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Introduction

Abstract

The ideal stem cell for use in functional tissue engineering needs to be abundantly
available, harvested with minimal morbidity, differentiated reliably down various
pathways and able to be transplanted safely and efficaciously. Adult human adipose
tissue contains a population of mesenchymal stem cells, termed ‘adipose-derived stem
cells” (ASC), which seem to fulfil most, if not all, of these criteria. ASC can be
harvested readily, safely, and in relative abundance by modern liposuction techniques.
They are capable of differentiating into other mesenchymal tissue types, including
adipocytes, chondrocytes, myocytes and osteoblasts. They also show angiogenic prop-
erties, with recent evidence of a potential role in healing radiotherapy-damaged tissue,
possibly due to their secretion of vascular endothelial growth factor. Similarly, they
may have a role in healing chronic wounds, and as such are being investigated in
phase 1 trials for their ability to aid healing of recurrent Crohn’s fistulae. Subsequently
they have a wide range of potential clinical uses in all fields of surgery. This article
reviews the current and potential clinical applications of ASC in relation to surgery, as
well as methods for their isolation, differentiation and molecular characterization.

Multipotent stem cells can be isolated from various mesenchymal
tissue sources in adults, most commonly bone marrow. The harvest of

Stem cells exist in an undifferentiated state, and exhibit both the
capacity to self-renew, and the capability to differentiate into more
than one type of cell. Although embryonic stem cells seem to exhibit
unlimited differentiation potential both in vitro and in vivo, they are
subject to significant ethical, legal and political concerns and are not
generally available in current medical practice or research. Stem cells
from adult tissue, on the other hand, suffer from few such restrictions.
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bone marrow stem cells (BMSC) has practical constraints. These
include pain at the harvest site, and harvest of only a small volume
of bone marrow (and therefore a small number of stem cells),! mean-
ing that they are likely to require ex vivo expansion of the cells to
obtain clinically significant cell numbers. This is especially true for
the elderly or patients with malignancy,2 who are most likely to have
low BMSC numbers. Umbilical cord blood (UCB) from the placenta
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of term infants also contains mesenchymal stem cells. The use of
UCB has been limited by the practical difficulties in obtaining and
isolating the mesenchymal stem cells at the time of birth and ensuring
adequate long-term storage for autologous use, and the fact that their
differentiation potential seems to be lower than that of BMSC.3

Early adipose stem cell research began in 1992,4 when investi-
gators used porcine preperitoneal fat, which they reported has sim-
ilar morphology to human subcutaneous adipose cells, to culture the
stromal vascular fraction (SVF) of cells in media with heparin and
endothelial cell growth factor. This produced cells that stained pos-
itively for von Willebrand factor (vWF), o-smooth muscle cell actin
and cytokeratin. They were termed ‘microvascular endothelial
cells’. But the SVF has, more recently, been shown to include multi-
potent mesenchymal stem cells,!-56 which may reside in the peri-
vascular region of the stroma.”

Adipose tissue is derived from embryonic mesoderm. As mesen-
chymal stem cells, the isolated cells are capable of forming bone,
cartilage and muscle, as well as fat.1568-12 These stem cells
have been variously termed pre-adipocytes, stromal cells, processed
lipoaspirate cells, multipotent adipose-derived stem cells, and adipose-
derived adult stem cells. A recent consensus reached by investigators
at the 2004 conference of the International Fat Applied Technology
Society has settled on the term ‘adipose-derived stem cells’ (ASC).13

Abundant numbers of ASC can be derived from lipoaspirate, the
waste product of liposuction surgery. Processing 300 mL of lipoas-
pirate routinely yields between 1 X 107 and 6 x 108 ASCL.14-17 with
>90% cell viability.!415 The yield compares favourably with a bone
marrow aspirate.!-18 Compared with BMSC, ASC are more easily
cultured and grow more rapidly.!-17:19 They can also be cultured for
longer than BMSC before becoming senescent.3 All of these qual-
ities make ASC a useful source of mesenchymal stem cells.

