
Am J Transl Res 2020;12(6):2652-2663
www.ajtr.org /ISSN:1943-8141/AJTR0107941

Original Article
Allogeneic fibroblast sheets accelerate cutaneous 
wound healing equivalent to autologous  
fibroblast sheets in mice
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Abstract: Background/Aims: This study sought to confirm the difference of the wound-healing effect, cell survival, 
and immune response between autologous fibroblast sheets and allogeneic fibroblast sheets. Methods: Regarding 
wound healing, autologous or allogeneic fibroblast sheets were transplanted onto a mouse cutaneous wound heal-
ing model and the wound contraction rate was evaluated. The luciferase-expressing fibroblast sheet was prepared 
and the survival of the cell sheet was evaluated by IVIS® after autologous or allogeneic transplantation. Histological 
evaluation was performed at five and 14 days after transplantation. Results: Allogeneic fibroblast-sheet transplan-
tation showed significant wound contraction at the early phase of wound healing, which was equivalent to that 
seen with the autologous fibroblast sheets. Luminescence of the autologous and allogeneic luciferase-expressing 
fibroblast sheets peaked on Day 5, and no luminescence was observed on Day 13. In the allogeneic fibroblast-sheet 
transplant group, a significant accumulation of immune cells was observed in the healed tissue but not in the early 
stage of wound healing. Conclusion: The allogeneic fibroblast sheets showed comparable rates of cell survival and 
wound-healing effects to those of the autologous fibroblast sheets, despite the subsequent immunogenic response. 
This result supports the potential practical clinical application of scaffold-free allogeneic fibroblast sheets based on 
the paracrine effect.
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Introduction

Chronic wounds have been defined as wounds 
that remain difficult to heal for four weeks up to 
more than three months [1]. In the United 
States, chronic wounds affect around 6.5 mil-
lion patients, with more than US$25 billion 
each year spent in this area by the health care 
system [2]. These diseases can lead to a loss of 
function and decreased quality of life of the 
patient; moreover, the increasing prevalence 
rates have become a costly problem in health 
care [3]. Almost all chronic wounds are catego-
rized as venous ulcers or arterial leg ulcers, dia-
betic ulcers, or pressure ulcers [4]. Chronic 
wounds last on average 12 to 13 months, and 
recurrence rates range from 24% to 57% for 
venous ulcers, upward of 60% for diabetic 

ulcers, and 23% to 40% for pressure ulcers [5]. 
For chronic wounds for which conventional th- 
erapy is not effective, advanced therapies su- 
ch as growth factors, extracellular matrices 
(ECMs), engineered skin, and negative pressure 
wound therapy (NPWT) are used. However, deci-
sion-making in the selection of these advanced 
therapies is often not evidence-based [3, 6] 
and the development of more effective and less 
expensive treatments is desired.

We previously reported on the therapeutic 
effects of autologous bone marrow cell implan-
tation during a clinical trial involving eight 
patients with arterial ulcers who failed conven-
tional revascularization therapy [7]. We also 
reported that hypoxic preconditioning increas-
es the cell survival and angiogenic potency of 
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bone marrow cells and peripheral blood mono-
nuclear cells [8-10]. On the other hand, cell 
sheet technology has been established to 
improve the engraftment of transplanted cells 
in grafted regions [11] and its therapeutic via-
bility has been demonstrated in various dis-
ease models [12-14]. We developed a mixed-
cell sheet consisting of autologous peripheral 
blood mononuclear cells and fibroblasts and 
reported wound-healing effects in a rabbit low-
er-limb ischemia model and diabetes mouse 
model [15, 16]. Furthermore, it was reported 
that the multilayered sheet shows a higher 
secretion ability than single-layered sheet [17]. 
In the prior mouse wound-healing model experi-
ment, the mixed-cell sheet showed more angio-
genesis than the fibroblast-only sheet, but the 
wound-healing effect was equivalent. It is esti-
mated that 45% to 90% of all leg ulceration are 
of venous origin [18], so the angiogenic poten-
tial obtained by mixing peripheral blood mono-
nuclear cells may not be important in the treat-
ment of many chronic wounds. In order to wide-
ly spread cell sheets as regenerative medicine 
products, cells that have a significant range of 
secretory abilities and that are inexpensive and 
easy to handle are required. Fibroblasts are 
critical in all wound-healing phases, including 
the deposition of ECM components, wound 
contraction, and remodeling of new ECM. 
Associated with these various biological roles, 
fibroblasts produce and respond to a broad 
array of paracrine and autocrine signals such 
as cytokines and growth factors [19]. In recent 
years, while the multifunctional and responsive 
abilities of mesenchymal stem cells (MSCs) 
have attracted attention in regenerative medi-
cine, fibroblasts were reported as a practical 
alternative to MSCs because of their ease in 
undergoing cell harvesting and high prolifera-
tive potential in vitro [20].

