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ABSTRACT. Dedifferentiated fat cells show great promises as a novel cell source for stem cell
research. It has many advantages when used for cell-based therapeutics including abundance,
pluripotency, and safety. However, there are many obstacles researchers need to overcome to make
the next big move in DFAT cells research. In this review, we summarize the current main challenges
in DFAT cells research including cell culture purity, phenotypic properties, and dedifferentiation
mechanisms. The common methods to produce DFAT cells as well as the cell purity issue during
DFAT cell production have been introduced. Current approaches to improve DFAT cell purity have
been discussed. The phenotypic profile of DFAT cells have been listed and compared with other stem
cells. Further studies on elucidating the underlying dedifferentiation mechanisms will dramatically
advance DFAT cell research.
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INTRODUCTION

Dedifferentiated fat (DFAT) cells, derived
from mature adipocytes, show great promises
as a novel cell source for stem cell research.
Accumulating evidence has shown that
lipid—filled adipocytes, which are the most
abundant cell type in any adipose tissue, can
be reprogramed into multipotent stem cells
named DFAT cells through a traditional ceil-
ing culture method." So far, DFAT cells
have been derived from many species includ-
ing mouse, rat, pig, and human.'” DFAT

cells exhibit robust proliferation capacity and
multi-lineage differentiation potentials. Kish-
imoto N et al. showed that human DFAT
cells have higher osteoblastic differentiation
ability than adipose derived stem cells
(ASCs).4 Jumabay M et al. demonstrated that
mouse and human DFAT cells, derived from
adipose tissue and lipospirate, respectively,
could differentiate into vascular endothelial
cells (ECs) both in vitro and in vivo.’ In a
rat acute myocardial infarction model, trans-
planted rat DFAT cells expressed cardiac
sarcomeric actin and differentiated to
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cardiomyocyte-like cells.”> Ohta Y et al.
reported that transplanted rat DFAT cells
expressed neuronal marker, 8 III tubulin, and
led to marked functional recovery from spi-
nal cord injury (SCI)-induced motor dys-
function in rats.® Additional studies also
reported that DFAT cells could differentiate
into chondrocytes, skeletal myocytes, and
smooth muscle cells under appropriate cul-
ture conditions.””

DFAT cells have unique advantages when
used as cell source for the treatment of many
clinical diseases. First, the abundance of mature
adipocytes in adipose tissue makes DFAT cells
easy to scale up. Unlike ASCs, which are
derived from the small stromal—vascular frac-
tion (SVF) of adipose tissue, DFAT cells are
converted directly from adipocytes that consti-
tute more than 90% of adipose tissue volume.
The relatively less invasive harvest method and
high yield make DFAT cells a practical cell
source. Second, DFAT cells have multi-lineage
differentiation capacity regardless of donors’
age and show low immunogenicity after trans-
plantation.' Last but not least, the generation of
DFAT cells is through a traditional ceiling cul-
ture method, which avoids the potential prob-
lems associated with cell reprograming using
virus vectors.

Although DFAT cell research makes great
progress in the past few years, there are many
obstacles researchers need overcome to make
the next big move. In this review, we summarize
the current main challenges in DFAT cell
research including cell culture purity, phenotypic
properties, and dedifferentiation mechanisms.

