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Abstract: Background/Aims: We have developed a method to transplant sheets of autologous fibroblasts and pe-
ripheral blood mononuclear cells, which are highly angiogenic and regenerative, as treatment against refractory
cutaneous ulcers in mice and rabbits. The cell sheets are also sealed with fibrin to further enhance effectiveness.
Methods: Secretion of growth factors from cells incubated with or without fibrin in vitro was assessed by enzyme-
linked immunosorbent assays, while angiogenesis and fibroblast migration were assessed by tube formation and
scratch assays. Healing of cutaneous ulcers following transplantation of cells was evaluated in mice with diabetes
mellitus. Results: Secretion of vascular endothelial growth factor, hepatocyte growth factor, and transforming growth
factor was much higher from cell sheets supplemented with fibrin than from cell sheets only. Accordingly, superna-
tants from the former enhanced angiogenesis and fibroblast migration in vitro. Cutaneous ulcers treated with fibrin-
glued cell sheets also healed more quickly than untreated ulcers or ulcers treated with cell sheets only. Conclusion:
Fibrin-sealed cells accelerate wound healing and microvascularization by supplying growth factors, and thus are
promising as treatment against refractory cutaneous ulcers.
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Introduction

Ischemic disorders such as peripheral arterial
disease, diabetes mellitus, and pressure and
congestive disorders can cause refractory skin
ulcers, for which corresponding treatments are
available [1-3]. Of note, more than 200 million
people worldwide are affected by peripheral
arterial disease, e.g., arteriosclerosis obliter-
ans, Buerger’s disease, and blue toe syndrome,
of whom many undergo revascularization by
surgery to improve blood flow. However, limb
amputation is unavoidable in some patients
because of progressing infection, insufficient
response to pharmacotherapy, and lack of
healing [4]. For such patients, we previously
reported a method to promote neovasculariza-
tion by transplanting hypoxically preconditioned
bone marrow cells [5, 6]. In an effort to avoid
invasive collection of bone marrow for trans-
plantation, we also found that transplantation
of hypoxically preconditioned peripheral blood

mononuclear cells also enhances microvessel
density and limb blood flow in ischemic
hindlimbs in comparison to normoxically pre-
conditioned cells [7, 8].

As cell sheets are more efficiently engrafted
[9], we also tested mixed sheets consisting
of autologous fibroblasts and peripheral blo-
od mononuclear cells. These sheets secrete
growth factors needed throughout the wound
healing process, and were found to be effec-
tive against ulcers in mice and rabbits [10,
11]. Moreover, we constructed multilayered
mixed sheets that were similarly effective in
mice, but were easier to transplant [12].
However, cell sheets also do not mold perfectly
into wounds typically seen in the clinic, which
are of complex shape. Therefore, we tested
fibrin glue, which is already used in the clinic to
promote wound healing [13-15], to mold cell
sheets to the shape of ulcers and perhaps
enhance efficacy.
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Notably, we found that, in vitro, mixed cell
sheets supplemented with fibrin secrete va-
scular endothelial growth factor more abun-
dantly than cell sheets only, suggesting that
fibrin glue might even enhance angiogenic
activity. In addition, fibrin-sealed cells were
similarly or more effective than pure cells
against cutaneous ulcers in diabetic mice.
Taken together, the data suggest that trans-
planting mixed cells and sealing with fibrin is
a potentially useful and novel treatment for
irregularly shaped cutaneous ulcers.

Materials and methods
Animals

Male C57BL/6 mice were purchased from
Japan SLC (Shizuoka, Japan). All animal proce-
dures were approved by the Institutional Ani-
mal Care and Use Committee at Yamaguchi
University (#31-002 and 31-093), and were
compliant with relevant guidelines.

Isolation of peripheral blood mononuclear
cells and fibroblasts

Mononuclear cells were isolated from mouse
peripheral blood using Lympholyte®-M (Cedar-
Lane Laboratories, Hornsby, Ontario, Canada),
and cultured in CTS™ AIM V® medium (Ther-
mo Fisher Scientific, Waltham, MA) supple-
mented with 10% fetal bovine serum (Thermo
Fisher Scientific). Fibroblasts were isolated
from mouse tails using collagenase (Wako,
Osaka, Japan), and cultured in CTS™ AIM V®
medium supplemented with 10% fetal bovine
serum.

