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The use of adipose-derived stem cells as sheets for wound healing
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Cellular therapies have shown
immense promise in the treatment
of nonhealing wounds. Cell sheets are an
emerging strategy in tissue engineering,
and these cell sheets are promising as a
delivery method of mesenchymal stem
cells to the wound bed. Cell sheet tech-
nology utilizes temperature dependent
polymers to allow for lifting of cultured
cells and extracellular matrix without
the use of digestive enzymes. While
mesenchymal stem cells (MSCs) have
shown success in cell sheets for myocar-
dial repair, examination of cell sheets
in the field of wound healing has been
limited. We previously developed a novel
cell sheet composed of human adipose-
derived stem cells (ASCs). Both single
and triple layer cell sheets were examined
in a full-thickness murine wound model.
The treatment cell sheets were compared
with untreated controls and analyzed at
timepoints of 7, 14, 18 and 21 d. The
ASC cell sheets showed increased heal-
ing at 7, 14 and 18 d, and this effect was
increased in the triple layer cell sheet
group. Future development of these cell
sheets will focus on increasing angiogen-
esis in the wound bed, utilizing multiple
cell types, and examining allogeneic cell
sheets. Here we review our experiment,
expand upon our future directions and
discuss the potential of an off-the-shelf
cell sheet. In the field of wound healing,
such a cell sheet is both clinically and sci-
entifically exciting.

There is a pressing clinical need for novel
methods to treat chronic and nonhealing
wounds. Tissue engineering has devel-
oped cellular therapies to address this
gap in clinical care. Specifically, stem

Organogenesis

cell therapy has demonstrated the ability
to increase vascularization of the wound
bed and accelerate healing. However, the
challenge of cell survival remains. Cell
sheets are a new development in regen-
erative medicine and show great promise
in the area of wound healing. While past
therapies have administered cells via injec-
tion or scaffold, cell sheets prevent the cell
loss often associated with these methods.!
Cell sheets allow for the delivery of cul-
tured cells and their deposited extracellu-
lar matrix (ECM) without the damaging
trypsinization of the cells.? These sheets
include not only the ECM, but also ECM
deposited proteins and maintained cellu-
lar junctions.?

Cell sheets are currently being investi-
gated in many areas of tissue engineering.
This technology has been implemented
in corneal reconstruction,’ treatment of
esophageal ulceration,’ periodonty,® car-
diac repair”® and wound healing,'™"" our
focus here. Both monolayer and multi-
layer cell sheets have shown success in an
in vivo setting.!?

Cell sheets utilize poly
(N-isopropylacrylamide) (PIPAAm), a
temperature responsive polymer. PIPAAm
is used to coat culture dishes, and at tem-
peratures above 32° (normal cell culture
conditions), the culture surface is hydro-
phobic. This allows for normal adhesion
and culture of cells. However, at tem-
peratures below 32°, the surface becomes
hydrophilic and cells spontaneously
detach as a monolayer."'* The cell sheets
containing both cells and ECM can then
be harvested and utilized in a number of
applications.

While research has examined numer-
ous cell types in the context of cell sheet
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engineering, we have focused on the use of
mesenchymal stem cells (MSCs). MSCs
are adult stem cells that are most often iso-
lated from bone marrow or adipose tissue.
These cells are plentiful and multipotent.
MSCs have been shown to differentiate
into osteocytes, adipocytes, chondrocytes

13 as well as neurons and

and myocytes,
cardiomyocytes."

There have been a limited number of
studies that have examined cell sheets
composed of MSCs. In vitro studies have
shown that MSCs remain undifferentiated
in culture, maintaining their stem cell
properties.® Bone marrow-derived mes-
enchymal stem cell sheets have also been
shown to remain viable and retain their
multipotentiality when induced to dif-
ferentiate. Furthermore, these cell sheets
have been shown to deposit increased col-
lagen over time during culture.'®

MSC sheets have also been examined
in an in vivo setting. Adipose-derived
MSCs have been shown to repair scarred
myocardium in rats. These cell sheets
exhibited increased release of angiogenic
factors when compared with a fibro-
blast control.* The use of MSC sheets
in a hind limb ischemia model has also
demonstrated enhanced angiogenesis."”
Recently, investigators found that bone
marrow-derived stem cell sheets were able
to increase paracrine effects and activate
signaling pathways, leading to increased
cardiac function following heart failure in
a rat model.'®