In the clinical use of autologous fibroblast 
sheets, a biopsy from the patient’s skin or oral 
mucosa, prolonged in vitro culture for cell 
expansion, and quality inspection of regenera-
tive medical products are required for each 
therapy. The use of autologous cells individually 
incurs the invasion of the patient, the time 
required for culture, and the cost of the quality 
inspection, which limits clinical applications. In 
contrast, a stock of quality-tested allogeneic 
cells minimizes those problems and promotes 
the widespread application and industrializa-
tion of regenerative medicine using uniform 

cells that are not affected by the quality of 
autologous donor cells. Allogeneic cell-based 
therapies in wound healing began with prod-
ucts consisting of cultured skin substitute by 
fibroblasts and keratinocytes and are still being 
marketed. However, since allogeneic cells do 
not engraft and the healing mechanism of 
these products is not well-understood [19]. We 
also reported that the cell sheets do not engraft 
permanently as a graft and that the allogeneic 
fibroblast sheet exhibits a healing effect with-
out showing strong rejection [15]. These find-
ings suggest that the allogeneic fibroblast 
sheet that does not eventually survive but 
exerts a therapeutic effect with a paracrine 
effect for a certain period. However, the exact 
nature of the engraftment period and the 
wound-healing effect of the transplanted fibro-
blast sheet are unclear. This study thus exam-
ined the cell survival and efficacy of the alloge-
neic fibroblast sheet in wound healing in a 
mouse cutaneous wound healing model.

Materials and methods

Animals

Male C3H/He and male C57BL/6N mice were 
purchased from Japan SLC, Inc. (Shizuoka, 
Japan). All animal procedures were approved by 
the Institutional Animal Care and Use 
Committee at Yamaguchi University (#31-093) 
and the experimental methods used were con-
ducted in accordance with the approved 
guidelines. 

Preparation of cell sheets

Fibroblasts were isolated from the tail skin of 
mice using collagenase (FUJIFILM Wako Pure 
Chemical Corporation, Osaka, Japan) and cul-
tured in CTSTM AIM V® (Thermo Fisher Scientific, 
Waltham, MA, USA) and 10% fetal bovine serum 
(Thermo Fisher Scientific). Primary fibroblast 
cells were seeded in a 48-well plate (2.5 × 105 
cells/cm2) using 1 mL of medium consisting of 
CTSTM AIM V® and HFDM-1 (+) (Cell Science & 
Technology Institute, Sendai, Miyagi, Japan) 
supplemented with 5% fetal bovine serum and 
were incubated under normoxic conditions 
(37°C, 5% CO2, atmospheric O2 concentration) 
for three days. 