Preparation and transplantation of cell sheets

As described previously [12], peripheral blood
mononuclear cells (2.0 x 10%/well) were incu-
bated under normoxic conditions (37°C, atmo-
spheric O, concentration) for 2 days followed
by hypoxic conditions (33°C, 2% 0,) for 1 day,
using 2 mL medium consisting of CTS™ AIM
V®, HFDM-1 (+) (Cell Science & Technology
Institute, Sendai, Japan), and 5% fetal bovine
serum. Cells were collected by centrifugation,
mixed with 5.0 x 10° fibroblast cells and thro-
mbin, and applied to wounds directly by pipet-
ting (Figure 1A). Cells were then sealed with
Beriplast® (CSL Behring K.K.). Sealing is achi-
eved within 1 minute. For in vitro experiments,
cell mixtures in thrombin were seeded in a
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24-well dish and supplemented with or without
fibrinogen.

Histology

Cells supplemented with or without fibrin were
incubated in vitro for 3 days, fixed overnight
at room temperature with neutrally buffered
10% formalin, embedded in paraffin, and
stained with hematoxylin and eosin.

Cell viability

Fibroblast (5.0 x 10°) and peripheral blood
mononuclear cells (2.0 x 10°) were seeded in
a 24-well plate, supplemented with and with-
out fibrin glue, incubated for 3 days, and react-
ed for 2 h at 37°C in a CO, incubator with 400
pL of a 1:5 mixture of MTS reagent (CellTiter
96 Aqueous One Solution Cell Proliferation
Assay, Promega, Madison, WI, USA) and media.
After incubation, 200 yL of supernatant from
each well was transferred to a 96-well plate
and assayed at 490 nm on a 2030 ARVO X4
microplate reader (PerkinElmer, Boston, MA,
USA). Fibrin glue without cells was incubated
and assayed in the same manner as negative
control.

Enzyme-linked immunosorbent assay (ELISA)

Fibroblast (5.0 x 10°) and peripheral blood
mononuclear cells (2.0 x 10°) were seeded in a
24-well plate with and without fibrin glue, incu-
bated under normoxic conditions (37°C, atmo-
spheric O, concentration) for 2 days and then
under hypoxic conditions (33°C, 2% O,) for 1
day. Supernatants were collected, and assayed
for vascular endothelial growth factor, hepato-
cyte growth factor, and transforming growth
factor-B1 using Quantikine Immunoassay Kits
(R&D Systems, Minneapolis, MN, USA). To as-
sess secretion of vascular endothelial growth
factor over time in the presence or absence of
fibrin glue, 5.0 x 10° fibroblasts and 2.0 x 10°
peripheral blood mononuclear cells were se-
eded in a 24-well plate and incubated under
normoxic conditions (37°C, atmospheric O,
concentration) for 7 days. Supernatants were
collected every day, and assayed for vascular
endothelial growth factor as described.

Tube formation assay

Human umbilical cord vascular endothelial ce-
lls were cultured in EGMTM-2 medium (Lonza,
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Figure 1. Construction and characteristics of cell sheets with fibrin glue. A.
Transplantation of mixed fibroblasts and peripheral blood mononuclear cells
to injured sites and sealing with fibrin glue. B. Hematoxylin and eosin stain-
ing of fibroblasts and peripheral blood mononuclear cells incubated with
fibrin glue for 3 days in a 24-well plate in low (left) and high (right) power
fields. Arrows indicate fibroblast cells and peripheral blood mononuclear
cells on fibrin glue. C. Cell viability was assessed by MTS assay after 5.0
x 10° fibroblasts and 2.0 x 10° peripheral blood mononuclear cells were
seeded in a 24-well plate with and without fibrin glue and incubated for 3
days. Fibrin glue incubated under the same conditions but without cells was
used as negative control. Error bars indicate standard error. Fibrin-mixed,
cells with fibrin glue; Cell sheet, cells without fibrin glue; Fibrin only, fibrin
glue without cells (n = 4 per group).

Basel, Switzerland) supplemented with EGM-

out fibrin, and imaged after 6
h. Tube formation was as-
sessed using Angiogenesis
Analyzer for ImageJ (National
Institutes of Health, Bethes-
da, MD) [16, 17].

Migration assay

Fibroblasts were seeded in
24-well cell culture dishes to
high confluence, scratched
with 200 uL tips, and cultur-
ed for another 16 h in con-
ditioned medium from cells
with or without fibrin. Phase-
contrast images were obtain-
ed at O and 18 h thereaf-
ter using a BZ-X710 All-in-One
fluorescence microscope (Ke-
yence, Osaka, Japan). Wound
area was measured using the
associated software (Keyen-
ce).

Model of cutaneous ulcer

Mice were injected with strep-
tozotocin (Sigma-Aldrich, St.
Louis, MO) to induce diabetes
mellitus. Animals with blood
glucose more than 300 mg/
dL were anaesthetized with
1.5% isoflurane via inhala-
tion, and full-thickness skin
injuries 8 mm in diameter
were surgically created on the
back.