For a number of years MSCs have
played an important role in tissue engi-
neering in the field of wound healing. As
cited above, MSCs have the ability to dif-
ferentiate into multiple lineages and have
the capacity to secrete many growth fac-
tors associated with angiogenesis.” Both
bone marrow-derived and adipose-derived
stem cells have shown increased angio-
genesis in wound healing when injected
or delivered via a scaffold.?’ Furthermore,
these cells have shown increased healing
in both burn models and full-thickness
wound models.® However, injection
provides inefficient delivery of cells and
scaffolds are accompanied by the risk of
infection. The cell sheet model offers a
unique delivery method that can best take
advantage of the angiogenic properties of

these MSCs.
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Recently we investigated a multi-layer
cell sheet comprised of human adipose-
derived stem cells (ASCs) in the context
of wound healing.?! Cell sheets were com-
posed of human adipose-derived stem cells
that were isolated from human lipoaspi-
rate in a protocol previously established
in our laboratory.?> These cells were cul-
tured on temperature-responsive cell cul-
ture surfaces as described above (Thermo
Scientific Nunc Upcell Surface). When
applicable, these sheets were transferred
using a fibrin patty and stacked to form a
multi-layered cell sheet.

The in vivo portion of the study
included three groups; a single-layer ASC
cell sheet, a triple layer ASC cell sheet and
an untreated control. Two 12-mm, full-
thickness wounds were created on the
backs of athymic nude mice. Cell sheets
were applied directly to the wound bed
at the time of healing. All wounds were
splinted to prevent contraction. Wounds
were photographed at 0, 7, 14, 18 and 21
d and harvested at each of the above time
points for further histological analysis.

Examination of the cell sheets in vitro
demonstrated that the ASCs retained their
undifferentiated properties. QPCR analysis
revealed no difference in FABP4, PPAR-vy
and CD34+ expression between the cell
sheets and cultured ASCs.
both the cell sheets and the cultured
ASCs showed significant differences from

However,

mature adipocytes. Importantly, immu-
nohistochemistry was performed to stain
for human lamin A/C. Positive staining
was seen at all time points in harvested
wounds, confirming the presence of ASCs
in the wound bed until time of healing.
Examination of the wound area during
the in vivo portion of the study revealed
that the treatment groups showed signifi-
cantly increased healing at days 7, 10, 14
and 18. This healing was increased in the
triple layer ASC cell sheet group compared
with the single layer ASC cell sheet group
at 7, 10 and 14 d. These results are very
promising; however, there was no differ-
ence between groups at 21 d. Future stud-
ies will focus on decreasing overall time
to closure. This study suggests that the
ASC cell sheet has the ability to recruit
wound healing factors and increase pro-
liferation and migration compared with
the untreated control. This study has
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demonstrated the utility of an adipose
derived stem cell sheet in full-thickness
wound healing. Future studies will aim to
improve upon the vasculogenesis in vivo
and to optimize the ASC cell sheet as a
wound healing strategy.

In the investigation of new wound
healing strategies, increasing angiogenesis
and vasculogenesis is key. Vascularization
plays a fundamental role in wound healing
and therefore is an important parameter
for novel therapies."! While the results of
our study showed a trend toward increased
vascular density in the cell sheet treated
groups, CD31 staining revealed that there
was no significant difference in the vessel
density between our treatment groups and
control group. Moving forward, increas-
ing the vascular density of the wound
bed could accelerate overall time to heal-
ing and could also markedly improve the
matrix organization of the wound. ASCs
have great potential in their ability to
release angiogenic factors, and perhaps the
complex pathway leading to neovascular-
ization requires more than one cell type.
Increased vascularity has been seen in
models using endothelial cells and fibro-
blasts. The ideal therapy may include a
cell sheet comprised of multiple cell types.

It is important to note that ASCs were
still detected in the wound bed at the time
of full healing (21 d). A labeling method
that would allow for cell detection in vivo
could identify the fate of the cell sheet.
While ASCs remained in the wound bed
throughout the study, the proportion of
remaining cells is unknown. Bone mar-
row-derived stem cell sheets have been
shown to increase initial retention of cells
compared with an injection of stem cells.
However, overall survival of the cells has
not been shown to increase.'® Factors such
as initial retention and survivability of the
stem cells should be monitored in the ASC
cell sheets to see if similar patterns are
observed. Cell tracking could also be used
to note any cellular migration or differen-
tiation to better understand the behavior
of these cell sheets in vivo.

Finally, there are a number of limits
to the athymic mouse model. Since the
skin of this model contracts, the wound
bed must be splinted open to better mimic
human healing. While this splitting pre-
vents contraction, the skin of athymic
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mice remains very different from human
skin. It is necessary to begin studies in a
small model, but once success has been
shown in the athymic model it is impor-
tant to validate results in a larger animal,
such as a porcine model, that can better
mimic the healing process of human skin.

Mesenchymal stem cell sheets, specifi-
cally those fabricated from bone marrow-
derived and adipose-derived stem cells,
show great promise as a tissue engineering
technique in the scope of wound healing.
Through increased delivery of growth fac-
tors and enhanced cell survival, stem cell
sheets may be able to increase angiogen-
esis in the wound bed and could have wide
clinical implications in chronic and acute
wound healing.
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