Sources and isolation of adipose
derived stem cells

Adipose stem cells can be found in any type of white adipose tissue,
including subcutaneous and omental fat. In recent years the preva-
lence of obesity has been rapidly rising throughout the Western
world and, along with this, the number of patients undergoing elec-
tive liposuction has also increased significantly. The American Soci-
ety for Aesthetic Plastic Surgery states that the total number of all
cosmetic procedures has increased more than fourfold since 1997,
with 455 489 liposuction procedures performed in the USA in
2005.20 Liposuction is considered a safe and well-tolerated proce-
dure, with a complication rate of around 0.1%.2!1-24 Liposuction
routinely removes between a few hundred millilitres and several
litres of fat. Although the lipoaspirate has been subjected to suction
forces during aspiration, research shows that 98—-100% of the adi-
pose cells in the lipoaspirate are viable.!9:25 Following the procedure,
the lipoaspirate is normally discarded as medical waste. Given the
safety and popularity of liposuction, lipoaspirate seems an ideal
source of ASC, and a safe autologous cell source for clinical use.
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In the 1960s, Rodbell pioneered the technique of isolating adipose
cells from rat tissue.26 Minor modifications allowed this to be suc-
cessfully applied to human tissue in the 1980s.27 Lipoaspirate should
be processed as soon after harvest as possible, although one author
suggests that the lipoaspirate can be kept at room temperature over-
night before stem cell isolation if necessary.!5 There are a number of
similar methods reported in the literature for isolating the adipose
cells from the lipoaspirate.!.5.14.15 The process is summarized in
Figure 1. In brief, the lipoaspirate is extensively washed and the
red cells are lysed. The floating adipose tissue is digested with
collagenase to break down the extracellular matrix, filtered and
centrifuged. After spinning down, the resulting pellet is known as
the SVE. In our experience, processing of large volumes of lipoas-
pirate can be performed efficiently over 2-3 h, with expected yields
of approximately 2.4 x 104 cells per mL of fat processed (data not
shown). Cells within the SVF subsequently adhere readily to plastic
tissue cultureware under standard incubation conditions, and growth
of these cells is evident within a few days (Fig. 2).

The SVF contains an unpurified population of stromal cells,
which includes the ASC. The other cell types that may be present
in SVF are those found in the lipoaspirate, namely endothelial cells,
smooth muscle cells, pericytes, fibroblasts, and circulating cell types
such as leucocytes, haematopoietic stem cells or endothelial pro-
genitor cells.28 Many authors use the entire unpurified SVF in their
experiments, on the basis that the ASC are adherent to the plastic
tissue cultureware, so they are self-selected out of the SVF during
subsequent tissue culture passages.29 As few as one in 30 of the SVF
cells adhere to the plastic,!7 and there is progressive loss of haema-
topoietic lineage cell markers (such as CD11, CD14 and CD45) with
successive cultures of ASC.17 Adherence to plastic tissue culture-
ware, however, is not a feature that is specific to ASC, because
fibroblast cells also behave in this manner. Some critics have sug-
gested that even a low fraction of contaminating cells such as hae-
matopoietic stem cells could be the source of differentiation seen in
ASC experiments.30

Purification by magnetic bead coupling has been performed by
some researchers31:32 to remove CD45+ cells (leucocytic/haemato-
poietic lineage) and CD31+ cells (endothelial lineage) from the iso-
lated cells prior to differentiation experiments. Given the relative
simplicity of such sorting procedures, it would seem reasonable to
advocate that ASC should be purified from the SVF before cell
culture. This would provide standardization and help reduce the
considerable inconsistency in the current literature regarding
reported cell surface markers of ASC, allowing accelerated devel-
opment of clinical applications.