Wound healing

Surgically created defects
were left untreated (controls,
n = 6), or were transplanted
with mixed cell sheets cul-
tured under hypoxic condi-
tions (n = 6), sealed with fibrin

(n = 6), or transplanted with mixed cells and

TM BulletKit™ (Lonza), trypsinized, and resus-
pended in 10% fetal bovine serum. To assess
tube formation, cells were seeded at 2.0 x 10%/
well (in 100 uL) in 96-well plates coated with
Matrigel® (Corning, Corning, NY). Subsequently,
wells were incubated with 100 L fresh or con-
ditioned medium from mixed cells with or with-
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sealed with fibrin (n = 6) (Figure 1A). Cell sheets
were collected from plates and delivered to
wounds using a 1,000 uL tip (FUKAE-KASEI,
Kobe, Japan) shortened to widen the mouth
and preserve cell structure. All ulcers were cov-
ered with Urgotul® (Laboratoires Urgo, Chenove,
France), wrapped with Derma-aid® (ALCARE,
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Tokyo, Japan), bandaged (ALCARE), and the
injured area was measured at days O, 9, and
14, under anesthesia and using Image J.

Statistical analysis

Data were analyzed in Stata/SE 12.1 (Sta-
taCorp, College Station, TX). Statistical differ-
ences between two groups were assessed by
two-tailed unpaired t-test, while statistical dif-
ferences among multiple groups were assessed
by one-way analysis of variance followed by a
Bonferroni post hoc test. P < 0.05 was consid-
ered statistically significant.

Results
Production of mixed cells

We previously reported that multi-layered,
mixed cell sheets consisting of autologous
fibroblasts (5.0 x 10% cells) and peripheral
blood mononuclear cells (2.0 x 10° cells) can
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Cell sheet, cells without fibrin glue (n = 5 per group).

be harvested from 24-well plates using 10 PU/
mL dispase [12]. This method has now enabled
transplantation of mixed cells and molding into
irregularly shaped wounds with fibrin glue. Of
note, hematoxylin and eosin staining indicated
that cells proliferated around, but not inside,
fibrin glue when present (Figure 1B), suggest-
ing that fibrin glue provides a good scaffold for
cells.

Viability of mixed cells with fibrin

Figure 1C shows that viability after 3 days in
culture, as measured by MTS proliferation
assay, was higher in cells supplemented with
fibrin, highlighting fibrin glue as a favorable
scaffold for cells.

Secretion of growth factors and cytokines from
fibrin-supplemented cells

Secretion of vascular endothelial growth factor,
hepatocyte growth factor, and transforming
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growth factor-B1, as measured by ELISA of
culture supernatants, was significantly higher
from mixed cells supplemented with fibrin than
from cell sheets only (Figure 2A). Moreover,
fibrin-supplemented cells abundantly secreted
vascular endothelial growth factor for up to 7
days, in comparison to cell sheets only (Figure
2B).

Angiogenic potency of factors secreted by
fibrin-supplemented cells

Tube formation was significantly stimulated in
human umbilical cord vein endothelial cells cul-
tured for 6 h in conditioned medium from fibrin-
supplemented cells than in cells cultured in
fresh medium or in conditioned medium from
cell sheets without fibrin (Figure 3A and 3B).
This result suggests that fibrin glue augments
the angiogenic activity of mixed cells.

Fibroblast migration potency of factors se-
creted by fibrin-supplemented cells

Migration of primary mouse fibroblasts over
16 h across scratches made in confluent cells
was enhanced by conditioned medium from
fibrin-supplemented cells (Figure 4A and 4B).
This result highlights the potential of fibrin-sup-
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Cell sheet

Figure 3. Supernatant from mixed cells incubated
with fibrin enhances angiogenic activity. A, B. Human
umbilical cord vein endothelial cells were cultured
in fresh medium or conditioned medium from 5.0 x
10° fibroblasts and 2.0 x 10° peripheral blood mono-
nuclear cells seeded with and without fibrin glue in
standard 24-well plates and incubated under nor-
moxic conditions (37 °C, atmospheric O, concentra-
tion) for 2 days followed by hypoxic conditions (33°C,
2% 0,) for 1 day. Junctions in the field were counted
at 10 x. Scale bar indicates 500 um, while error bars
indicate standard error. Fibrin-mixed, conditioned
medium from cells with fibrin glue; Cell sheet, con-
ditioned medium from cells without fibrin glue (n =
4 per group).

plemented cells to induce fibroblast migration
at injured sites.