Histological analysis

For hematoxylin and eosin (H&E) staining and 
fluorescent immunostaining, isolated cutane-
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ous tissues or fibroblast sheets transferred on 
ham were fixed in 10% formalin neutral buffer 
solution and embedded in paraffin. Sections (3 
µm in thickness) were cut and mounted on a 
glass slide, then deparaffinized in xylene and 
rehydrated in a graded ethanol series. Heat-
induced antigen retrieval was performed in 
Target Retrieval Solution (S1699; DAKO Cy- 
tomation A/S, Copenhagen, Denmark) for 30 
minutes at 100°C and incubated with blocking 
buffer (X0909; DAKO) for 20 minutes at room 
temperature. The following antibodies were 
used: rabbit anti-vimentin antibody (ab92547; 
Abcam, Cambridge, UK), mouse anti-actin, 
α-smooth muscle-Cy3™ antibody (C6198; 
Sigma Aldrich, St. Louis, MO, USA), rabbit anti-
CD3 antibody (ab16669; Abcam), goat anti-rab-
bit IgG H&L secondary antibody, Alexa Fluor® 
488 conjugate (ab150077; Abcam), goat anti-
rabbit IgG H&L secondary antibody, DyLight® 
550 conjugate (ab96884; Abcam). All histologi-
cal images were captured by a BZ-X710 micro-
scope (Keyence, Osaka, Japan) and quantified 
using the BZ-X Analyzer (Keyence).

Cell viability

Primary fibroblast cells at passage 2 were 
seeded in a 48-well plate (2.5 × 105 cells/cm2) 
and reacted for one hour at 37°C in a CO2 incu-
bator with 120 µL of a 1:5 mixture of MTS 
reagent (CellTiter 96 Aqueous One Solution Cell 
Proliferation Assay; Promega, Madison, WI, 
USA) and media. After incubation, 100 µL of 
supernatant from each well (n = 4) was trans-
ferred to a 96-well plate and assayed at 490 
nm on a 2030 ARVO X4 microplate reader 
(PerkinElmer, Boston, MA, USA).

Enzyme-linked immunosorbent assay (ELISA)

Primary fibroblast cells were seeded in a 
48-well plate (2.5 × 105 cells/cm2) and were 
incubated under normoxic conditions (37°C, 
atmospheric O2 concentration) for three days, 
using 1 mL of medium consisting of CTSTM AIM 
V®, HFDM-1 (+) (Cell Science & Technology 
Institute) and 5% fetal bovine serum. Sup- 
ernatants (n = 3) were collected and assayed 
for transforming growth factor-β1 (TGF-β1), vas-
cular endothelial growth factor (VEGF), and 
monocyte chemotactic protein-1 (MCP-1) using 
the Quantikine Immunoassay Kit (R&D Systems, 
Minneapolis, MN, USA). 

Wound healing models and cell sheets trans-
plantation

Male C3H/He mice were anesthetized with 
1.5% isoflurane via inhalation and two equal-
sized 5-mm full-thickness cutaneous wounds 
were created on the dorsal skin with a biopsy 
punch (n = 5, two wounds per mouse). Male 
C3H/He mouse fibroblast sheets (autologous 
transplantation) and male C57BL/6N mouse 
fibroblast sheets (allogeneic transplantation) 
were transferred onto skin defects, using 
Seprafilm® (Kaken Pharmaceutical Co., Ltd., 
Tokyo, Japan) as a carrier. In the control group, 
only Seprafilm® was transplanted. All ulcers 
were covered with ADAPTIC (#2012; Acelity, 
San Antonio, TX, USA) and Derma-aid® (ALCARE, 
Tokyo, Japan) for the first 24 hours, then with 
Airwall Fuwari (#MA-E050-FT; Kyowa, Osaka, 
Japan), and fixed with a Silkytex bandage 
(#11893; ALCARE). Along with an 8.5-mm 
diameter measurement, each wound was pho-
tographed with a digital camera on Days 0, 3, 
5, 7, and 9. Each photograph was normalized 
with an 8.5-mm diameter measurement and 
the wound area was measured by manually 
tracing each wound edge using the ImageJ soft-
ware (National Institutes of Health, Bethesda, 
MD, USA). The wound contraction rate could be 
calculated as [Day X] = 1 - (wound area [Day X]/
wound area [Day 0]).

