RESEARCH & DEVELOPMENT

In vivo manipulation of stem cells for
adipose tissue repair/reconstruction

Many features of adipose stem/progenitor cells, including their physiological functions and localization,
have been clarified in the past decade. Adipose tissue turns over very slowly, with perivascular progenitor
cells differentiating into new adipocytes to replace dead adipocytes. A number of clinical trials using freshly
isolated or cultured adipose-derived stromal cells containing adipose progenitor/stem cells are ongoing.
Therapeutic use of adipose stem/progenitor cells has been shown to promote angiogenesis and adipose
tissue regeneration. ldentification of adipocyte-releasing factors upon apoptosis/necrosis would be a
breakthrough and could lead to the next stage for adipose tissue regeneration. Activation of precursors in
perichondrium and periosteum shows a dramatic neogenesis by simple injection and is an ideal example of
in situ tissue engineering. The *hit and catch’ strategy using a mobilizer of bone-marrow stem/progenitor
cells (hit) and attractants to lead the cells to proper homing into the target tissue (catch) may be the future of
stem cell manipulation. Careful design of the microenvironment, cell delivery protocol to avoid unexpected
behavior and induce maximal potential, and selection of target diseases, will be critical to the success of
clinical applications of adipose-derived stromal cells.

Among the dozens of trillions of cells
in our body, we lose over 20 billion
cells a day, requiring constant renewal
to stay alive. Soft tissues of the body
have relatively little turnover and are
well protected compared with epithelial
tissues, such as skin [1]. For adipose
tissue engineering/regeneration, it is
critical to understand the physiological
adipose-
resident perivascular progenitor cells
(adipose-derived stromal cells [ASCs],
containing adipose progenitor/
stem cells); this population, working
together with vascular endothelial
cells (VECs) and stem/progenitor cells
recruited from bone marrow, is a main

roles and functions of

player in adipose tissue regeneration
(adipogenesis and angiogenesis) [2].
Adipose tissue atrophy associated
with aging likely results from an age-
dependent decrease in the number of
ASCs and consequent impairment of
physiological turnover, as is commonly
seen in other tissues and organs [3.4]. In
general, tissue-resident stem cells can

be exhausted by excessive or repeated
activation of stem cells, as can happen
in chronic inflammation or irradiation
therapies. For regenerative therapies,
tissue-resident and/or recruited stem
cells must be manipulated according
to the condition or microenvironments
of each disease. The target tissue
conditions must be precisely evaluated
in advance for stem cell pool, growth
factor pool, vascularity, tissue oxygen
and

inflammatory or infectious conditions.

tension, mechanical force,
Here, we will review the latest research
on how to manipulate tissue-resident
or bone marrow stem/progenitor cells,
for repair/reconstruction of adipose and

related tissues.

ASCs & adipose tissue repair/
remodeling/regeneration
Adipose tissue has been considered
the

largest endocrine organ, a soft-tissue

an organ of energy storage,

filler and a cosmetically unnecessary
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tissuediscarded by liposuction.
Adipocytes have a lifespan of up to
10 years [5]. ASCs are regarded as a
potent tool for cell-based therapies (6.7,
comparable with bone marrow-derived
mesenchymal stem cells, because ASCs
can be obtained in large numbers
through a less invasive approach,
liposuction. Research on adipose tissue
remodeling after injury provides insight
on basic mechanisms of adipose tissue
regeneration. ASCs, as progenitors of
adipose tissue, are involved in any type
of adipose tissue remodeling, including
growth,  hyperplasia
in obesity, postinjury repair (8] or
ischemia [9], and tissue expansion
induced by mechanical forces [10]. These
remodeling processes are in balance
between adipocyte apoptosis/necrosis
and adipogenesis, and are always
accompanied by capillary remodeling.