Healing of cutaneous ulcers in mice using
mixed cells sealed with fibrin

To evaluate as therapy for cutaneous ulcers,
mixed cells were transplanted to full-thickness
skin injuries on the backs of mice with diabetes
mellitus (Figure 5A), and sealed with or without
fibrin. Untreated sites (Control) and sites treat-
ed with fibrin glue (Fibrin only) were used as
control. After 9 days, wound healing was sig-
nificantly more advanced at sites treated with
mixed cells and sealed with fibrin than at con-
trol sites (Figure 4B). At 14 days, wound healing
was significantly more advanced in the same
sites relative to sites treated with mixed cells
but not sealed with fibrin (Figure 4B). In any
case, injuries were nearly closed in all animals
by 21 days.

Discussion

Ulcer healing requires a well-orchestrated inter-
play of cell-matrix and cell-cell signaling. For
example, fibroblasts facilitate the interaction of
keratinocytes and endothelial cells with the
extracellular matrix to promote healing [18]. In
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sues to induce angiogenesis
[20-22].

Normal healing is regulated
by a complex signaling net-
work involving growth fac-
tors, cytokines, and chemo-
kines and can be divided in-
to overlapping inflammatory,
proliferative, and tissue re-
modeling phases [23]. Of no-
te, vascular endothelial grow-
th factor, transforming gro-
wth factor-B1, and platelet-
derived growth factor BB are
required throughout the pro-
cess [27, 28], of which the last
two are believed to be suppli-
ed by peripheral mononuclear
cells [26-29]. Transforming
growth factor-B1 and platelet-
derived growth factor BB also
induce expression of vascular
endothelial growth factor and
collagen in fibroblasts [10].
Accordingly, abnormal expres-
sion of growth factors in
refractory cutaneous ulcers
such as venous and diabetic
leg ulcers induces chronic in-
flammation and delays heal-
ing [25, 26].

day. Wound closure was measured after 16 h, and cells are rendered green

for clarity. Scale bar indicates 500 ym, while error bars indicate standard
error. Fibrin-mixed, cells with fibrin glue; Cell sheet, cells without fibrin glue

(n =7 per group).

addition, these cells secrete vascularization-
associated growth factors, including vascular
endothelial growth factor, hepatocyte growth
factor, and transforming growth factor-p1 [19],
that are essential for normal wound-healing
[23, 24]. Accordingly, we have now developed
mixed cell sheets of fibroblasts and peripheral
blood mononuclear cells as potential therapy
when transplanted to skin ulcers and sealed
with fibrin. Sealing with fibrin appears to accel-
erate wound healing more efficiently than
transplantation of cells alone, especially in
mice with streptozotocin-induced diabetes,
which typically delays healing. Importantly, fib-
roblasts are conveniently isolated and cultured
from various tissues, while peripheral blood
mononuclear cells are harvested easily and
indeed are now transplanted to ischemic tis-
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Cell sheet technology, which
was only recently developed,
depends on detaching cells
from a temperature-sensitive
culture dish or with a small amount of dispase
while keeping the extracellular matrix intact
[30]. This technology is now widely used and
was reported to enhance the effectiveness of
cell transplants in regenerative medicine [12,
31]. However, these cell sheets are difficult to
mold to cutaneous ulcers with complex shapes,
which are common in the clinic, and is a spe-
cificissue for dermatological injuries. Therefore,
we attempted to use fibrin glue to mold trans-
planted cells to the injured site. We note that
fibrin glue is safe, keeps cells in place, and pro-
motes healing by enhancing cell survival, pro-
viding a good scaffold, and shielding against
oxygen stress [13-15]. Indeed, we found that
fibrin glue enhances the ability of mixed cells
to promote angiogenesis and fibroblast mi-
gration.

Am J Transl Res 2018;10(9):2920-2928
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Figure 5. Therapeutic effect of cells with fibrin. A. Healing of full-thickness skin wounds in diabetic mice after trans-
plantation of mixed cells with and without fibrin glue, as imaged on days 1, 9, and 14 (left to right). B. Time course of
wound healing as measured in ImageJ. Error bars indicate standard error. Fibrin-mixed, mixed cells with fibrin glue;
Cell sheet, cells without fibrin glue; Fibrin only, fibrin glue without cells; Control, no treatment (n = 6 for each group).

In addition, we developed a novel and feasible
protocol to hypoxically precondition cells to
enhance expression heme oxygenase-1 and
hexokinase-2 [32] and growth factors, and to
improve retention of transplanted cells in
mice through CXCR4 and integrin aM [33, 34].
Similarly, we found previously that hypoxically
preconditioned peripheral blood mononuclear
cells enhance cell adhesion and angiogenesis
and improve blood flow into muscle at ische-
mic hindlimbs in rabbits [8]. Hypoxic precondi-
tioning was also reported to increase secre-
tion of vascular endothelial growth factor in
single-layered sheets [10, 11].

In summary, the data clearly show that mixed
cells sealed with fibrin are effective against
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refractory skin ulcers, with fibrin glue acting as
a functional scaffold.
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