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Abstract: The purpose of this study was to investigate the therapeutic effect of cryopreserved allogenic fibroblast
cell sheets in a mouse model of skin ulcers. It is necessary to reduce the cost of regenerative medicine for it to
be widely used. We consider that cell sheets could be applied to various diseases if cryopreservation of allogenic
cell sheets was possible. In this study, fibroblasts were frozen using a three-dimensional freezer. Freeze-thawed
fibroblasts had ~80% cell viability, secreted > 50% vascular endothelial growth factor, hepatocyte growth factor,
and stromal derived factor-1a compared with non-frozen fibroblast sheets, and secreted approximately the same
amount of transforming growth factor-31. There was no difference in wound-healing rates in the skin ulcer model
between non-frozen and freeze-thawed fibroblast sheets regardless of autologous and allogenic cells. The degree of
angiogenesis was comparable between autologous and allogenic cells. The number of CD3-positive cells in healed
tissues was larger for allogenic fibroblast sheets compared with autologous fibroblast sheets. However, histopatho-
logical images showed that the fibrosis, microvascular density, and healing phase of the wound in allogenic freeze-
thawed fibroblast sheets were more similar to autologous freeze-thawed fibroblast sheets than to allogenic non-
frozen fibroblast sheets. These results suggest that allogenic freeze-thawed fibroblast sheets may be a promising

therapeutic option for refractory skin ulcers.
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Introduction

In the United States, more than 6 million peo-
ple suffer from chronic ulcers caused by pres-
sure ulcers and vascular, inflammatory, and
rheumatoid subtypes, and the number of
patients is expected to increase with the grow-
ing elderly and diabetic populations. The cost
of treatment is too high to ignore because
chronic ulcers take a long time to heal [1] and
recur frequently [2]. In clinical practice, health-
care workers encounter cases of refractory
skin ulcers caused by arteriosclerosis obliter-
ans, venous insufficiency, and diabetes melli-
tus that are non-responsive to treatment with
ointments, dressings, local negative pressure
closure therapy, hyperbaric oxygen treatment,
and surgery [2-5]. As a result, it is important to

develop novel treatments for refractory skin
ulcers.

Cell sheet technology is reported to be effec-
tive as a cell transplantation method with high
cell engraftment efficiency [6]. In our previous
study, we found that stem cell sheets improved
cardiac function by inducing angiogenesis in
the ischemic heart [7-9]. We conducted a clini-
cal study of cell transplantation for patients
with severe lower limb ischemia and frequently
encountered ulcers [10, 11]. We hypothesized
that the transplantation of cell sheets onto
refractory skin ulcers could be used to heal
them. Therefore, we conducted a study on the
use of autologous cell mixed sheet transplan-
tation in animal models of skin ulcers [12-15].
In the clinical study, we were unable to perform
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cell transplantation because we could not iso-
late a sufficient number of high-quality cells
from patient-derived tissues for transplanta-
tion [15]. Accordingly, we considered that the
transplantation of allogenic cell sheets should
be developed for patients who need cell sheet
transplantation. In a pilot study, we transplant-
ed autologous and allogenic fibroblast sheets
in an animal model to develop allosteric cell
sheet therapy for refractory skin ulcers. We
found that allogenic and autologous fibroblast
sheets showed the same therapeutic effect
[16].

High cost is currently one of the challenges
restricting the widespread use of regenerative
medicine and it is necessary to reduce costs
for its dissemination. Therefore, we have focus-
ed on the cryopreservation of cell sheets as a
means to reduce cost. One of the strengths of
allogenic cell transplantation is that cells can
be pre-cultured and stored for transplantation
when needed. For cryopreservation, cells are
normally suspended in a cell preservation solu-
tion and either cryopreserved directly in a
-80°C deep freezer or stored in a -80°C deep
freezer after freezing with another device such
as a program freezer. However, these methods
are not suitable for freezing cell sheets that are
three-dimensional (3D) structures. It has been
reported that a 3D freezer, which freezes
objects using cold air with a uniform tempera-
ture from all directions, may be useful for the
cryopreservation of cell sheets [17]. In this
study, we evaluated the function of fibroblast
sheets that were stored in a -80°C deep free-
zer after freezing with a 3D freezer.