developmental

Each adipocyte is directly attached to a
capillary, which is also easily damaged
by injury or hypoxia (8. ASCs act as
the main players of adipogenesis and
angiogenesis in the adipose repair
process by not only differentiating into
adipocytes or VECs but also releasing
angiogenic growth factors (711,12).
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Adipose tissue stem &

progenitor cells

Adipose tissue has many cells other
than adipocytes, although adipocytes
constitute more than 90% of the tissue
volume. Our rough estimate through
flow cytometry and 2D and 3D histology
is that 1 g of intactadipose tissue contains
1,000,000 adipocytes, 1,000,000 ASCs,
1,000,000 VECs and 1,000,000 other
cells (e.g., adipose-resident macrophages
and  lymphocytes, pericytes and
fibroblasts) [13,14]. ASCs can be identified
as CD31//CD34*/CD45/CD90*/
CD105/CD146" cells, but they become
CD105* when plated [15], while VECs are
identified as CD31*/CD34*/CD45 cells.
It was recently discovered in mice that
adipocyte progenitor cells are present in
adipose vasculature [16] and identified
as  Lin/Scal*/CD24*/CD29*/CD34*
cells (171, but the relationship between
ASCsandvascular pericytes remains to be
verified [18]. Some studies demonstrated
a CD34* cell population localized in
the vascular wall (adventitia) that can
differentiate into vessels [19], which may
also be related to ASCs. Very recently,
another new multipotent (or pluripotent)
stem cell has been identified in human
adipose tissue, labeled by SSEA-3 [20,21);
they are localized in the connective tissue
near the vessels or between adipocytes,
and are definitely different from ASCs.
This suggests that there may be two
distinct undifferentiated populations,
adipose stem and progenitor cells. The
former may be multipotent (or even
pluripotent) ‘master stem’ cells located
near (but outside of) larger vessels, which
stay quiescent and are only activated
upon emergency, while the latter are
adipose ‘progenitor’ cells (ASCs) located
in capillaries (perivascular) and take care
of physiological turnover of the tissue.

Hematopoietic cells resident in
adipose tissue & their function
Stromal fraction obtained
through  collagenase
adipose tissue contains not only CD45

vascular
digestion  of

adipose tissue-derived cells but also
hematopoietic cells, because the adipose
tissue originally contains not only some

Figure 1 (Right). Cellular events in ischemic adipose tissue.

circulating blood but also adipose-
resident macrophages and lymphocytes.
aspirates
substantial number of erythrocytes and

Liposuction contain  a
circulating leukocytes derived from
hemorrhage. ASCs can be extracted
not only from the supernatant fatty
portion but also from the infranatant
fluid portion (crystalloid) of liposuction
aspirates [13,15]. Most of the contaminated
erythrocytes can be disrupted and
removed with hypotonic processing [15].

The stromal vascular fraction
contains resident macrophages
(CD14*/CD45*/CD206"), which

can be discriminated from circulating
monocytes (CD14*CD45*CD2067) by
expression of CD206. Recently, some
reports have suggested that adipose-
resident lymphocytes are also associated
with chronic inflammation in obese
adipose tissue, which leads to adipocyte
dysfunction and insulin resistance
(22]. Our recent study indicated a new
subset  of  monocyte/macrophages
(CD34*/CD45*/CD14* cells) in human
adipose tissue; they have multipotency,
including high adipogenic capacity,
and are strongly suggested to be
involved in adipose tissue remodeling/
repair together with ASCs and may be
physiologically provided from bone

marrow [Eto e74r., UNPUBLISHED DATA].