Differentiation of adipose derived stem
cells for clinical applications

The pluripotent ASC can be differentiated into most mesenchymal
cell types, including adipocytes,!5:6.8-12 osteoblasts,!5:6.9-12 chon-
drocytes,!:5.69.11.12 and myocytes.l.6.11.12 Because adipose cells are
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Fig. 1. Summary of cycle of human adipose-derived stem cell (ASC) isolation and differentiation for clinical usage. SVF, stromal

vascular cell fraction.

mesodermal in origin, the differentiation of adipose stem cells into
neural tissue of ectodermal origin has been thought to be very
unlikely.28 When exposed in vitro to antioxidants (in the absence
of serum), however, cells take on a bipolar morphology similar to
neuronal cells,6-12.14.30.33 although confirmation of this cell type by
any neurophysiological testing has yet to be performed. It also
appears that ASC can provide angiogenic3+35 and possibly haema-
topoietic support.!1.12 Limited clinical studies have been undertaken
with ASC, but current data on these functions are restricted to case
reports and early phase 1 trials.

Adipogenesis

Adipogenesis may have many uses in soft-tissue reconstruction in
humans. Thousands of patients undergo fat grafting to improve con-
tour defects and wrinkles. In the USA 90 642 fat injections were
performed by members of the American Society of Aesthetic Plastic
Surgeons in 2005.20 Fat grafting may rely not only on transplanta-
tion of mature adipocytes but also on the ASC fraction, which has
the ability to both differentiate into adipocytes and support
new blood vessel growth.28 Purification of ASC and enhanced re-
injection of these could improve long-term survival of fat grafts by
encouraging adipogenesis and angiogenesis.
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Large soft-tissue defects are also common, following trauma and
surgical resection (such as mastectomy). In reconstructive plastic
surgery, adipose tissue represents a major component of the tissue
defect.36:37 Reconstruction of a large defect, however, involves
unique problems to overcome, largely related to angiogenesis and
long-term maintenance of volume in engineered grafts.!6.37 It may
be possible for tissue engineering-based techniques, such as the use
of microchannelled hydrogel cylinders38 or macroporous hydrogel
fragments,39 to help repair these defects.

A single study looking at lipodystrophy has shown that this con-
dition may be cured in a murine model by adipose transplantation.40
While lipodystrophy used to be a rare condition, it is now seen more
often because it is associated with HIV-positive patients on highly
active antiretroviral therapy, due to protease inhibitor interference
with lipid metabolism.4142 ASC may therefore have a role in the
treatment of this difficult condition. It must also be noted that iden-
tification of molecules that are expressed solely in differentiating
ASC could potentially enable their use as drug targets for the pre-
vention of adipogenesis in obesity and related diseases such as
diabetes mellitus or cardiovascular disease.43.44

In the laboratory, differentiation into adipocytes takes 14 days,
after which time intracellular lipid can be seen after staining with
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Fig. 2. Culture containing adipose-derived stem cells 2 days
after isolation of the stromal vascular fraction (SVF) from
human lipoaspirate. At confluence, these cells conformed to
the cell surface phenotype shown in Table 1 on flow cytometry
(data not shown).

Oil Red O stain (Fig. 3). The gene or factor responsible for signal-
ling the multipotent stem cell to the adipocyte lineage in vivo is
unknown.45 The most important stimulants, however, appear to be
insulin and glucocorticoids. In vitro, the first step of adipogenesis is
stimulated by insulin-like growth factor-1 (IGF-1). Growth hor-
mone, glucocorticoids, insulin and fatty acids are stimulatory in both
the early and late phases of adipocyte differentiation. Triiodothyro-
nine (T3) hormone stimulates the late phase only.8.10 Consequently,

Fig. 3. (a) Differentiation of adipose-derived stem cell (ASC)
into adipocytes, as shown by positive Oil Red O staining of
intracellular lipid in cells cultured in adipogenic medium for
14 days, not seen in (b) control ASC cultured in complete
medium for 14 days.
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the induction media for adipogenesis is usually supplemented with
a cyclic adenosine monophosphate inducer such as isobutyl-
methylxanthine, as well as the aforementioned factors to induce
differentiation.!.6.10.14,33.46 Fibroblast-like cells lines, such as the
3T3-L1 embryonic murine line, also respond similarly to the same
stimuli. Commercially available media, such as that supplied by
Zen-Bio,4 use very similar preparations for both human and murine
adipogenic differentiation.