Cell culture purity of DFAT cells

The most common approach used to derive
DFAT cells from adipose tissue is a ceiling
culture method based on the buoyancy proper-
ties of mature lipid-filled adipocytes. There are
mainly 2 types of adipose tissue: white adipose
tissue (WAT) and brown adipose tissue (BAT).
WAT is more often used to isolate stem cells.
Yagi et al. first reported the method of deriving
DFAT cells from the subcutaneous WAT from
mice.'” Briefly, adipose tissues were minced
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and then underwent enzymatic digestion with
collagenase type II. After centrifugation, the
resulting pellet containing the SVF was cul-
tured as ASCs and the floating adipocytes were
collected, washed, and transferred to an
inverted cell culture flask filled with cell culture
medium. The cells floated in the media and
adhered to the ceiling of the flask. After the
cells were firmly attached and fibroblast-like
cells were observed, the flask was re—inverted
to culture the attached cells as DFAT cells
(Fig. 1A). Following this procedure, we also
observed the reported cell morphology changes
indicating the dedifferentiation process of
adipocytes (Fig. 2). Within 7 d of ceiling cul-
ture, the adipocytes attached to the top surface
of the flask began releasing lipid droplets and
gradually changed cell morphology to fibro-
blast-like cells. Adipocyte derived fibroblast—
like cells showed a high proliferation rate simi-
lar to what have been reported after long—term
culture in vitro."' Jumabay et al. reported
another method for isolation of DFAT cells
without using ceiling culture (Fig. 1B).'* The
harvested adipocytes isolated from tissue were
incubated floating on culture medium for
24 hours and then cells were transferred to a
new dish with 70um insert filter. DFAT cells
derived from the adipocytes were allowed to
sink through the filter to the bottom of the dish
and collected after 5 d. DFAT cells isolated
through the filter have been reported to express
significantly increased pluripotency markers.
Cell purity is one of the main issues with
current DFAT cells isolation methods. Adipo-
cyte is not the only cell type present in adipose
tissue. Other cell types in adipose tissue include
stem cells, preadipocytes, macrophages, neu-
trophils, lymphocytes, and endothelial cells."
During the DFAT cell isolation process, a small
number of other cell types (e.g. preadipocytes,
fibroblasts, stem cells) with undistinguished
morphology but similar buoyancy might be
co—isolated and attached together with mature
adipocytes, resulting in the derived DFAT cells
contaminated by other cell types. Tholpady
et al. observed the contamination of fibroblast
like cells within 48 hours of ceiling culture
along with mature adipocytes.'* The concern of
possible preadipocytes or stromal fraction cells
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FIGURE 1. Schematic for isolation of DFAT and ASCs from adipose tissue. (A) Ceiling culture

method and (B) Preincubation and filter method.
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contamination during mature adipocyte isola-
tion has been raised by several research
groups. '

The purity of mature adipocytes isolated
from adipose tissue is a very critical parame-
ter for the uniform production of DFAT cells.
It takes approximately 5-7 d to dedifferentiate

adipocytes into DFAT cells depending on
animal species. Therefore, a small amount of
contaminated cells initially co—isolated with
the adipocytes could significantly proliferate
and cause inhomogeneity of the produced
DFAT cells. A few types of cell purity testing
have been employed including checking cell

FIGURE 2. Cell morphology during DFAT cell production using the ceiling culture method. The mor-
phology of porcine adipocytes in ceiling culture on day 1 (A), day 3 (B) and day 7 (C). The flask is
flipped at day 7 and culture normally for 5~7 d to obtain primary DFAT cells (D). The morphology of

Passage 2 DFAT cells (E). Scale bar 100m.
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morphology using microscopy or stain iso-
lated cells using mature adipocyte specific
markers such as perilipin and Nile red.>'”
The results from the purity test have shown
some presence of non—adipocyte cells. To
improve cell purity, several approaches have
been explored including methods using
differential plating and cloning (Fig. 3).
Differential plating exploits the difference of
time needed for mature adipocyte and other
cell types to attach to the flask for separating
the contaminating cells. After 1-2 d of ceiling
culture, mature adipocytes will be floating in
the medium but non-lipid containing cells
will attach to the bottom surface. In early
differential plating, floating mature adipocytes
in the medium are transferred to the new flask
leaving the attached contaminating cells
behind. Mature adipocytes adhere to the top
surface after 3—4 d of ceiling culture. In late
differential plating, the cells attached to the
ceiling are trypsinized and centrifuged after
3-4 d of ceiling culture, to eliminate the con-
taminating cells culturing along with mature
adipocytes by the buoyant nature of adipo-
cytes. For cloning procedure, after 5 d of
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ceiling culture, the vessel is inverted and
non-lipid containing cells growing along with
mature adipocytes are marked and scraped off
from the flask by pipette under a microscope
to purify the population.'®