Adipose tissue repair/

remodeling after ischemia

& injury

Adipose has the highest
(50-60 mmHg) partial oxygen tension
(pO,) among organs; most organs
showed 5-20 mmHg. The high pO, of
adipose tissue likely reflects high density

tissue

of capillary network and possibly the low
oxygen consumption rate of the tissue. It
has recently been suggested that diabetic
adipose tissue is relatively ischemic, with
low-grade chronic inflammation, which
causes adipose endocrine dysfunction,
and  metabolic
syndrome [23]. In surgically induced

insulin  resistance
ischemia of nonobese mice, adipose
tissue degenerated and subsequently
remodeled with proliferation of ASCs
and VECs [9. Adipocytes die first
(<24 h) under severe ischemia and VECs
and blood-derived cells start to die next,
while M1 macrophages later infiltrate
and are involved in phagocytosis of
dead adipocytes
ASCs can stay alive for up to 3 days
even under severe ischemia; during those
3 days, they are activated and contribute
to the adaptive repair process through
adipogenesis and angiogenesis [2.89]. If
ASCs and stem cells die, the tissue can
no longer regenerate and this results in

. By contrast,

tissue necrosis, leading to tissue atrophy
or scar formation.

It has been suggested thatan apoptotic
cell releases specific signals to activate
stem/progenitor cells and provide a new
cell to replace the dying cell; this is called
‘compensatory proliferation’ 24]. Upon
the activation of ASCs after injury,
there seem to be some critical soluble
factors released from dying cells and/or
damaged extracellular matrix (ECM),
the

proliferation of ASCs and recruitment

which  mediate compensatory
of bone marrow-derived progenitor/
stem subsequent
repair of the tissue. Damage-associated

cells, leading to

molecular pattern molecules, such as

high-mobility group box 1 (HMGBI),
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are released into the extracellular space
and initiate wound healing by activating
acute innate immunity and recruiting
inflammartory cells [25,26].

In an animal model of ischemia—
reperfusion injury to adipose tissue,
basic FGF (bFGF) was locally released
immediately after injury and stimulated
ASCs not only to proliferate but also
to release HGF [8]. In clinical injury
to adipose tissue, a number of soluble
factors are sequentially released in the
injured site [271. bFGF, PDGF, EGF
and TGF-B are released in the early
(coagulation) phase (day 0-1) of wound
healing, while VEGF, HGF, IL-8 and
matrix metalloproteinase-1  gradually
increase up to the late proliferation phase
(day 5-7). On the other hand, KGF,
IL-6 and matrix metalloproteinase-8
peak during the inflammatory phase
(day 2—4). Based on the results above, we
prepared a growth factor mixture that we
called adipose injury cocktail. Adipose
injury cocktail promoted angiogenesis
and improved oxygen tension in ischemic
or diabetic adipose tissue by activating
resident ASCs, suggesting that these
factors may be beneficial for treating
ischemic diseases [28].

Adipose tissue repair/
remodeling after microfat
grafting (lipofilling)

Adipose tissue is used as an autologous
filler for soft-tissue defects, but it has
not been well documented how adipose
grafts survive after nonvascularized
transplantation (also called lipoinjection
or lipofilling). In response to local

hemorrhage from the injured recipient
tissue, PDGF, EGF and TGF-f are
released from activated platelets [27].
The grafted adipose tissue is placed
under severe ischemia (hypoxia with low
nutrient) until direct vascular supply
is formed [2]. In response to injury
(adipocyte death, VEC death and ECM
disruption), primary injury factors, such
as bFGF, TNF-a, TGF-f, damage-
associated molecular pattern molecules
and some proteases are likely released
from the injured host tissue and dying
grafted tissue [2,29]. Recently,
it was also demonstrated that EGF
is released from apoptotic VECs and
activates mesenchymal stem cells [30].
Inflammatory cells as well as endothelial
progenitor cells are recruited from bone
marrow to the injured tissue. ASCs are
likely to be as resistant to ischemia as
bone marrow-derived mesenchymal
stem cells [31], stay functional for up to
72 h even under severe ischemia [9] and
play pivotal roles in the repairing process.

Our recent study showed that almost
all adipocytes located more than 300 pm
deep from the tissue surface die within
a few days, although some are replaced
licle by little with next-generation
adipocytes from the surface during the
first 3 months. Surprisingly, we revealed
that the partly necrotized adipose tissue
does not lose its volume because dead
adipocytes stay nonabsorbed as lipid
droplets for a long time (several weeks
to months depending on the diameter
of the lipid droplet 321). All lipid
droplets are surrounded by infiltrating
phagocytizing M1 macrophages [33].