The purpose of this study was to examine the
therapeutic effect of cryopreserved and thaw-
ed allogenic fibroblast cell sheets in an animal
model of ulcers. The therapeutic effect of
freeze-thawed allogenic fibroblast sheets was
compared with that of non-frozen allogenic
fibroblast sheets and autologous fibroblast
sheets. The therapeutic effect of cell sheets
was evaluated by measuring the wound healing
rate in a diabetic mouse model and by histo-
pathological examination of wounds immedi-
ately after healing. CD3-positive cells are
reported to accumulate in tissues after al-
logenic cell sheet transplantation [16, 18]. In
this study, we observed the accumulation of
CD-3-positive cells as an indicator of the immu-
nogenicity of freeze-thawed allogenic fibroblast
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sheets. We found that the therapeutic effect of
freeze-thawed allogenic fibroblast sheets was
comparable to that of autologous fibroblast
sheets. Here, we report for the first time that
allogenic fibroblast sheets, frozen in a 3D freez-
er, exert a therapeutic effect on tissue regen-
eration in an animal model of ulcers.

Materials and methods
Animals

Male C3H/He and C57BL/6 mice were pur-
chased from Japan SLC, Inc. (Shizuoka, Japan).
Male green fluorescent protein (GFP)-trans-
genic mice (C57BL6/Tg14) were provided by
Masaru Okabe (Genome Research Centre,
Osaka University, Osaka, Japan) [19]. All ani-
mal procedures were approved by the Ins-
titutional Animal Care and Use Committee at
Yamaguchi University (approval no.: 31-093),
and the experimental methods used were con-
ducted in accordance with the approved guide-
lines. This study also complied with ARRIVE
guidelines. Male C57BL/6 mice were adminis-
tered 55 mg/kg streptozotocin intraperitoneal-
ly for 5 consecutive days to prepare the diabet-
ic mouse model. Mice with blood glucose le-
vels > 300 mg/dL were selected as transplant
recipients.

Preparation of cell sheets

Fibroblasts were isolated from the tail skin of
mice using collagenase (Fujiflm Wako Pure
Chemical Corporation, Osaka, Japan) and cul-
tured in CTS™ AIM V™ (Thermo Fisher Scienti-
fic, Waltham, MA) and 10% fetal bovine serum
(Thermo Fisher Scientific). Primary fibroblast
cells were seeded in a 24-well plate (4.2 x 10°
cells/well) using 2 mL medium consisting of
CTS™ AIM V™M and HFDM-1 (+) (Cell Science &
Technology Institute, Miyagi, Japan) supple-
mented with 5% fetal bovine serum and incu-
bated for 3 days at 37°C and 5% CO,. In con-
trast, freeze-thawed fibroblast sheets were in-
cubated for only 1 day. After removing the cul-
ture medium from the 24-well plate, 300 uL/
well STEM CELL BANKER® GMP grade or STEM
CELL BANKER® DMSO-free GMP grade (ZENO-
AQ Resource Co., Ltd., Fukushima, Japan) was
added to the wells. The plates were placed into
a 3D freezer (Koga Sangyo Co., Ltd., Yamagu-
chi, Japan) at -35°C for 20 min to freeze the
cells and then transferred to a -80°C deep
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freezer. Cryopreserved cells were thawed on a
Thermo Plate® (Tokai Hit Co., Ltd., Shizuoka,
Japan) at 37°C for 12 min, followed by incuba-
tion for 2 days.