Transfection of primary fibroblasts

293T cells were incubated in DMEM medium (# 
11995-965; Thermo Fisher Scientific) supple-
mented with 5% fetal bovine serum by 10-cm 
dish. A total of 1 ml of Opti-MEM™ I Reduced 
Serum Medium (Thermo Fisher Scientific) was 
transferred to as 1.5-mL tube, which was added 
to 6 µg of BLIV 2.0 Reporter: MSCV-Luciferase-
EF1α-copGFP-T2A-Puro Lentivector Plasmid 
(#BLIV713PA-1; System Biosciences, LLC, Palo 
Alto, CA, USA), 4 µg of pPACKH1 HIV Lentivector 
Packaging Kit (#LV500A-1; System Bioscien- 
ces), 30 µL of X-tremeGENE HP DNA Transfec- 
tion Reagent (#6366244001; Roche Holding 
AG, Basel, Switzerland) followed by mixing and 
incubation for 20 minutes. The mixture was 
applied for 293T cells and then cells were incu-
bated overnight. The medium was replaced 
with fresh medium and incubated for three 
days. The medium was transferred to a 15-mL 
tube followed by centrifugation at 3,000 rpm 
for five minutes, and the supernatant contain-
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ing lentiviral particles was passed by a syringe 
filter (#SLPES2545S; Hawach Scientific, Tokyo, Ja- 
pan). Primary fibroblasts isolated from C57BL/ 
6N neonatal mice were incubated for three 
days in AIM-V medium supplemented with 5% 
fetal bovine serum containing lentiviral parti-
cles and polybrene (8 µg/mL, #H9268; Sigma-
Aldrich). Luciferase-positive cells were selected 
using Puromycin (1 mg/mL, #A1113802; 
Thermo Fisher Scientific).

Preparation of luciferase-Fb sheets and in vivo 
imaging system

Luciferase-positive fibroblasts were cultured 
and seeded as the above-mentioned. The lucif-
erase-expressing fibroblast sheets were trans-
planted onto male C57BL/6N mice (n = 6, 
autologous transplantation) and male C3H/He 
mice (n = 5, allogeneic transplantation) using 
Seprafilm®. In the control group (n = 3, male 
C57BL/6N mice and n = 3, male C3H/He mice), 
only Seprafilm® was transplanted. In vivo imag-
ing was performed on Days 2, 5, 9, 13. For 
each mouse, 200 µL of D-luciferin (120 mg/kg, 
#XLF-1; Promega) was intra-peritoneally inject-
ed five minutes before in vivo imaging. A lumi-
nescent signal was acquired by IVIS® Spe- 
ctrumBL (PerkinElmer) with an exposure time 
of five minutes. ROIs of equal areas were set on 
the wounds of the joint image, and photons per 
second were quantified using the Living Image® 
Software 4.4 (PerkinElmer).

Statistical analysis

Values were expressed as means ± standard 
deviations. Comparisons between two groups 
were assessed by two-tailed unpaired t-test. 
Comparisons of the parameters among three 
groups were performed using one-way analysis 
of variance followed by Tukey’s multiple com-
parisons test. A probability value of less than 
0.05 was considered to be statistically signifi-
cant. All statistical analyses were performed 
using the GraphPad Prism 7 software (Gra- 
phPad Software, San Diego, CA, USA). 

Results

Production of cell sheets and transplantation 
model

Fibroblasts were isolated from the tail skin of 
male C3H/He mice and male C57BL/6N mice. 

We previously detailed a “multi-layered cell 
sheet” method for preparing a cell sheet using 
as many cells (5.0 × 105 cells per well of 24-well 
plates) as possible to prevent spontaneous 
detachment from the normal culture plate not 
using a temperature-responsive culture plate 
[17]. Cultured primary fibroblasts were seeded 
in a 48-well plate as multi-layered sheets (2.5 × 
105/cm2) and incubated under normoxic condi-
tions for three days. The sheets were gently 
peeled from the bottom of the culture dish. 
Male C3H/He mouse fibroblast sheets (autolo-
gous transplantation) and male C57BL/6N 
mouse fibroblast sheets (allogeneic transplan-
tation) were transferred onto skin defects of 
C3H/He mice to create a 5-mm full-thickness 
cutaneous wound healing model (Figure 1A). 
By naturally contracting the peeled fibroblast 
sheet, the diameter of the cell sheet was estab-
lished at approximately 5 mm (Figure 1B) and 
the thickness of the fibroblast sheet was estab-
lished at 50 µm (Figure 1C). 