Figure 2 (Right). Cellular and molecular events after fat grafting.

If ASCs die owing to prolonged severe
conditions (e.g., in the central area of the
grafted tissue), the area is not properly
replaced with new adipocytes, partly
atrophies and is filled with fibrous scar
tissue. Thus, grafted adipose tissue
macroscopically looks like it has survived
but the adipocytes are in fact mostly
regenerated. Adipogenesis (indicated by
new small adipocytes) was detected up to
3 months, while lipid droplet absorption
was found to last up to 12 months.
If a lipid droplet is huge, a cyst wall is
formed before complete absorption and
the oil cyst does not change size after
the wall formation; the cyst wall starts
to calcify over time. We summarize the
postoperative cellular events in

from adipocyte death on day 1 to oil cyst
wall formation and calcification starting
after 6 months. Differentiated cells die
due to ischemia and undifferentiated
cells survive and repair the tissue, but the
tissue necrotize if the undifferentiated
cells fail to survive; this finding on fat
grafting seems to be common in any
type of nonvascularized tissue grafting,
such as skin graft.

Another study on
fat graft between green fluorescent

exchanging

protein-expressing and wild-type mice
revealed that most adipocytes and
vascular structures seen at 4 weeks were
derived from the donor animal, while
many other cells, such as capillary
endothelial cells and lipid droplet
surrounding cells (M1 macrophages),
are derived from the host animal. The
results suggested that adipose-resident
collaborated

stem/progenitor  cells
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Figure 3. Long-term postoperative sequence after fat grafting.

Animal experiments of nonvascularized adipose tissue grafting indicated that
almost all adipocytes (except for those located within 300 pm from the tissue
surface) die within a few days after adipose tissue grafting. Adipogenesis is
exerted by activated adipose stem/progenitor cells and finishes by 3 months
(‘repair’ phase), while remaining lipid droplets (dead adipocytes) are absorbed
during the next 9 months (‘stabilization’ phase). Some of the dead adipocytes are
replaced with new adipocytes of next generation during the first 3 months, while
others are not. Lipid droplets are absorbed by macrophage phagocytosis, but the
absorption is very slow and the absorption period is dependent on the diameter
of the lipid droplets; when the lipid droplet diameter was large (e.g., 10 mm),

the cyst wall is formed before completing absorption and the cyst wall calcifies
over time. In the central area of the graft, even adipose stem/progenitor cells die
and new adipocytes are not produced, resulting in scar tissue or cyst formation.
The final volume retention after adipose grafting is determined by the rate of
successful replacement of adipocytes. If grafted, adipose has only small lipid
droplets and absorption is finished by 3 months, the volume will not substantially
change after 3 months (shown as ‘excellent’). On the other hand, if many large
lipid droplets remain at 3 months, tissue will atrophy between 3 and 12 months
(shown as ‘poor’).
M: Months.
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with other progenitor cells recruited
capillary
reconstruction in the grafted fat tissue

from bone marrow in

[DorK T4z, UNPUBLISHED DATA].

B Innovations for better adipose
tissue regeneration

To overcome problems associated with
fat grafting, such as unpredictable

clinical results and a low rate of graft
survival, many innovative efforts and
refinements of surgical techniques
have been reported. Condensation
and

unnecessary components have been

of living tissue removal of
performed by centrifugation, filtration
External

mechanical force has been used to

or gravity sedimentation.