Histological analysis

For hematoxylin and eosin (H&E) and azocar-
mine aniline blue (Azan) staining as well as
fluorescent immunostaining, cutaneous tis-
sues or fibroblast sheets were collected, fixed
in 10% formalin neutral buffer solution, and
embedded in paraffin. Sections (thickness, 3
um) were cut and mounted on glass slides,
deparaffinized in xylene, and rehydrated in a
graded ethanol series. Heat-induced antigen
retrieval was performed using Target Retrieval
Solution (51699; Dako Cytomation A/S, Co-
penhagen, Denmark) for 30 min at 100°C and
incubated with blocking buffer (X0909; Dako)
for 20 min at room temperature. The following
antibodies were used: anti-F4/80 (ab16911;
Abcam, Cambridge, UK); anti-CD3 (ab166609;
Abcam); anti-alpha smooth muscle actin
(adSMA) (ab5694; Abcam); anti-CD31 (ab283-
64; Abcam); anti-GFP pAb (598; MEDICAL &
BIOLOGICAL LABORATORIES CO., LTD., Aichi,
Japan); purified anti-mouse MHC class Il (I-A/
I-E) (M5/114.15.2) (70-5321-U100; Tonbo Bio-
sciences, San Diego, CA); goat anti-rabbit IgG
H&L secondary, Alexa Fluor® 488 conjugate
(@b150077; Abcam); goat anti-rabbit 1gG H&L
secondary, DyLight® 550 conjugate (ab96884;
Abcam); and donkey anti-rat 1IgG H&L second-
ary, DyLight® 550 conjugate (ab102261; Ab-
cam). All histological images were captured
using a BZ-X710 microscope (Keyence, Osaka,
Japan) and quantified using a BZ-X Analyzer
(Keyence).

Cell viability

Primary fibroblast cells, at passage 2, were
seeded in a 24-well plate (4.2 x 10° cells/well)
and incubated for 1 h at 37°C in 5% CO, with
550 L of a 1:10 mixture of Cell Count Reagent
SF (Nacalai Tesque Co., Ltd., Kyoto, Japan) and
medium. After incubation, 110 pL supernatant
from each well (n = 4) was transferred to a
96-well plate and assayed at 450 nm on a
2030 ARVO X4 microplate reader (PerkinElmer,
Boston, MA).

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed using ELISA Kkits
(#MMVOO, #MHGOO, #MB100B, #MCX120];
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R&D Systems, Minneapolis, MN) for vascular
endothelial growth factor (VEGF), hepatocyte
growth factor (HGF), transforming growth
factor-B1 (TGF-B1), and stromal derived factor-
1a (SDF-1a) in the supernatant after the cell
sheets were frozen, thawed, and then incubat-
ed for 3 days. After 1 day of incubation of the
non-frozen sheets, the culture medium was
changed to match the conditions of the freeze-
thawed sheets. The concentration of each
sample was subtracted from the concentration
of cell culture medium in which no cells were
cultured.

Cutaneous wound-healing model and cell
sheet transplantation

Male C57BL/6 diabetic mice were anestheti-
zed with 1.5% isoflurane via inhalation and a
6-mm full-thickness cutaneous wound was cre-
ated on the dorsal skin with a biopsy punch.
Male C57BL/6 mouse fibroblast sheets (auto-
logous transplantation) and male C3H/He
mouse fibroblast sheets (allogeneic transplan-
tation) were transferred onto the wounds using
Seprafiim® (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) and Derma-aid® (ALCARE,
Tokyo, Japan) for the first 24 h and then with
Airwall Fuwari (#MA-EO50-FT; Kyowa, Osaka,
Japan), and fixed with a Silkytex bandage
(#11893; ALCARE). Along with a 10.5-mm
diameter measurement, each wound was pho-
tographed with a digital camera on days O,
1,3,5,7,9, 11, 13, and 15. Each photograph
was normalized with the 10.5-mm diameter
measurement and the wound area was mea-
sured manually by tracing the wound edge
using Imagel) software (National Institutes of
Health, Bethesda, MD). The wound contraction
rate was calculated as: Day X = 1 - (wound area
[Day X]/wound area [Day 0O]).

Transplantation of GFP fibroblast sheets

Fibroblasts were isolated from the tail skin of
male GFP-transgenic mice (C57BL6/Tg14). Cell
sheets were prepared according to the method
described above for preparing the cryopreser-
ved cell sheets. Cell sheets were transplanted
onto the dorsal wounds of male C57BL/6 dia-
betic mice.
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Statistical analysis

Values are expressed as means * standard
deviations. Comparisons between two groups
were assessed by a two-tailed unpaired t-test.
Comparisons among three groups were per-
formed using one-way analysis of variance mul-
tiple comparisons with repeated measures and
Bonferroni’s adjustment. A probability value of
less than 0.05 was considered to be statisti-
cally significant. All statistical analyses were
performed using the Stata 16 (StataCorp,
College Station, TX).