Retinoids in high concentration, along with cytokines such as
interferon, interleukin (IL)-1, IL-2, transforming growth factor-p
(TGF-B) and tumour necrosis factor-a are all strongly inhibitory
of adipogenesis, so should be avoided in tissue culture protocols
designed to induce adipogenesis.8 It seems that the anti-adipogenic
effects of TGF-f are independent of the proliferative effect, and
may be mediated in part by inhibition of adipogenic agents such
as IGF-1.8 In contrast, applications of angiogenic growth factors such
as vascular endothelial growth factor (VEGF), fibroblast growth
factor-2 and platelet-derived growth factor-BB have been shown in
combination to enhance early angiogenesis and increase adipose tis-
sue growth at 6 weeks in a murine model.*8 This could potentially be
applied to human ASC to enhance adipogenesis for clinical use.

Osteogenesis

Clinically, differentiation of ASC into osteoblasts could aid repair of
fracture non- or mal-unions, and assist bone grafting or joint fusions.
The Lee et al. study in 2003 provided the first evidence of in vivo
bone formation following in vitro differentiation of ASC down oste-
oblastic lineages.!® They isolated ASC from epididymal adipose
tissue in Lewis rats, differentiated the cells, reimplanted them in
a subcutaneous pocket, and found convincing evidence of bone at
8 weeks.

In 2004 Cowan et al. published their study healing critical-sized
mouse calvarial defects with ASC seeded onto apatite-coated,
polylactic-co-glycolic acid scaffolds.4® They found 70-90% healing
of the defect at 12 weeks, with the results being identical between
BMSC and ASC. Chromosomal analysis of the new bone at 2 weeks
confirmed that 96-99% of the new bone was from implanted female
donor cells, rather than the male recipients. Given that adults, and
children over 2 years of age, are unable to reossify large cranial
defects, this technology has the potential to heal such wounds.
The first such case report in a human was published in 2004.50 It
described a 7-year-old girl with extensive calvarial bone resorption
following severe head injury and decompressive craniotomy a year
carlier, leaving a cranial defect of approximately 120 cm?2. She was
treated with 15 mL cancellous bone graft from the ilium, supple-
mented with 10 mL ASC that was harvested and isolated during the
operative procedure (cell processing took 2 h). Autologous fibrin
glue and absorbable Macropore sheets were used for stability. Com-
puted tomography at 3 months showed significant reossification of
the defect areas, allowing removal of the protective helmet she had
worn for the previous year. This appeared to be safe and efficacious,
but obviously further human trials are needed to confirm this result.
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Most studies agree that dexamethasone is a requirement for stim-
ulation of osteogenesis in vitro,!-10.3346 although its exact mechanism
of action is yet unknown, and one study replaces this factor with
1,25-dihydroxyvitamin D3.6 Ascorbic acid functions as a co-factor
in the hydroxylation of proline and lysine residues in collagen, and
increases the synthesis of non-collagenous bone matrix proteins.
Also required is B-glycerophosphate, which is essential for calcifi-
cation and mineralization of the extracellular matrix.5! Therefore to
stimulate osteogenesis (bone formation), the medium is supple-
mented with ascorbate derivatives and [-glycerophosphate, along
with either dexamethasone or vitamin D.1.6.10.3346 One group has
studied brief (15-min) incubation of goat ASC with the growth
factor bone morphogenetic protein 2 (a member of the TGF-f super-
family of polypeptides), and have shown this to be capable of stim-
ulating osteogenic differentiation in ASC.52 If applicable to human
ASC, such brief pretreatment would be attractive for developing
clinical protocols that entailed minimal culture of ASC before rein-
troduction. In vitro, osteogenic differentiation takes at least 28 days,
after which time calcified extracellular matrix can be seen after
staining with 2% Alizarin red stain (Fig. 4).