Equivalence of secretions and viability

To assess growth factors and cytokines secret-
ed from fibroblast sheets, TGF-β1, VEGF, and 
MCP-1 in the supernatant of each sheet were 
measured by ELISA. The concentrations of TGF-
β1, VEGF, and MCP-1 were the same levels 
between the supernatant of male C3H/He 
fibroblast sheets and the male C57BL/6N 
mouse fibroblast sheets (P = 0.28, P = 0.34, 
and P = 0.81) (Figure 2A). Although TGF-β1 was 
detected in the culture medium, TGF-β1 in the 
supernatants of fibroblast sheets was signifi-
cantly increased relative to in the culture medi-
um (medium vs. C3H/He: P = 0.0003, t-test 
and medium vs. C57BL/6N: P = 0.0047, t-test). 
Both VEGF and MCP-1 remained undetected in 
the culture medium (data not shown). The cell 
viability of multilayered fibroblast sheets was 
measured by MTS proliferation assay. Both 
fibroblast sheets showed almost the same via-
bility, and the cell viability was increased 
despite their cell density in vitro (Figure 2B).

Evaluation of cell sheet survival by in vivo im-
aging

To evaluate the cell survival of autologous or 
allogenic fibroblast sheets, luciferase-express-
ing fibroblast sheets from C57BL/6N neonatal 
mice were transferred onto skin defects of 
C57BL/6N mice (autologous transplantation), 
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or C3H/He mice (allogeneic transplantation). 
Representative images demonstrate that all 
transplanted cells survived to the wound area 
and were not disseminated beyond the wounds, 
although they decreased in number over time 
(Figure 3A). Quantified analysis of lumines-
cence signals peaked on Day 5, and the level of 
luminescence signal was significantly higher in 
the case of the autologous fibroblast sheet 
than with the allogeneic fibroblast sheet. On 
Day 9, there was no statistical difference noted 
in luminescence signals among the three 
groups. On Day 13, luminescence signals were 
not detected (Figure 3A, *: P < 0.01, **: P < 
0.0001).

Wound contraction in a mouse cutaneous 
wound healing model

To evaluate the wound-healing effect of cell 
sheets, male C3H/He mouse fibroblast sh- 

eets (autologous transplantation) and male 
C57BL/6N mouse fibroblast sheets (allogenic 
transplantation) were transferred onto skin 
defects in 5-mm dorsal full-thickness cutane-
ous wound healing models of male C3H/He 
mice, followed by the evaluation of each wound 
on Days 0, 3, 5, 7, and 9 (statistically analyzed 
as n = 10) (Figure 4A). The wound contraction 
rate was significantly higher in the autologous 
and allogeneic fibroblast-sheet transplantation 
groups than in the control group on Day 3 
[autologous and allogeneic vs. control: 0.218 ± 
0.028 (P < 0.0001) and 0.221 ± 0.033 (P < 
0.0001) vs. -0.059 ± 0.044] and on Day 5 
[autologous and allogeneic vs. control: 0.470 ± 
0.025 (P = 0.0006) and 0.466 ± 0.028 (P = 
0.0009) vs. 0.278 ± 0.041]. On day 7, the 
wound contraction rate of the allogeneic fibro-
blast-sheet group was higher than that in the 
control group, but not statistically significantly 
so [autologous and allogeneic vs. control: 