Regen. Med. (2011) 6(6 Suppl.)

expand the recipient tissue as well as
the overlying skin envelop [1034]. A
recent experimental study suggested
that repeated
erythropoietin may enhance retention
of grafted fat [35].

local injections of

Stromal vascular fraction isolated from
adipose or fluid portion of liposuction
aspirates is supplemented to graft tissue
to compensate its relative deficiency of
ASCs (cell-assisted lipotransfer) [2.36-39].
Thisis based on our finding thataspirated
fat tissue contains a much smaller
number of ASCs (adipose progenitor
cells) 40] and SSEA-3-positive stem cells
(suspected to be master stem cells [20,21])
compared with intact fat tissue, probably
because major vascular structures are
not contained in aspirated fat tissue
and many adipocytes and capillaries are
ruptured by mechanical damage [13,14].
To use a dying cell (adipocyte) as a signal
to activate ASCs appears to be a safe and
reliable way to induce cell differentiation
in the right direction (ASCs become the
same cell type as the dying cell; e.g.,
adipocyte). If the dying tissue does not
contain enough stem cells, the tissue
regeneration may not be efficient. On
the other hand, if only stem cells are
transplanted, stem cells would not be
sufficiently activated or differentiated
due to lack of signals.

In our clinical trial, ectopic
and distant lymph-
adenopathy were observed in two
patients [41]. In cell-based therapies
using adherent mesenchymal

fibrogenesis

stem
cells, unfavorable cell behaviors, such as
differentiation into myofibroblasts, have
been reported 42]. In light of this, it was
suggested that ASCs should be adhered
to cells, tissue, ECM or biological
scaffold before administration to avoid
unexpected migration or differentiation.

Stem cell manipulation for
tissue repair/regeneration
For (re)
generation, stem cells and signals

therapeutic tissue

(microenvironments) are two critical

future science group
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requisites. Stem cells are actual players
for tissue generation, maintenance and
repair, while signals assign stem cells to
specific fates. We need to control stem
cell fate to avoid unexpected behavior
of stem cells such as differentiation into
unwanted direction [41.42], regardless
of whether they are resident stem
cells, recruited stem cells mobilized
from bone marrow or administered
stem cells.

The fate of ASCs, like any other stem
cells, is determined by external signals,
which include external stimuli such as
adjacent cell death, ECM disruption,
bleeding, hypoxia,
cytokines, chemokine, tissue injury

inflammation,

and mechanical force. Many efforts
have been made to identify specific
signals useful for (re)generation of each
organ, but there are few established so
far for therapeutic uses. In the clinical
setting, we can activate resident or
bone marrow stem cells by wounding
or in other ways, or can transplant
stem cells or stem cell-containing
tissue into stem cell-deficient, diseased
or damaged organs with or without
specific signals, although it is not easy
to accurately manipulate the stem cells.
Therapeutic manipulations of stem cells
can be categorized into three concepts,

described below.

Stem cell activation with

tissue wounding

Quiescent stem cells can be activated by
intentional tissue wounding, which is
the simplest and most primitive method
to activate resident stem cells for a
therapeutic purpose. This approach has
been commonly used for a long time
in the field of plastic and dermatologic
surgery. Skin resurfacing procedures
such as chemical peeling, mechanical
peeling and laser
very popular for treating photoaged
skin, not only its appearance but also

resurfacing  are

skin functions [43]. By damaging or
removing the tissue, resident stem cells
are activated and then reconstruct/
renew the whole tissue in collaboration

with infiltrated stem cells, which are

recruited from the bone marrow [44].
For example, deep dermal peeling
activates follicular stem cells and dermal
fibroblasts, as well as bone marrow
precursor cells, followed by renewal of
the skin. Follicular stem cells in the
hair bulge are activated upon abrasive
skin wounding and can reconstruct the
whole epidermis [45].

Stem cell activation with

nonwounding modalities

There are many ways to activate
resident stem cells other than tissue
wounding. Growth factors can be
topically applied or injected to the
tissue; platelet-rich plasma is a cockrail
of platelet-derived factors released
upon aggregation of platelets and
clinically used to promote or activate
angiogenesis and tissue remodeling
[46]. Bioactive materials such as a
lattice made of ECM components
and acellular dermal matrix can be
applied to the raw surface or dead
space of the tissue to promote wound
and
epithelialization. Internal or external

healing, tissue contraction
mechanical forces can be applied to
the tissue; the skin and subcutaneous
tissue can be easily expanded by an
implanted tissue expander or external

negative pressure [10,34].