Chondrogenesis

If worthwhile chondrogenesis could be achieved, ASC could be
used to treat traumatized or arthritic joints, or aid in joint recon-
struction. ASC have been used to heal rabbit osteochondral
defects.53 A punch was used to create a 6 X 3 X 0.5-mm defect in
the medial femoral condyles. The treatment side received fibrin and
ASC (transfected with lacZ gene), and these were compared with
periosteal-cell derived or native repair mechanisms. Results showed
that, at all time periods, repair was better with the ASC cells than on
the control side, although no treatment repaired the cartilage back to

Fig. 4. (a) Differentiation of adipose-derived stem cell (ASC)
into osteoblasts, as shown by positive 2% Alizarin red staining
of calcified extracellular matrix in cells cultured in osteogenic
medium for 38 days, not seen in (b) control ASC cultured in
complete medium for 38 days.
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an undamaged level of function. Given the inherent difficulties in
stimulating cartilage regeneration in vivo, these early results show
promise, even though there are no reports yet of the growth of
cartilage to a physiological biomechanical standard.

In the laboratory, chondrogenic differentiation is induced by the
addition of insulin, TGF-B1 and ascorbate (with or without dexa-
methasone) to the medium.!-6:33.54 Enhanced expression of the extra-
cellular matrix proteins of cartilage occurs when the cells are
suspended in a 3-D calcium alginate gel, allowing collagen type
II, type IV and aggrecan to develop for several weeks. High-density
cell culture (‘micromass’) techniques also help imitate in vivo con-
ditions, and facilitate the phenotypic change of the cells into dense
chondrogenic nodules (Fig. 5).6° When cells are in a monolayer,
genetic markers of differentiation are present but in reduced
concentration.>*

Despite this, chondrogenesis does not yet seem to be efficient in
cultured ASC. Winter et al. performed a comparative study of
BMSC and ASC, which showed that the ASC were less sensitive
to chondroinductive culture manipulation, and over 2 weeks their
differentiation was less complete than BMSC.54 Gene expression
analysis after chondrogenic induction also suggested that there
was a qualitative difference between the two, which become appar-
ent in 3-D cell culture, as BMSC responded to 3-D culture techni-
ques with improved chondrogenesis.>* In that study, differentiation
to a molecular phenotype similar to that of cartilage was only
achieved in BMSC not ASC.

Myogenesis

Smooth and skeletal muscle has reportedly been generated by dif-
ferentiation of the ASC in complete media with 5% horse serum,
and glucocorticoid such as hydrocortisone and/or dexamethasone.

Fig. 5. (a) Differentiation of adipose-derived stem cell (ASC)
into dense chondrogenic nodules, as shown in cells plated at
high density using a micromass technique and cultured in
chondrogenic medium for 14 days, not seen in (b) similarly
plated control ASC cultured in complete medium for 14 days.
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When cultured under these conditions, cells have been reported to
fuse and form multi-nucleated myotubes, yielding protein markers
for myocytes.1.6.33 Myocyte differentiation, however, occurs with the
lowest yield and reproducibility of all the differentiated cell types in
the literature.28

Rodriguez et al. transplanted normal human ASC into the tibialis
anterior muscle of dystrophin-deficient immunocompetent mice (an
animal model of Duchennes muscular dystrophy).55 The injected
ASC survived and integrated into the tibialis muscle. Dystrophin
was detected in 50% of the treated myofibers 10 days after injection,
and 90% at 6 months. Interestingly, by 50 days, dystrophin-positive
myofibers were seen in the adjacent gastrocnemius muscle, indicating
cell migration from the injection site to other dystrophic muscles.

Haematopoietic and vascular uses

The literature on the utility of ASC in supporting angiogenesis is
often difficult to interpret due to the mixed cell populations present
in the cell preparations derived from adipose tissue by different
groups. Early work in the 1990s on analysis of lipoaspirate con-
cluded that endothelial cells were the major cell type in the SVF,
not stem cells, on the basis of vVWF staining,5¢ as well as the expres-
sion of endothelial cell-specific antigen EN4, which has since been
found to react with the CD31 antigen. Porcine properitoneal fat
containing such cells was cultured and used to seed polytetrafluoro-
ethylene prosthetic vascular grafts.# That study showed that seeding
of endothelial cells onto the graft did occur, but because those stud-
ies used the entire SVF in their experiments, the origin of the endo-
thelial cells may have been endothelial cells or precursors in the
SVF rather than from ASC. Future work is needed to determine
whether ASC can be used to improve patency and the long-term
results of vascular grafts.!2