Results

Structure, survival rate, and secretion of
growth factors in cryopreserved fibroblast
sheets

To observe the morphology of fibroblast sheets
with and without freezing, fibroblasts from
C3H/He mice were frozen with and without a
3D freezer using a cell preservation solution
containing dimethyl sulfoxide (DMSO). Fibro-
blasts were peeled from the bottom of a cul-
ture dish to make cell sheets. The diameter of
normal contracting cell sheets (non-frozen
fibroblast sheets) was ~6 mm with a thickness
of 50 uym (Figure 1A). The diameter of freeze-
thawed cell sheets with a 3D freezer was ~7
mm with a thickness of 40 ym (Figure 1A).
Freeze-thawed cell sheets without a 3D freezer
did not contract and they were very thin (Figure
1A).

Fibroblasts from C57BL/6 and C3H/He mice
were frozen using cell preservation solutions
with and without DMSO to analyze cell growth
with and without freezing using a 3D freezer.
Cell viability was ~80% in fibroblasts from both
mouse strains frozen with a 3D freezer using a
cell preservation solution containing DMSO
(Figure 1B). Cell viability was approximately
26% and 64% in fibroblasts from C57BL/6 and
C3H/He mice, respectively, frozen with a 3D
freezer using a cell preservation solution with-
out DMSO. According to the results shown in
Figure 1A and 1B, fibroblasts were cryopre-
served in a cell preservation solution contain-
ing DMSO for subsequent experiments.

The secretion of growth factors (VEGF, HGF,
TGF-B1, and SDF-1a) was measured in the
supernatant of non-frozen cell sheets and
freeze-thawed fibroblasts. Growth factor se-
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cretion by freeze-thawed fibroblast sheets was
47%-86% of the level observed for non-frozen
cell sheets (Figure 1C). To evaluate the growth
factor secretion ability of cell sheets in the
transplanted state, cell sheets were detached
from the culture dish after preparation, cul-
tured for an additional 3 days by changing the
culture medium, and the levels of growth fac-
tors in the culture supernatant were mea-
sured. Growth factor secretion by detached
freeze-thawed fibroblast sheets was 78%-85%
of the level observed for detached non-frozen
cell sheets (Figure 1D). Therefore, in the ac-
tual sheet transplantation stage, there was lit-
tle difference in cytokine secretion between
non-frozen and freeze-thawed sheets. Also,
considering the ratio of viable cells between
non-frozen and freeze-thawed sheets, viability
per cell was considered to be equivalent.

Therapeutic effect of non-frozen fibroblast
sheets in the cutaneous wound-healing animal
model

Skin defects of 6 mm dorsal full-thickness
were made using a biopsy punch in diabetic
C57BL/6 mice as a cutaneous wound-healing
model. Fibroblast sheets were manufactured
from C57BL/6 (autologous transplantation)
and C3H/He (allogenic transplantation) mice.
Non-frozen fibroblast sheets were transferred
onto the skin defects in the cutaneous wound-
healing model to evaluate the wound-healing
effect of allogeneic fibroblast sheets on days O,
1, 3,5,7, 9, 11, 13, and 15 (Figure 2A). The
wound-healing rate (%) was significantly higher
in the autologous and allogeneic fibroblast
sheet transplantation groups than in the con-
trol group on day 1 [allogeneic and autologous
vs. control: 7.90 + 6.62 (P = 0.024) and 14.34
+ 8.23 (P = 0.002) vs. -9.19 + 9.96, respec-
tively], day 3 [allogeneic and autologous vs.
control: 46.15 + 12.67 (P = 0.001) and 55.06
+ 7.72 (P < 0.001) vs. 16.98 + 8.69, respec-
tively], day 5 [allogeneic and autologous vs.
control: 79.31 £ 7.14 (P < 0.001) and 79.86 +
3.25 (P < 0.001) vs. 43.10 + 11.85, respec-
tively], day 7 [allogeneic and autologous vs.
control: 91.46 + 2.28 (P < 0.001) and 95.03 +
2.18 (P < 0.001) vs. 68.15 * 8.44, respective-
ly], and day 9 [allogeneic and autologous vs.
control: 99.62 + 0.77 (P = 0.006) and 98.31
+ 1.57 (P = 0.013) vs. 87.33 + 7.67, respec-
tively]. There were no significant differences
among the three groups on days 11, 13, and
15 (Figure 2B).
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Figure 1. Histological and functional evaluation of fibroblast sheets. A. Histological observation of fibroblast sheets
peeled from dishes. Non-frozen fibroblast sheet (left). Freeze-thawed fibroblast sheet with a 3D freezer (middle,
thawed fibroblast sheet after freezing with a 3D freezer and storage in a -80°C deep freezer). Freeze-thawed fibro-
blast sheet without a 3D freezer (right, thawed fibroblast sheet after placing directly into a -80°C deep freezer). The
upper images are macroscopic images of the shape and diameter of fibroblast sheets peeled from the dishes. The
lower images are H&E and Azan-stained sections (Scale bars = 50 ym). B. Viability of fibroblasts after freeze-thaw-
ing. Viability was evaluated using Cell Count Reagent SF at 48 h after changing the medium (non-frozen fibroblasts)
or thawing (frozen fibroblasts) (C57BL/6 n = 6, 5, 5: C3H/He n = 6, 5, 6). C. Cytokine concentrations in culture
supernatants of C57BL/6N or C3H/He-derived fibroblast sheets (each bar, n = 3). D. Cytokine concentrations in
culture supernatants of C57BL/6N or C3H/He-derived fibroblast sheets that were cultured for 3 days, detached
from the culture dish, the culture medium was replaced, and cultured for an additional 3 days (each bar, n = 3).

