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Abstract
Background

Patients frequently experience physical, mental, and even �nancial distress because of acute or chronic
wounds to the skin. In severe situations, the skin scars can be quite noticeable, cause persistent
discomfort, restrict joint motion, or be mentally taxing. Hair-follicle-associated pluripotent (HAP) stem
cells were discovered by our laboratory, in the bulge area of hair follicle; and can differentiate to neurons,
glia, beating cardiomyocytes, keratinocyte and nascent vessel. In the present study, we determined if HAP
stem cells can accelerate cutaneous wound healing in a mouse model.

Methods

HAP stem cells which were grown from the upper part of vibrissa follicle and formed a sheet in culture
were implanted to dorsal wounds in a mouse model. After HAP-stem-cell-sheet-implantation, progression
of wound closure with time was evaluated. After wound closure, scar morphology, in�ltration of dermal
in�ammatory cell such as macrophage and �brocyte and dermal �brosis were observed histologically.
mRNA of TGF-β1, type I collagen alpha 2 (COL1A2) and type III collagen alpha 1 (COL3A1) expression
levels in the wound were measured by quantitative real-time PCR (RT-PCR) to assess dermal
in�ammation and �brosis.

Results

HAP stem cells formed sheet which differentiated to keratinocytes, macrophages and endothelial cells in
culture. After HAP-stem-cell-sheet-implantation to the dorsal wound in the mice model, it accelerated the
wound closure, increased capillary-vessel-formation and suppressed macrophage and �brocyte
in�ltration and collagen deposition in the dermis compared with non-implanted control mice. Also, mRNA
of TGF-β1, COL1A2 and COL3A1 expression levels in the wound were decreased in the HAP-stem-cell-
implanted mice compared with non-implantation control mice.

Conclusions

Implantation of HAP stem cells differentiated to keratinocytes, macrophages and endothelial cells
accelerated wound closure and suppressed scar formation in a mouse model, indicating clinical potential
of scar-free wound healing.

Introduction
The skin is often injured by acute or chronic wounds, such as trauma, burns, diabetic ulcers and venous
stasis ulcers, causing physical and emotional distress in patients and an even economic distress. The
main goals of wound management are proper wound care, including “wound bed preparation” and “moist
wound healing” is important for complete wound healing and ointment treatments are used to ameliorate
the wound bed commonly [1, 2]. However, due to local and systemic variables, the wound healing is
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susceptible to dysregulation, which can result in healing failure and the development of chronicity. [3].
When wounds transitioned to intractable and chronic, they often do not heal or heal very slowly. When the
skin scars changed quite prominent, such as keloids and hypertrophic scars also after wound healing, it
can cause chronic pain, or limited joint movement, or psychological burden in severe cases [4]. Thus,
there is a need for treatment methods that allow early closure of cutaneous wounds and inhibit scar
formation. Recent studies have shown that stem cell therapy has enormous promise for regenerating skin
tissue [5]. When transplanted into a wound, stem cells promote cell mobilization, immunomodulation,
extracellular matrix remodeling, and angiogenesis, either directly or in a paracrine manner, by secreting
cytokines and growth factors [6–8].

Hair-follicle-associated pluripotent (HAP) stem cells, discovered by our laboratory [9], reside in the bulge
area of hair follicle [9, 10], express nestin and have multilineage differentiation capacity to produce
neurons, glia, smooth muscle cells, melanocytes, keratinocytes, nascent blood vessels, adipocytes and
beating cardiac muscle cells [11–15]. In the present study, we demonstrated that HAP-stem-cell-sheet-
implantation for cutaneous wound in a mouse model can affect structural and functional recovery. The
potential clinical advantages of HAP stem cells for wound therapy are discussed.