Figure 1. Preparation of fibroblast sheets and transplantation model. A. Fibroblasts were isolated from the tail skin 
of male C3H/He mice and male C57BL/6N mice. Cultured primary fibroblast cells were seeded in a 48-well plate 
(2.5 × 105 cells/cm2) and were incubated under normoxic conditions for three days. The autologous and allogeneic 
sheets were transferred onto skin defects of C3H/He mouse full-thickness cutaneous wound healing models. B. 
The macroscopic images of the shape and diameter of one fibroblast sheet peeled from the bottom. The diameter 
of the well was 10 mm. C. H&E staining shows the thickness of a fibroblast sheet cross-section. Scale bars = 50 µm.
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0.599 ± 0.024 (P = 0.0094) and 0.569 ± 0.019 
(P = 0.077) vs. 0.497 ± 0.024]. There was no 
significant difference among the three groups 
(P = 0.11) on Day 9 (Figure 4B).

Granulation tissue formation and myofibro-
blasts of wounds

The appearance of granulation tissue in the 
bottom of the cut surface, smoothness of the 
cut edge, and wound contraction were observed 
in the groups treated with autologous or alloge-
neic fibroblast sheets by reviewing H&E stain-
ing sections on Day 5 (Figure 5A). On Day 14, 
most granulation tissue and wound area were 
the same in all groups, but more inflammatory 
cell infiltration was observed in the group of 
allogeneic fibroblast sheets when compared 
with the other groups (Figure 5B). Immuno- 
histofluorescence staining was performed to 
clarify the accumulation of myofibroblasts dur-
ing the wound-healing process. Multicolor 
staining of vimentin and α-smooth muscle actin 
(α-SMA) was conducted. Vimentin is a marker 
of fibroblasts, while the double-positive of 
vimentin and α-SMA cells shows myofibro-
blasts. On Day 5, many fibroblasts were ob- 
served beside the cut edges of cutaneous 
ulcers in all groups. More myofibroblasts were 
observed in groups treated with autologous or 
allogeneic fibroblast sheets. As compared with 
on Day 5, a minimal number of myofibroblasts 

was observed in granulation tissue on Day 14 
(Figure 6A). The ratio of myofibroblasts to total 
fibroblasts was significantly higher in the group 
treated with allogeneic fibroblast sheets than in 
the control group on Day 5 [allogeneic vs. con-
trol: 16.95% ± 1.643% vs. 10.54% ± 1.419%, 
(P = 0.020)], without a significant difference 
among the other groups. There was no signifi-
cant difference among the three groups on Day 
14 [control, autologous and allogeneic: 1.888% 
± 0.2721%, 1.118% ± 0.2053%, and 1.914% ± 
0.4348%, (P = 0.16)] (Figure 6B).

Infiltration of T-lymphocytes in the wound-
healing process

To investigate the immunological rejection of 
allogeneic fibroblast sheets onto the wounds, 
CD3-positive cells as markers of T-lymphocytes 
were histologically evaluated using immunohis-
tofluorescence. On Day 5, a minimal number of 
T-lymphocytes infiltrated into the wound among 
the three groups, whereas, on Day 14, more 
T-lymphocytes were observed into the wound 
area in the allogeneic fibroblast sheet treat-
ment group relative to the control and autolo-
gous fibroblast-sheet group (Figure 6C). The 
number of T-lymphocytes that infiltrated into 
the granulation tissues was quantified per area. 
On Day 5, there was no significant difference 
among the three groups [control, autologous, 
and allogeneic: 20.34 ± 23.62 cells/mm2, 

Figure 2. Equivalence of secretion and viability be-
tween autologous and allogeneic fibroblast sheets. A. 
The concentrations of TGF-β1, VEGF, and MCP-1 in su-
pernatants of C3H/He (autologous) fibroblast sheets 
and C57BL/6N (allogeneic) fibroblast sheets as mea-
sured by ELISA. B. The viability of cell sheets was mea-
sured by MTS proliferation assay on Days 1, 3, 5, and 
7.
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Figure 3. Evaluation of cell sheet survival by an in vivo imaging system. A. Representative fusion images of photo (black and white) and luminescence (color). Lu-
minescent signals by color scale indicate live cells of the transferred luciferase-expressing fibroblast sheets. B. Quantified analysis of luminescence. ROIs of equal 
area were set on the wounds of the joint image. *: P < 0.01, **: P < 0.0001.