Therapeutic effect of freeze-thawed fibroblast
sheets in the cutaneous wound-healing animal
model

To evaluate the therapeutic effect of freeze-th-
awed fibroblast sheets, non-frozen and freeze-
thawed fibroblast sheets were transplanted to
the cutaneous wound-healing model (Figure
3A). There were no statistically significant dif-
ferences in the therapeutic effect of non-
frozen and freeze-thawed fibroblast sheets in
autologous and allogenic transplantation on
days 1 to 15 (Figure 3B and 3C).

Histopathological examination of the wounds
following cell sheet transplantation

H&E and Azan-stained sections were com-
pared in all four groups (non-frozen autolog-
ous transplantation, freeze-thawed autologous
transplantation, non-frozen allogenic trans-
plantation, and freeze-thawed allogenic trans-
plantation) on day 15. In the non-frozen autolo-
gous transplantation group, there were many
mature and differentiated fibroblasts with spin-
dle-shaped nuclei, and fibrosis had progress-
ed. The non-frozen autologous transplantation
group had a thinner epithelium than the other
groups, indicating that chronic inflammation
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was reduced in the wounds and the wound-
healing phase had progressed. However, cell
density was higher and fibrosis was less
advanced in the non-frozen allogenic trans-
plantation group compared with the non-frozen
autologous transplantation group, suggesting
granulation tissue. Pathologically, the wound-
healing phase was delayed by several days.
There were no significant differences in the his-
tological findings between the freeze-thawed
autologous and freeze-thawed allogenic trans-
plantation groups (Figure 4A).

aSMA is a marker of myofibroblasts [20] and
perivascular cells [21]. aSMA-positive cells
were detected by fluorescent immunostaining
in the wound tissue of all four groups on days 7
and 15 (Figure 4B). On day 7, many spindle-
shaped aSMA-positive cells were found in the
wounds, indicating that chronic inflammation
had caused the fibroblasts to differentiate into
myofibroblasts, which are involved in wound
contraction. The number of spindle-shaped
aSMA-positive cells was already smaller in the
autologous groups compared with the allogenic
groups, suggesting that tissue regeneration
was slower in the allogenic groups compared
with the autologous groups. On day 15, aSMA-
positive cells mostly formed a luminal struc-
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Figure 2. Therapeutic effects of non-frozen fibroblast sheets in the cutaneous wound-healing model. A. Representa-
tive macroscopic images of wounds at days O, 1, 3, 5, 7, 9, 11, 13, and 15. Auto: non-frozen autologous transplan-
tation (n = 5); Allo: non-frozen allogenic transplantation, (n = 5); and Control: carrier-only, control (n = 7). B. The
wound-healing rate after fibroblast sheet transplantation was statistically compared among the three groups by day.