More recently, studies have looked at cell surface markers, usually
on flow cytometry, to define the presence and contribution of different
cell lineages to the angiogenic properties of the SVE. ASC are not
considered to express differentiated haematopoietic cell markers,
such as CD14, CD16, CD56, human leukocyte antigen-DR/major
histocompatibility complex (HLA-DR/MHC) class II and CD45,
nor markers shared by leucocytes and endothelial cells such as
CD31.69.1457.58 [n contrast, studies looking at embryonic stem cells
support the theory that endothelial precursor cells are CD31+.59.60
Therefore the CD31+ cells commonly seen in SVF3! and early passage
cultures may be endothelial precursors that account for some of the
endothelial growth reported in earlier studies.456

Expression of CD34, which is known to be expressed by haema-
topoietic stem cells, has been controversial. Although CD34 was not
initially considered a marker of ASC, well-established ASC
research groups have subsequently shown its presence to varying
degrees.25 It now seems likely that ASC are CD34+ in SVF prepa-
rations, but that this marker is subsequently lost during in vitro
culture.3!

ASC express and secrete many haematopoietic cell cytokines,
including macrophage colony-stimulating factor and granulocyte—
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macrophage colony-stimulating factor.!2 There is also good evi-
dence that they secrete both anti-apoptotic and angiogenic factors,
including VEGF, hepatocyte growth factor and TGF-f3.3561 Under
hypoxic conditions, there is a significant increase in the secretion of
VEGF, which stimulates increased endothelial cell numbers with
lower rates of apoptosis.35 Using an in vivo model of hind limb
ischaemia in nude mice, injection of ASC has been shown to mark-
edly improve limb perfusion, associated with increased blood flow
and capillary density in the limb.3435 While incorporation of ASC
into the neovasculature has been suggested to account for some of
these changes, we believe that the weight of evidence supports the
conclusion that the role of ASC in angiogenesis relates to the
enhancement of angiogenesis through secretion of factors such as
VEGEF, rather than true differentiation by ASC into endothelial cells.

Given that chronic tissue ischaemia is the presumed pathogenesis
of late complications of radiotherapy, a recently published human
study treated 20 consecutive patients with radiotherapy-related com-
plications such as fibrosis and osteoradionecrosis of the chest wall
with traditional fat graft injections of autologous lipoaspirates.>8 All
patients in the study had progressive tissue regeneration, including
neovessel formation and improved hydration. While impressive
clinical results were achieved, the use of standard fat grafting tech-
niques again means that the role of ASC remains uncertain, because
the lipoinjections would have included many other cells types. Nev-
ertheless, this form of therapy potentially represents a practical,
minimally invasive treatment for microangiopathies.

To assess the haematopoietic function of ASC, a small animal study
published in 2003 attempted to reconstitute lethally irradiated mice
using ASC rather than BMSC.57 A total of 40% of lethally irradiated
mice could be salvaged with same-day intraperitoneal (i.p.) injection
of ASC. This compared favourably with both i.p. injection of BMSC
(which also had a 40% salvage rate). Reconstitution was slower with
ASC than BMSC, however, and although intravenous (i.v.) injection
was the most effective method of BMSC transplantation, i.v. injection
of ASC was fatal. Further analysis suggested that the effect of the ASC
was to promote the proliferation of pluripotent haematopoietic stem
cells, thus supporting reconstitution of endogenous haematopoiesis.5?