Even with the improved methods pure adipo-
cytes still cannot be guaranteed for the down-
stream DFAT cell production. The resulted
heterogeneous population of DFAT cells will
cause inconsistent results even under the same
experimental conditions. Therefore, specific
cell sorting to obtain high purity adipocytes is
needed to overcome the cell purity issue of
DFAT cell production. Fluorescence—activated
cell sorting (FACS) and Magnetic—activated
cell sorting (MACS) are the two most powerful
techniques in separating the desired cell type
from a mixed population. These two techniques
have been routinely used for the isolation of
many cell types including stem cells. For exam-
ple, CD34—positive mononuclear blood cells
(MB“P3*") have been isolated from human
peripheral blood using MACS."® Neural crest
stem cells (NCSCs) from mammalian fetal
peripheral nerve have been isolated using P75
and PO cell markers by FACS.?° However, to

FIGURE 3. Purification methods of mature adipocytes. After the separation of mature adipocytes
and SVF fraction from fat tissue, mature adipocytes can be purified by early differential plating (A),
late differential plating (B) or cloning technique (C).
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the best of our knowledge, neither FACS nor
MACS has been applied to separate pure adipo-
cytes for DFAT cell production.

Phenotypic properties of DFAT cells

The pluripotency of DFAT cells has been
approved by specific stem cell markers expres-
sion and multilineage differentiation. DFAT
cells have shown the loss of adipocyte markers
during the ceiling culture and the expression of
various stem cell markers after dedifferentia-
tion. Several studies have reported that genes
related to lipid metabolism are abundantly
expressed in mature adipocytes (i.e. LPL, LEP,
GLUT4, and PPARG) but not expressed in
DFAT cells."* DFAT cells in the early pas-
sages have shown the expression of embryonic
stem cell markers such as Oct4, sox2, cMyc,
Kif 4, and nanog.21 In addition, DFAT cells
have been shown to have higher telomerase
activity than ASCs."?

DFAT cells have multilineage differentia-
tion ability and have been reported to differ-
entiate  into  multiple  lineages  like
osteogenic,?! chondrogenic,”> adipogenic,*
myogenic,* neurogenic,”” and angiogenic
lineages. In vitro osteogenic differentiation
of DFAT cells has been reported to be
induced by osteogenic differentiation
medium (ODM), which consisted of DMEM
supplemented with 10 % FBS, antibiotics,
10 mM pB-glycerophosphate, 10 pg/ml ascor-
bic acid, and 10 uM all-trans retinoic acid
(first 3 days only).?® The mineralization of
the cells has been confirmed by increased
alkaline phosphatase activity and Alizarin
Red staining. In vivo experiments also
proved the formation of bone in a rat calva-
rial bone defect model after the implantation
of DFAT cells using a poly (lactic—co-gly-
colic acid) / hyaluronic acid (PLGA/HA)
scaffold.”® Briefly, PLGA/HA scaffold was
seeded with 1x10° rat DFAT cells and cul-
tured using normal growth medium for 3 d.
Then, the osteo—induced cells were produced
by replacing normal culture media with
ODM for 6 d before implantation of the cell
seeded scaffold in the center of parietal bone
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defect. After 8 weeks, the defect closure by
new bone in PLGA/HA with DFAT cells
was observed to be significantly higher than
control group by histology and histometric
analysis. Jumabay et al. reported the differ-
entiation of rat DFAT cells into cardiomyo-
cytes induced by 1% methylcellulose in
Iscove’s modified Dulbecco’s medium sup-
plemented with 1% bovine serum albumin,

15% FBS, 2-mercaptoethanol (0.1 mM),
L—glutamine (2 mM), recombinant human
insulin (10 ug/ml), human transferrin