ture, which was thought to represent microves-
sels, in the non-frozen autologous, freeze-
thawed autologous, and freeze-thawed allo-
genic transplantation groups. However, the
non-frozen allogenic transplantation group had
more spindle-shaped aSMA-positive cells,
which appeared to be myofibroblasts, on day
15. This suggested that chronic inflammation
was prolonged and the wound-healing phase
was delayed in the non-frozen allogenic trans-
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plantation group. To evaluate angiogenesis in
tissue regeneration, CD31-positive cells were
detected by fluorescent immunostaining of
wound tissue in all four groups on day 15
(Figure 4C). There was no significant difference
in microvessel density between the groups on
day 15 (Figure 4D).

A large number of F4/80-positive cells, as mac-
rophages, were detected by fluorescent immu-
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Figure 3. Therapeutic effects of freeze-thawed fibroblast sheets in the cutaneous wound-healing model. A. Rep-
resentative macroscopic images of wounds at days O, 1, 3, 5, 7, 9, 11, 13, and 15. Auto: non-frozen autologous
transplantation (n = 5), freeze-thawed autologous transplantation (n = 5); Allo: non-frozen allogenic transplantation
(n =5), freeze-thawed allogenic transplantation (n = 6). B. The wound-healing rate after autologous fibroblast sheet
transplantation was statistically compared between the two groups by day. C. The wound-healing rate after allogenic
fibroblast sheet transplantation was statistically compared between the two groups by day.

nostaining throughout the wound tissue on day
15 (Figure 5A), with no significant differences
in their numbers between the groups. CD3-
positive cells, as T-lymphocytes, were detected
by fluorescent immunostaining in wound tissue
in all four groups on day 15 (Figure 5B). There
were significantly more CD3-positive cells in
the non-frozen allogenic transplantation group
(198.4 + 54.1) compared with the non-frozen
autologous (55.8 + 20.5, P < 0.001) and free-
ze-thawed autologous (62.4 + 18.0, P = 0.002)
transplantation groups (Figure 5C). There were
also significantly more CD3-positive cells in
the freeze-thawed allogenic transplantation
group (152.2 + 63.0) compared with the non-
frozen autologous (55.8 + 20.5, P = 0.029) and
freeze-thawed autologous (62.4 + 18.0, P =
0.038) transplantation groups (Figure 5C).
There was no significant difference in the num-
ber of CD3-positive cells between the non-fro-
zen and freeze-thawed allogeneic transplanta-
tion groups (Figure 5C).

MHC expression in fibroblasts or fibroblast
Ssheets

Fibroblasts were isolated from the tails of
male C57BL/6 GFP-transgenic mice, and GFP
and MHC class Il expression was analyzed in
GFP-positive fibroblast sheets by fluorescent
immunostaining to investigate how long the
transplanted freeze-thawed fibroblast sheets
remained in the cutaneous wound-healing ani-
mal model (Figure S1). GFP-positive fibroblast
sheets expressed GFP but did not express
MHC class Il. The GFP-positive fibroblast sh-
eets were freeze-thawed and transplanted to
the cutaneous wound-healing model and moni-
tored for 15 days (Figure S2). A GFP-positive
sheet-like structure was observed until day 7
and was gradually disrupted thereafter,
although GFP-positive cells were still visible.
MHC class Il expression was monitored until
day 15 after transplanting the freeze-thawed
GFP-positive fibroblast sheets. MHC class |l
expression was detected only in GFP-positive
cells on day 1, but not after day 3 (Figure S3).
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Discussion

Previously, we reported that monolayered
cell sheets were useful material for ischemic
hearts [7, 8] and ulcers [12, 13] in animal
models. However, it was difficult to handle
monolayered cell sheets for their clinical appli-
cation. Therefore, we developed an innovative
multi-layered cell sheet method and reported
that transplantation of multi-layered fibroblast
sheets accelerates the healing of skin ulcers
[14-16] and that fibroblast sheet transplanta-
tion is useful for the prevention of postopera-
tive complications such as bronchial apical
leakage [22] and pancreatic fistula [23]. Our
clinical study showed that the function of
autologous cells might be reduced in a patient-
dependent manner [15]. We considered that
the development of allogenic cell sheets was
essential for all patients who required cell
sheet transplantation and reported that non-
frozen allogeneic fibroblast cell sheets had the
same therapeutic effect as non-frozen autolo-
gous fibroblast cell sheets in a normal mouse
model of skin ulcers [16]. In the present study,
the therapeutic effects of fibroblast sheets
were demonstrated by employing a diabetic
mouse model, which exhibits delayed wound
healing, as the recipient of cell sheets (Figure
2B).