There are several clinical examples
of natural tissue neogenesis, although
they are not intentionally generated.
Cauliflower ear (wrestler’s ear) is a
after

result  of chondroneogenesis

the

cartilage and skin, while osteogenesis

hematoma between auricular
is frequently seen at the edge of a tissue
expander after scalp expansion [47].
In these cases, new tissue is generated
the and
cartilage or the periosteum and bone,
respectively. It is strongly suggested
that the detachment of periosteum

between perichondrium

from the bone activates resident stem
cells in the periosteum and initiates
osteogenesis in the dead space.

This brand new concept of tissue

engineering can be applied to

therapeutic tissue genesis. An injection
of soft-tissue filler is the most frequently
performed cosmetic procedure for
facial rejuvenation, contouring and
volumization. Most of the injectable
materials, such as hyaluronic acid, are
absorbable or degradable, and this s the
major reason why their implantation
is regarded as a safe procedure. These
injectable materials can be injected
under or around the periosteum or
perichondrium to activate resident
stem cells; the injectable is absorbed
during several months, but the space
is partly replaced with generated
bone or cartilage, respectively. Thus,
permanent tissue augmentation can
be obtained by a minimally invasive
treatment and this is a good example
of in situ tissue engineering.

Stem cell augmentation/
replacement therapies for stem
cell-deficient tissues
If the tissue is deficient in resident
stem cells, the tissue will not heal
quickly and may atrophy with time.
Irradiated and
fibrous, presumably as a result of stem

tissue 1is ischemic
cell deficiency. Chronic inflammation
and
general fibrosis, presumably as a result

autoimmune disease induce
of repeated activation and exhaustion
of resident stem cells. Chronic wounds
or ulcers are another example in this
category. Generally, aged or photoaged
tissues are related to atrophy and low
repairing capacity resulting from a
relative deficiency in stem cell number
and functionality [34]. It could be a
reasonable and effective resolution to
transplant adipose tissue that contains
sufficient stem cells into such stem
cell-deficient tissue. Wound healing
in irradiated tissue was shown to be
improved by administration of adipose
tissue or stem cells.

Future perspectives

A number of clinical trials using freshly
isolated or cultured ASCs are ongoing
in more than ten countries. Given the
physiological functions of ASCs, its
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Key points

atrophy of grafted fat tissue.

autologous microfat grafting.

mesenchymal stem cells.

Adipose tissue turns over very slowly (up to 10 years) and adipocyte progenitor
cells are present in the vasculature of adipose tissue.

Adipose tissue contains a substantial number (greater than adipocytes in
number) of stromal cells, called adipose-derived stromal cells (ASCs). Some ASCs
are multipotent and can differentiate into various lineages.

ASCs divide, migrate and differentiate into adipocytes or vascular cells during
the turnover/remodeling process that adipose tissue undergoes to compensate
for apoptotic or degenerative changes. Every adipocyte needs direct contact with
a capillary, thus adipogenesis is always accompanied by capillary angiogenesis.
Microfat grafting is a promising method of soft-tissue augmentation due to

the absence of both foreign materials and conspicuous scarring. There are still
some issues to be resolved, including unpredictable effectiveness and long-term

Aspirated fat tissue, the material used in microfat grafting, has fewer adipose
progenitor cells than intact fat tissue. This may impair remodeling of the grafted
tissue and lead to long-term atrophy of the grafts.

Preliminary results from our clinical trials using progenitor-enriched fat tissue
grafting suggested supplementation with vascular stromal fractions, containing
adipose progenitor cells, may boost the efficacy and safety of conventional

ASCs are a promising adult stem/progenitor cell population for use as a
therapeutic tool. A therapeutic number of cells can be obtained without cell
culture and the anticipated therapeutic potential is similar to marrow-derived
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