Treatment of cutaneous ulcers with allogenic fibroblast sheets

2659 Am J Transl Res 2020;12(6):2652-2663

Figure 4. Wound-healing effects of cell sheets on wound contraction. A. Representative macroscopic images of the 
wound at Days 0, 3, 5, 7, and 9. Male C3H/He mice dorsal full-thickness cutaneous wound healing models, in which 
wounds received male C3H/He mouse fibroblast sheet transplants (Auto), male C57BL/6N mouse fibroblast sheets 
(Allo), or carrier-only (Ctl). B. The wound contraction rate after fibroblast transplantation was statistically compared 
among the three groups by day. *: P < 0.01, **: P < 0.0001.

18.48 ± 2.676 cells/mm2, and 20.85 ± 2.471 
cells/mm2, (P = 0.81)]. On Day 14, the number 
of T-lymphocytes of the allogeneic fibroblast-
sheet group was significantly higher than that 
of the control and autologous fibroblast-sheet 
groups [allogeneic vs. control and autologous: 
761.3 ± 87.25 cells/mm2 vs. 92.88 ± 10.67 
cells/mm2 (P < 0.0001) and 87.79 ± 7.074 
cells/mm2 (P < 0.0001)] (Figure 6D). There was 
not a significant immunological rejection of  

allogeneic fibroblast sheets in the early phase 
of wound healing. A pathological immune 
response was observed in the tissue after heal-
ing on Day 14.

Discussion

Our present data demonstrated that allogeneic 
fibroblast-sheet transplantation ensures a 
comparable wound-healing effect to that of 
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autologous fibroblast-sheet transplantation, 
despite histological immune responses. We 
previously reported that the multilayered sheet 

(i.e., a scaffold-free, fibroblast sheet with a high 
cell density) used in this study has the ability to 
secrete various growth factors and cytokines 

Figure 5. Representative H&E staining section images of the wounds. In the entire images, two arrows indicate both 
edges of the ulcer. The magnified images show the center of the wounds. A. On Day 5. B. On Day 14. Scale bars = 
200 µm.

Figure 6. Immunohistochemical fluorescence staining of skin wounds. A. Multicolor staining of vimentin (green) 
and α-SMA (red). Vimentin-positive cells show fibroblasts. Double-positive cells of vimentin and α-SMA show myofi-
broblasts at the edges of the ulcer on Day 5 and the center of the wound on Day 14. Scale bars = 200 µm. α-SMA: 
α-smooth muscle actin. B. Quantified ratio of myofibroblasts to fibroblasts. C. Infiltration into granulation tissues of 
CD3-positive cells as a marker of T-lymphocytes on Days 5 and 14. T-lymphocyte (CD3: red) and nuclear (DAPI: blue). 
Scale bars = 100 µm. DAPI: 4’,6-diamidino-2-phenylindole. D. Quantified number of CD3-positive cells per mm2 in 
granulation tissues on Days 5 and 14.
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[17]. TGF-β1 secreted by the fibroblast sheet 
promotes ECM production and differentiation 
of myofibroblasts [21], VEGF promotes angio-
genesis, and MCP-1 promotes macrophage 
chemotaxis, and these all might lead to the 
wound-healing effect (Figure 2A). Both autolo-
gous and allogeneic fibroblast sheets showed 
an equivalent secretion capacity and survival 
rate (Figure 2A and 2B) and no significant 
immune cell infiltration was observed in the 
early phase of wound healing (Figure 6C and 
6D). These results might support that a wound-
healing effect was occurring to the same 
degree with both autologous and allogeneic 
fibroblast sheets (Figure 4A and 4B).