The cryopreservation of cell sheets will help to
reduce the costs and to increase the conve-
nience of cell sheet transplantation, which are
two indispensable factors for its widespread
dissemination. Two freezing methods are used
in normal cell culture: slow freezing [24] and
vitrification freezing [25]. We assumed that the
slow freezing method was a better choice for
mass production and environmental safety.
Therefore, we considered that a 3D freezer
might be a useful device to freeze cell sheets
that have 3D structures. We previously report-
ed that cell viability was more than 80% in
freeze-thawed fibroblast sheets using a 3D
freezer [17], while in the present study, it was
~80% (Figure 1B). Although cell viability was
evaluated by intracellular metabolism using
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Figure 4. Pathological analysis after healing on day 15
and immunohistochemical fluorescence staining of the
wounds. Representative H&E and Azan-stained sec-
tions of the wounds on day 15. The magnified images
show the center of the wounds. A. At 20 x magnification
(Scale bars = 100 uym). B. Detection of aSMA-positive
cells in wound tissues on days 7 and 15. aSMA-positive
cells (aSMA: red) and nuclei (DAPI: blue). Scale bars =
50 pm. DAPI: 4’,6-diamidino-2-phenylindole. C. Detec-
tion of CD31-positive cells as an endothelial cell mark-
er in wound tissues on day 15. Endothelial cells (CD31:
red) and nuclei (DAPI: blue). Scale bars = 50 um. D.
Microvessel density per three fields of view in granula-
tion tissues on day 15 (n = 3, 4, 4, 4).

vidual cells, these results met the recom-
mended criterion that cell viability should be

Am J Transl Res 2022;14(6):3879-3892



Treatment for skin ulcers with cryopreserved allogenic fibroblast sheets

A Bt Auto
freeze-thawed

50 pm

Allo
freeze-thawed

Allo

50 pm

o]

C P=0.029

300

250

s
'S 200

=i
(42
o

-
(=]
o

[3)]
o

Auto Auto Allo Allo
freeze-thawed freeze-thawed

Number of CD3-positive cells
/ 3 fields of v

over 70% (https://www.fda.gov/media/ 73624/
download).

HGF and TGF-B1 play important roles in the
immune tolerance of allogenic mesenchymal
stem cells [26]. We found that HGF and TGF-1
were secreted from freeze-thawed fibroblasts
(Figure 1C), suggesting that they not only pro-
mote wound healing by freeze-thawed alloge-
nic fibroblast sheets but may also temporarily
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Auto
freeze-thawed

Allo
freeze-thawed

Figure 5. Immunohistochemical fluorescence stain-
ing of the wounds. A. Detection of F4/80-positive
cells as a macrophage marker in wound tissues on
day 15. Macrophages (F4/80: red) and nuclei (DAPI:
blue). Scale bars = 50 ym. B. Detection of CD3-
positive cells as a T-lymphocyte marker in wound tis-
sues on day 15. T-lymphocytes (CD3: red) and nuclei
(DAPI: blue). Scale bars = 50 ym. C. Number of CD3-
positive cells per three fields of view in granulation
tissues on day 15 (n =5, 5, 5, 6).