(200 pg/ml), recombinant murine interleukin
3 (IL-3; 10 ng/ml), recombinant human IL-6
(10 ng/ml), and recombinant mouse stem cell
factor (50 ng/ml).> The morphological
changes and cardiac markers like Nkx2.5,
troponin—T, and sarcomeric actin were con-
firmed by immune staining. Rat DFAT cells
have been used to repair infracted cardiac
tissue induced by left coronary artery liga-
tion in Sprague—Dawley rats.> Three hours
after ligation, 10° DFAT cells were injected
in 5 different ischemic sites. After 8 weeks,
engraftment of the cells and neovasculariza-
tion in the scar region were observed by
immunohistological analysis. Yamada et al.
showed locomotor functional recovery by
remyelination and glial scar reduction by
DFAT cells after spinal cord injury in
mice.”> Spinal cord injury was induced at
the Th10 level in mice by using an Infinite
Horizon Impactor. On the 8" day post
injury, 10° DFAT cells isolated from mice
were injected at Th10 level. After 36 d post
injury, locomotor function was significantly
improved by Basso mouse scale (BMS) score
in mice with injected DFAT cells. Immuno—
histological studies revealed expression of
neurotrophic factors like brain—derived neu-
rotrophic factor (BDNF), glial-derived neu-
rotrophic factor (GDNF), and reduction of
scar by DFAT cell transplantation.

One of the great challenges in DFAT cell
studies is to identify the unique phenotypic pro-
file of DFAT cells. DFAT cells and ASCs,
derived from same source, have very similar
expression marker profile: positive for CD13,
CD29, CD44, CD90, CD105, HLA-A, B, C,
and negative for CD56."*” The differences of
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cell marker expression between the DFAT cells
and ASCs are shown in Table 1. As shown in
the table, several studies have reported the
expression of aSMA higher in DFAT than
ASCs.'?® The expressions of other surface
markers have been reported to vary in different
studies, which does not help clearly distinguish
between these two cell types from the same
source. Also, human DFAT cells have been
reported to have the similar surface marker pro-
file as bone marrow—derived Mesenchymal
Stem Cells (MSCs), which are both positive for
CD90, CD105, CD73, CD44, and CD29, and
negative for CE34, CD117, CD133, CD271,
CD45, HLA-DR, and CD14."” To distinguish
the DFAT cells from all the other cell types,
defined cell surface marker expression profile
needs to be further established.

Dedifferentiation mechanism of DFAT
cells

Two phenomena have been reported during
the dedifferentiation process pointing toward
different cell sources that give rise to the gener-
ated DFAT cells. Yagi et al. along with several
other groups have demonstrated that mature
adipocytes in ceiling culture loses the lipids
and converts into the DFAT cells.'® Mature
adipocytes were observed under light micro-
scope to break into small lipid droplets, loose
their round contour and fibroblast-like mor-
phology is obtained after 10 d.'**° Some other
studies showed that during dedifferentiation
process, mature adipocytes divide

Table 1. Comparison of cell surface markers in
DFAT cells and ASCs. + : positive expression
and — : negative expression.

Marker DFAT cells ASCs References
«SMA - + 1
CD140b —I+ + 27.29,36
CD106 - —/+ 1.86
CD31 - —/+ 1.36.37
CD45 - +/— 1.8
CD11b - + - 1,36,37
CD34 _ _/+ 1,36,38
cb4od + +/— R
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asymmetrically and give rise to another adipo-
cyte as well as a non—adipocyte daughter cell
that further produce the DFAT cells. Matsu-
moto et al. showed that DNA synthesis in the
mature adipocyte is induced by the ceiling cul-
ture by BrdU incorporation method." Approxi-
mately 50% of the adherent adipocyte cells in
ceiling culture showed BrdU incorporation and
40% exhibited a fibroblast-like morphology by
day 7 of culture, indicating adipocytes gain
capacity for DNA synthesis. Also, time—lapse
video images of cultured adipocytes pre—
labeled with Hoechst 33342 showed that the
adipocytes with a single nucleus divided asym-
metrically and produced fibroblast—like cells.*?
Both the phenomena have proven to produce
the multipotent and highly proliferative DFAT
cells.

