol. 46, no. 1, pp. 219-228, 2007.

K. Timper, D. Seboek, M. Eberhardt et al., “Human adipose
tissue-derived mesenchymal stem cells differentiate into in-
sulin, somatostatin, and glucagon expressing cells,” Biochem-
ical and Biophysical Research Communications, vol. 341, no. 4,
pp. 1135-1140, 2006.

P. H. Ashjian, A. S. Elbarbary, B. Edmonds et al., “In vitro
differentiation of human processed lipoaspirate cells into
early neural progenitors,” Plastic and Reconstructive Surgery,
vol. 111, no. 6, pp. 1922-1931, 2003.

Y. Cao, Z. Sun, L. Liao, Y. Meng, Q. Han, and R. C. Zhao,
“Human adipose tissue-derived stem cells differentiate into

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

Stem Cells International

endothelial cells in vitro and improve postnatal neovas-
cularization in vivo,” Biochemical and Biophysical Research
Communications, vol. 332, no. 2, pp. 370-379, 2005.

P. C. Baer, J. Bereiter-Hahn, C. Missler et al., “Conditioned
medium from renal tubular epithelial cells initiates differen-
tiation of human mesenchymal stem cells,” Cell Proliferation,
vol. 42, no. 1, pp. 29-37, 2009.

P. C. Baer, M. Brzoska, and H. Geiger, “Epithelial differ-
entiation of human adipose-derived stem cells,” Methods in
Molecular Biology, vol. 702, pp. 289298, 2011.

N. Griesche, J. Bereiter-Hahn, H. Geiger, R. Schubert, and P.
C. Baer, “During epithelial differentiation of human adipose-
derived stromal/stem cells, expression of zonula occludens
protein-1 is induced by a combination of retinoic acid, ac-
tivin-A and bone morphogenetic protein-7,” Cytotherapy,
vol. 14, no. 1, pp. 61-69, 2012.

P. C. Baer, C. Déring, M. L. Hansmann, R. Schubert, and H.
Geiger, “New insights into epithelial differentiation of human
adipose-derived stem cells,” Journal of Tissue Engineering and
Regenerative Medicine. In press.

J. L. Long, P. Zuk, G. S. Berke, and D. K. Chhetri, “Epithelial
differentiation of adipose-derived stem cells for laryngeal
tissue engineering,” Laryngoscope, vol. 120, no. 1, pp. 125—
131, 2010.

B. Fang, Y. Li, Y. Song et al., “Human adipose tissue-deriv-
ed adult stem cells can lead to multiorgan engraftment,”
Transplantation Proceedings, vol. 42, no. 5, pp. 1849-1856,
2010.

J. Case, T. L. Horvath, J. C. Howell, M. C. Yoder, K. L.
March, and E. E Srour, “Clonal multilineage differentiation
of murine common pluripotent stem cells isolated from
skeletal muscle and adipose stromal cells,” Annals of the New
York Academy of Sciences, vol. 1044, pp. 183-200, 2005.

K. C. Russell, M. R. Lacey, J. K. Gilliam, H. A. Tucker, D.
G. Phinney, and K. C. O’Connor, “Clonal analysis of the
proliferation potential of human bone marrow mesenchymal
stem cells as a function of potency,” Biotechnology and
Bioengineering, vol. 108, no. 11, pp. 2716-2726, 2011.

K. Li, Q. Han, X. Yan, L. Liao, and R. C. Zhao, “Not a
process of simple vicariousness, the differentiation of human
adipose-derived mesenchymal stem cells to renal tubular
epithelial cells plays an important role in acute kidney injury
repairing,” Stem Cells and Development, vol. 19, no. 8, pp.
1267-1275, 2010.

L.Y. Santiago, J. Clavijo-Alvarez, C. Brayfield, J. P. Rubin, and
K. G. Marra, “Delivery of adipose-derived precursor cells for
peripheral nerve repair,” Cell Transplantation, vol. 18, no. 2,
pp. 145-158, 2009.

P. G. Di Summa, P. J. Kingham, W. Raffoul, M. Wiberg,
G. Terenghi, and D. F. Kalbermatten, “Adipose-derived stem
cells enhance peripheral nerve regeneration,” Journal of
Plastic, Reconstructive and Aesthetic Surgery, vol. 63, no. 9, pp.
1544-1552, 2010.

A. Banas, T. Teratani, Y. Yamamoto et al., “Rapid hepatic fate
specification of adipose-derived stem cells and their thera-
peutic potential for liver failure,” Journal of Gastroenterology
and Hepatology, vol. 24, no. 1, pp. 7077, 2009.

H. Aurich, M. Sgodda, P. Kaltwafler et al., “Hepatocyte
differentiation of mesenchymal stem cells from human adi-
pose tissue in vitro promotes hepatic integration in vivo,”
Gut, vol. 58, no. 4, pp. 570-581, 2009.

H. Kajiyama, T. S. Hamazaki, M. Tokuhara et al., “Pdx1-
transfected adipose tissue-derived stem cells differentiate into



Stem Cells International

[130]

[131]

(132]

[133]

(134]

[135]

[136]

insulin-producing cells in vivo and reduce hyperglycemia
in diabetic mice,” International Journal of Developmental
Biology, vol. 54, no. 4, pp. 699-705, 2010.

K. Schenke-Layland, B. M. Strem, M. C. Jordan et al., “Adi-
pose tissue-derived cells improve cardiac function following
myocardial infarction,” Journal of Surgical Research, vol. 153,
no. 2, pp. 217-223, 2009.

A.T. Mehlhorn, J. Zwingmann, G. Finkenzeller et al., “Chon-
drogenesis of adipose-derived adult stem cells in a poly-lac-
tide-co-glycolide scaffold,” Tissue Engineering - Part A, vol.
15, no. 5, pp. 11591167, 2009.

Q. Chen, Z. Yang, S. Sun et al., “Adipose-derived stem cells
modified genetically in vivo promote reconstruction of bone
defects,” Cytotherapy, vol. 12, no. 6, pp. 831-840, 2010.

B. Peterson, J. Zhang, R. Iglesias et al., “Healing of criti-
cally sized femoral defects, using genetically modified mes-
enchymal stem cells from human adipose tissue,” Tissue Eng-
ineering, vol. 11, no. 1-2, pp. 120-129, 2005.

H. Mizuno, “Adipose-derived stem and stromal cells for cell-
based therapy: current status of preclinical studies and clini-
cal trials,” Current Opinion in Molecular Therapeutics, vol. 12,
no. 4, pp. 442-449, 2010.

L. Sensebé, “Clinical grade production of mesenchymal stem
cells,” Bio-Medical Materials and Engineering, vol. 18, sup-
plement, pp. S$3-S10, 2008.

L. Sensebé and P. Bourin, “Producing MSC according GMP:
process and controls,” Bio-Medical Materials and Engineering,
vol. 18, no. 4-5, pp. 173-177, 2008.

11



	Introduction: MesenchymalStromal/Stem Cells
	Adipose-Derived MesenchymalStromal/Stem Cells
	Origin of ASCs In Situ
	Characterization of UnculturedPrimary Isolates
	Characterization and Heterogeneity of Cultured ASCs
	What about Standardization of the Isolation and Culture Procedure?
	The Differentiation Potential of ASCs
	Final Remarks
	Acknowledgment
	References