induce immune tolerance to allogenic fibro-
blasts in the transplanted sites. Although there
was a difference in the secretion of VEGF and
SDF-1«a, which promote angiogenesis, between
non-frozen and freeze-thawed sheets, there
was no significant difference in the number of
microvessels composed of CD31-positive cells
in histopathological analysis of the wounds
(Figure 4D). Compared with detached fibro-
blast sheets, there was little difference in cyto-
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kine secretion between non-frozen and freeze-
thawed sheets (Figure 1D). In addition, consid-
eringthe ratio of viable cells between non-frozen
and freeze-thawed sheets, viability per cell was
considered to be equivalent (Figure 1B).
Therefore, there was no significant difference
in the wound-healing rate of non-frozen and
freeze-thawed sheets in both autologous and
allogenic fibroblast sheets (Figure 3B and 3C).
In the allogenic groups, although there was no
significant difference in the wound-healing
rate, tissue regeneration progressed more rap-
idly following transplantation of freeze-thawed
sheets compared with non-frozen sheets be-
cause of tissue inflammation, and the number
of spindle-shaped aSMA-positive cells were
found to be decreased in non-frozen sheets
compared with freeze-thawed sheets on day
15 (Figure 4B and 4C). Although there was no
difference among between the non-frozen
autologous and freeze-thawed autologous
transplantation groups, the number of CD3-
positive cells was larger in the non-frozen allo-
genic and freeze-thawed allogenic transplanta-
tion groups compared with the autologous
fibroblast transplantation groups on day 15
(Figure 5C). However, tissue regeneration in the
freeze-thawed allogenic transplantation group
was more comparable to the freeze-thawed
autologous transplantation group than to the
non-frozen allogenic fibroblast transplantation
group (Figure 4A). Normally, SDF-1a increases
neovascularization in wounds and promotes
wound healing [27] and is also a potent inducer
of lymphocytes, and we speculate that differ-
ences in SDF-1a secretion may have contribut-
ed to the prolonged chronic inflammation
observed in the non-frozen allogenic transplan-
tation group. The delay in the wound healing
phase due to chronic inflammation in the non-
frozen allogenic transplantation group can be
inferred from the high number of myofibroblasts
found in the wounds (Figure 4B).

It is assumed that the treatment mechanism
is via a paracrine effect by growth factors
secreted from the transplanted cells because
transplanted cell sheets disappeared from the
transplant sites [12, 16] and GFP-positive fib-
roblast sheets were not incorporated into the
healed tissue (Figure S2). This suggests that
the period the transplanted sheets remained
in the wound was almost the same between
freeze-thawed autologous and allogenic fibro-
blast sheets because an intense immune rejec-
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tion reaction might be avoided due to the secre-
tion of HGF and TGF-B1 from freeze-thawed
allogenic fibroblast sheets. It has been report-
ed that mesenchymal stem cells impair their
immune privilege by expressing MHC class I
when transplanted into hypoxic or inflamed
areas [28, 29]. Although MHC class Il expres-
sion was detected in only a part of the trans-
planted freeze-thawed GFP-positive fibroblast
sheets on day 1, it was not observed after day
3 (Figure S3). In addition to the immune toler-
ance induced by HGF and TGF-B1, the proper-
ties without MHC class Il expression prolonged
the survival rate and viability of cell sheets,
which may be responsible for the fact that there
was no difference in wound healing rates de-
spite differences in immune responses and the
degree of chronic inflammation in the wound.

In conclusion, this study reported for the first
time that freeze-thawed fibroblast sheets
generated using a 3D freezer have the same
therapeutic effect as non-frozen fibroblast
sheets in an in vivo model. Thus, storing allo-
genic fibroblast sheets may promote the appli-
cation of cell therapy by reducing its cost and
increasing its convenience.
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Figure S1. Observation of the period transplanted fibroblast sheets remained in the wounds and MHC class Il
expression with immunohistochemical fluorescence staining of skin wounds. GFP and MHC class Il expression in
a GFP-positive fibroblast sheet and spleen of a C57BL/6 mouse. Immunohistochemical fluorescence staining was
carried out for a GFP-positive fibroblast sheet. Multicolor staining of GFP (green), MHC class Il (red), and nuclei
(DAPI: blue). Mouse spleen was used as a positive control for MHC class Il staining.

H&E Green Merge: green, blue

Figure S2. Detection of GFP-positive cells after transplantation of GFP-positive fibroblast sheets to the cutaneous
wound-healing model. GFP-positive cells were observed over time on days 1, 7, and 15. Scale bars = 100 pym.
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Figure S3. Detection of MHC class Il expression in transplanted GFP-positive fibroblast sheets in the cutaneous
wound-healing model. MHC class Il expression in GFP-positive cells was observed over time on days 1 and 3. Scale
bars =50 pym.