Other applications

Given all the possibilities for use of ASC, the first phase I clinical
trial of ASC therapy was perhaps in a surprising context: the healing
of chronic fistulae in Crohn’s disease.6? Following their success in
healing a Crohn’s rectovaginal fistula with autologous ASC in
2003,03 a phase I clinical trial was undertaken by a group at the
La Paz University Hospital in Madrid.62 Nine fistulae in four
patients were inoculated with ASC, which had been cultured for
between 6 and 31 days. Of the eight fistulae followed up weekly,
six (75%) showed complete healing within 8 weeks, despite failing
medical and classic surgical treatment at least twice preoperatively.
No adverse effects were identified, and the authors conclude that the
practice is safe and potentially effective, justifying progression to
phase II clinical trials.
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Human ASC injected into immunosuppressed mice engraft into
many organs, including bone marrow, brain, thymus, heart, liver,
and lung,46.64 suggesting that they may have potential to aid repair
of many organs. They exhibit phagocytosis in culture medium,55
which may be a useful trait in tissue repair. Potential applications
outside the normal roles expected for mesenchymal cells have also
been reported: one group has reported differentiation of ASC into
cells with a pancreatic endocrine phenotype, with potential for treat-
ing diabetes.5¢ ASC might also be a useful target for therapeutic
gene transfer. Recent experiments have shown that ASC are able
to be transduced with both lentivirus and replication-defective Her-
pes simplex virus (HSV).5567 Both herpesvirus entry mediated A
(HveA) and HveC HSV receptors have been found on human
ASC and mature adipocytes, making them excellent targets for
HSV-based vectors.

Barriers to further clinical applications

One of the biggest issues concerning ASC literature at present is the
lack of researcher standardization, with most groups using bulk
culture of adipose-derived SVF cells to initiate ASC culture. As
noted previously, although SVF is a heterogeneous mixture of cells,
only a small proportion of these cells subsequently adhere to plastic
tissue cultureware and proliferate. Even so, in the absence of defin-
itive markers of ASC, it remains possible that many experiments
reported in the literature used mixed populations of cells that
included, but did not exclusively consist of, ASC.

Definitive cell surface markers of ASC would help not only dis-
tinguish them from other cell populations in cell culture, but would
also enable purification of ASC from SVF. Several markers for
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BMSC¢8 have been examined for their suitability as ASC markers
also, such as STRO1 and CD73,1:6.69 but as yet there is no consensus
on their relationship to ASC and neither appear to be a unique
identifier. Consequently, ASC can be unequivocally identified
only by functional assays’ or in retrospect, once they undergo
differentiation.

Over the past 6 years many papers have reported characterization
of cell surface markers at different stages of SVF or ASC culture.
Some proteins are consistently identified on the ASC surface by
different groups,!2:31.33 and it appears that ASC and BMSC have
similar, although not identical, surface protein profiles.2.5.12.69.71
There is considerable heterogeneity, however, in the full range of
ASC cell surface markers reported. Some of this heterogeneity is
found in the cell populations within a single culture, indicating
either the presence of mixed populations of cells, or the modulation
of cell surface proteins during cell culture. In this respect it is
important to note that several of the cell surface markers commonly
analysed are highly susceptible to modulation by cell culture in
plastic tissue cultureware, for example, adhesion molecules. Hetero-
geneity is also apparent when comparing the reports from different
groups, suggesting that subtle differences in the cell purification or
culture procedures, or in the timing of the analyses relative to
manipulation in vitro, are influencing the reported cell phenotype.
Different groups also summarize their results in variable ways or use
different thresholds to reporting positive staining, complicating
comparisons between studies.>-6.9 Taking the literature as a whole,
we have summarized the cell surface proteins expressed by ASC
according to the consistency of the evidence, as shown in Table 1.

Relatively few papers report sorting of different populations from
SVF and subsequent determination of whether these populations
contained ASC. We feel that this approach would provide the best

Table 1 Characterization of surface markers of ASC according to the current literature