Dedifferentiation mechanism of DFAT cells
has not been revealed. In spite of having lim-
ited potential to regenerate, terminally differen-
tiated mammalian cells have been shown to
dedifferentiate under defined circumstances.*
Dedifferentiation of mature cells can be a
driven by external stimuli and/or gene regula-
tion. In vitro culturing of adult human cartilage
chondrocytes (HAC) in monolayer leads to
their dedifferentiation and cells regain prolifer-
ation and multipotent differentiation ability.*'
Culturing 1~2 x 10* cells/cm® HAC in mono-
layer in vitro with culture medium containing
high-glucose DMEM, 2 mM L—glutamine,
50 pg/ml gentamycin, and 10% FBS for
4 d leads to cell morphology change and dedif-
ferentiation. Dedifferentiated HAC express
several embryonic stem cell markers such as
SSEA-3, SSEA-4, TRA1-60, and TRA1-81
and show alkaline phosphatase activity. Dedif-
ferentiated HAC cultures showed multilineage
potential for chondrogenic, osteogenic, and adi-
pogenic lineages demonstrated by lineage spe-
cific histochemical and immunofluorescence
staining. Following nerve injury, a differenti-
ated myelinating Schwann cell can dedifferen-
tiate by activation of Ras/Raf/ERK signaling
and regain the potential to proliferate.** In-
duced expression of oncogenic Ras with retro-
viral vector in early—passage Schwann cells
showed that Ras expression induces Schwann
cell dedifferentiation via the ERK signaling
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pathway. Raf/ERK signaling was shown to
dedifferentiate Schwann cells that had been
induced to undergo myelination in response to
axonal signals. Mouse myotubes, treated with
an extract derived from the regenerating limbs
of newts, were shown to undergo dedifferentia-
tion.>® The cells showed the ability to reenter
the cell cycle, exhibit a reduction in muscle dif-
ferentiation proteins like MyoD, myogenin,
and troponin T, and cleave to form smaller
myotubes or mononucleated cells. The main
factor for conversion of mature adipocytes into
DFAT cells in ceiling culture is considered to
be hypoxia, which was also shown in the dedif-
ferentiation process of chondrocytes and
smooth muscle cells.**3 However, more stud-
ies needed to be done to establish the factor/s
driving dedifferentiation process in mature adi-
pocytes. Understanding the process of dediffer-
entiation, will give the insight of regeneration
mechanism in adult differentiated cells.

Future directions

DFAT cells, being isolated from the abun-
dant adipose tissue with pluripotent potential,
can be great source for stem cells and tissue
engineering. There are still many areas of
improvement needed before the translation of
DFAT cells in clinical applications. The purity
of cells used for the isolation process is a major
concern; contaminating cells can dramatically
affect the downstream studies and application
of DFAT cells. Cell sorting techniques like
FACS or MACS should be implemented to
obtain nearly 100% pure mature adipocyte pop-
ulation to solve the DFAT cell purity issue. The
distinct cell surface marker profile needs to be
further established for DFAT cells to distin-
guish them from other stem cells. The factors
(e.g., stress, hypoxia) and culture conditions
that trigger the dedifferentiation of fat cells
need to be thoroughly investigated to under-
stand the underlying mechanisms.

ABBREVIATIONS
ASCs Adipose derived Stem Cells
BDNF  Brain-Derived Neurotrophic Factor
BAT Brown Adipose Tissue
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DFAT cells Dedifferentiated Fat cells
ECs Endothelial Cells
FACS Fluorescence—Activated Cell Sorting
GDNF Glial-Derived Neurotrophic Factor
HAC  Human Articular Chondrocytes

IL Interleukin

MACS Magnetic—Activated Cell Sorting
MSCs Mesenchymal Stem Cells
NCSCs Neural Crest Stem Cells
ODM Osteogenic Differentiation Medium
PLGA/HA  Poly (Lactic—co—Glycolic Acid) / Hyalur-
onic Acid
SCI  Spinal Cord Injury
SVF  Stromal-Vascular Fraction
WAT  White Adipose Tissue
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