The luminescence of in vivo imaging is propor-
tional to the living number of luciferase-
expressing cells. To our knowledge, an analysis 
by in vivo imaging of the survival of cell sheets 
in wound healing has not been explored. The 
analysis of cell sheets by in vivo imaging differs 
from experiments dealing with the proliferation 
of tumor cells by in vivo imaging because of 
measuring the faint emission of decreasing 
cells in cell sheets. It can be speculated that a 
temporary increase in the luminescence of the 
control group during the process of wound heal-
ing might constitute background noise due to 
increased blood flow in conjunction with wound 
healing, so the amount of luminescence may 
not accurately reflect the number of living cells 
in this experiment. However, a significant differ-
ence in the amount of luminescence of the 
luciferase-expressing fibroblast-sheet trans-
plantation group relative to the control group is 
sufficient to prove the presence or absence of 
survival of the transplanted cells. In this study, 
luciferase-expressing autologous or allogeneic 
fibroblast sheets showed a luminescence peak 
on Day 5, while no luminescence was observed 
on Day 13 (Figure 3A and 3B). This result might 
endorse that the paracrine effect of autologous 
or allogeneic fibroblast sheets was exhibited 
early on in transplantation and promoted 
wound healing at three, five, and seven days 
after transplantation (Figure 4). The cell surviv-
al time in allogeneic fibroblast sheets was the 
same as that in autologous fibroblast sheets. 
Therefore, allogeneic fibroblast sheets showed 
the same paracrine effect as autologous fibro-
blast sheets and disappeared with wound heal-
ing, while both autologous and allogeneic fibro-
blast sheets showed no tumorigenicity.

Fibroblast activation plays a vital role in wound 
healing; however, in some cases, uncontrolled 
activation of fibroblasts induces a pathological 
fibrotic response [19]. Many myofibroblasts 
were observed in the early phase in wound 
healing in the fibroblast sheets transplant 
groups (Figure 6A and 6B), and these myofibro-
blasts might be induced by TGF-β1 secreted by 
autologous or allogeneic fibroblast sheets 
(Figure 2) and possibly contributed to wound 
contraction. However, healed tissue after fibro-
blast-sheet transplantation did not show an 
overexpression of myofibroblasts like keloid tis-
sue (Figure 6A and 6B). This suggests that the 
transplantation of fibroblast sheets is done to 
promote natural wound healing and might not 
cause fibrosis and scarring after healing. 

Although immunologic problems and the prob-
ability of rejection are concerns of allogeneic 
cell transplantation, clinical signs of rejection 
such as pain, erythema, and necrosis have not 
been recognized in regard to the clinical use of 
cultured skin consisting of allogeneic fibro-
blasts and keratinocytes [22, 23]. This indi-
cates the safety of the clinical application of 
allogeneic fibroblasts, but it is unclear as to 
how their immune response impacts the 
wound-healing effect. In this study, autologous 
and allogeneic fibroblast sheets were engraft-
ed in the early phase of transplantation and 
exerted paracrine effect, so it was though this 
process the host’s immune response to the 
allogeneic cell sheet began (Figures 3A, 3B, 6C 
and 6D). Because the cell survival of allogeneic 
cell sheets and autologous fibroblast sheets 
gradually decreases during wound healing, the 
reduction of surviving cells in allogeneic fibro-
blast sheets might keep to the minimum neces-
sary to avoid rejection and, so, rejection might 
not affect the wound-healing effect.

This study evaluated wound healing in a normal 
mouse cutaneous wound healing model. 
Therefore the effect of allogeneic cell sheets in 
delayed wound healing models may need to be 
considered. Although the mechanism of wound 
healing requires further elucidation, our data 
suggest that the wound-healing effect of allo-
geneic fibroblast sheets based on the para-
crine effect will trigger wound healing for chron-
ic wounds.

In conclusion, the allogeneic fibroblast sheets 
showed comparable cell survival and wound-
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healing effects relative to the autologous fibro-
blast sheets, despite the subsequent immuno-
genic response. Combined with the high prolif-
erative potential of fibroblasts and the conve-
nience of allogeneic fibroblasts from a cost 
perspective, scaffold-free fibroblast sheets 
with a paracrine effect might be a useful future 
therapeutic agent in clinical practice.
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