Consistently References Consistently

expressed not expressed

CDs : CD11a

CD10 5,14 CcD11b

CD13% 2,5,6,14,17,31,69,73 CD11c

CD29% 5,6,14,17,31,69,72 CD14

CD44+% 2,5,6,14,17,31,69 CD16

CD49%e 5,14,31,72 cD18

CD51 31,72 cD31t

CDb5 5,73 CD45

CD59 514,73 CD50

CD90% 2,14,17,31,69,72 CD56

CD166+ 5,14,69 CcD104
HLA-DR

References Variably reported References
5,72 CD34t 2,5,6,17,31,69,71,73
5,14,72 CD49bt 31,72
5,69,72 CD49dt 6,31,69,72
5,6,69,73 CDb54 5,69
6,69 CD61 6,72
5.72 CD62e 6
6,31,69 CD63t 17,31
2,6,14,31,69 CD71 6
5 CD73% 2,6,17,69
5,6,69 CD105% 2,5,6,17,31,69
6,31,69 CD106 6,69,72
2,5,14,31,72 CD140a 72

CD146 17,31

tDespite the variable reports in the literature it now seems likely that the ASC reside in the CD34+ CD31- fraction of the SVF, but that CD43 is lost

with subsequent culture.31.74

$Marker consistently upregulated with culture.17.31 ASC, adipose-derived stem cell; SVF, stromal vascular fraction.
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evidence of the cell surface phenotype of ASC. More work is needed
on the molecular characteristics of ASC to allow their earlier iden-
tification. Cell-sorting experiments carried out immediately after
isolation of the SVF from adipose tissue would help discriminate
between markers that identify ASC in vivo, and those that are
expressed only after in vitro manipulation. There is early evidence
that the cells in the SVF that are CD34+ and CD31- are the pop-
ulation with the most characteristics of ASC.31.74 Standardization of
techniques among research groups would reduce the disparity in
current reports, which would improve the clinical usefulness of
ASC, as well as help avoid the potential laboratory artefacts inherent
in using impure cell populations in research experimentation.

Future directions

Clearly, a number of challenges remain before ASC can be used in
everyday clinical practice. Discovery of specific markers for ASC
will ultimately accelerate research, and potentially allow rapid puri-
fication of ASC, perhaps enabling immediate use in some circum-
stances without subsequent cell culture. Reliable, fast, and efficient
protocols for differentiation of ASC are also needed. At present
adipogenesis is relatively fast, occurring in approximately 2 weeks,
but chondrogenesis and osteogenesis take significantly longer and
cell yields are still low, despite these differentiation protocols
including several factors similar to the adipogenesis protocols, such
as steroids. Any improvement in these differentiation timeframes
will make ASC more attractive for tissue engineering purposes. This
may be achievable by the pretreatment of cells with various cyto-
kines or growth factors. Identification of useful, reliable matrices for
3-D culture of the aforementioned cells lines would be clinically
useful. Knowledge of surface receptors, and therefore likely
responses to soluble factors and extracellular matrix components,
may be used to expedite in vitro culture. Because ASC are currently
cultured in media containing bovine serum, there is a theoretical risk
of transmission of infection to human ASC from the culture media
with commonly used cell culture protocols. The ability to differen-
tiate the cell lines in serum free media, currently being explored in at
least one laboratory in the USA,!6 would also be desirable to reduce
the risk of contamination of cells prior to clinical use. Consistent and
reliable in vivo results in animal models must also be confirmed, to
ensure safety and reliability of ASC implantation.

The ability to reliably cryopreserve and recover ASC over long
time periods would also be useful. One study has shown that the best
post-thaw membrane integrity rates are achieved with slow cooling
rates and higher end temperatures,’s but because the hold time (time
spent at the end temperature) was only 15 min in that study, clearly
more research needs to be done with time frames closer to clinical
usage (days—months).

Despite the occasional case report supporting safety of ASC in
humans,50.63 large-scale human trials will be needed to confirm
safety as well as efficacy. Some recent studies have found immuno-
suppressive properties in implanted ASC,255 as for BMSC.68

Locke et al.

Although local immunosuppression may be a useful property in
some settings, it clearly has potential risks, such as allowing occult
cancers to evade immune surveillance.28 Only large-scale trials will
clarify the true risk/benefit ratio of ASC therapy.

Despite these comments, many of these issues are currently being
addressed, and rapid progress is expected. Given the ease of harvest,
isolation and culture of ASC, as well as their relative abundance, it is
likely that ASC will find widespread application in clinical practice
in the future.
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