Materials And Methods

Animals
Transgenic C57BL/6J-EGFPmice (GFP mice) were acquired from the Research Institute for Microbial
Diseases (Osaka University, Osaka, Japan) [16]. C57BL/6J mice and BALB/cAJcl-nu/nu mice (nude mice)
were acquired from CLEA Japan (Tokyo, Japan). The experimental animals were kept in an animal
housing system maintained at 24 ± 1℃, relative humidity of 50–60%, and 14 hours of light 10 hours of
dark intervals. All procedures involving animals complied with the guidelines of the US National Institutes
of Health and were approved by the Animal Experimentation and Ethics Committees of the Kitasato
University School of Medicine (No. 2021-024). All efforts were made to minimize animal suffering and
reduce the number of animals used. The method of euthanasia at the end of the experiment was cervical
dislocation.

Isolation, culture, and sheet formation from HAP stem cells.

Vibrissa follicles were resected from green �uorescent protein (GFP) transgenic or non-GFP C57BL/6J
mice as described previously [11]. To obtain the vibrissa follicles from mice, the animals were
anesthetized with a combination anesthetic of 0.75 mg/kg medetomidine, 4.0 mg/kg midazolam and 5.0
mg/kg butorphanol [17]. The upper lip, containing the vibrissa pad, was extracted and its inside surface
exposed. Binocular microscopy was used to dissect intact vibrissa follicles. The vibrissae were plucked
from the vibrissa pad by pulling gently with a �ne forceps. The upper part of the vibrissa follicles was
separated as described previously [18]. The upper parts of the isolated vibrissa follicles were �xed to the
adhesive cell culture dishes (Corning, NY, USA) with Matrigel® (Coring) and cultured in ciKIC iPS basal
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medium (KANTO CHEMICAL, Tokyo, Japan) containing ciKIC iPS medium Supplement Set (KANTO
CHEMICAL) for four weeks. Four weeks after culture, the growing GFP or non-GFP HAP stem cells formed
sheet on the dishes.

Flow cytometry analysis.

Flow cytometry analysis performed previously reported [12, 14]. The growing cells were detached and
incubated with anti-mouse CD34 RAM34 rat monoclonal antibody (1:200, eBioscience, CA, USA) and
incubated with biotinylated anti-rat immunoglobulins (1:1,000, DAKO, CA, USA), then incubated with
Brilliant Violet 421 streptavidin (1:500, BioLegend, CA, USA). Anti CD68 mouse monoclonal antibody
(1:200, DAKO), anti Actin Smooth Muscle Ab-1 (α-SMA) mouse monoclonal antibody (1:200, Lab Vision,
CA, USA), and keratin15 (K15) LHK15 mouse monoclonal antibody (1:200, Lab Vision), and then
incubated with the secondary antibodies used were goat anti-mouse IgG H&L phycoerythrin (1:500,
Abcam, Cambridge, UK) The cells were identi�ed by FACS Verse (BD Bioscience, CA, USA). Data were
analyzed by FACS suite™ software (BD Bioscience). FACS analysis was repeated in triplicate.

Implantation of HAP-stem-cell-sheet to cutaneous wounds
in mouse model
A 10-mm round full-thickness excisional wounds was created in center of the dorsal of nude mice or
C57BL/6J mice under anesthesia. Hydrocolloid dressing (DuoDERM, Convatec, Berkshire, UK) cut into
Donut-shaped were �xed to the wound edges using 6–0 nylon sutures to prevent out�ow of implanted
cells. HAP-stem-cell-sheets were detached from the tissue culture dishes by gently rubbing from the sheet
margin with a cell scraper (AS ONE, Osaka, Japan). The HAP-stem-cell-sheet containing approximately
6×105 cells in 20 µL of PBS were applied to the dorsal wounds. A transparent, semi-occlusive adhesive
dressing (Tegaderm, 3M, MN, USA) was then applied over the wounds for protection. The hydrocolloid
dressing and semi-occlusive adhesive dressing was removed 2 days after implantation. The wounds were
digitally photographed regularly after HAP stem cell implantation, and the wound size was measured
through planimetrically using ImageJ software as previously [19].

Histological analysis.

At 21 days post-HAP-stem-cell implantation, the whole wound on the back of the mouse was removed
after mouse sacri�ce by cervical dislocation. Sections were made perpendicular to both the wound
surface and the anterior–posterior axis. Raw specimens from both sides of the nude mouse wound were
directly observed with �uorescence microscopy (Stereo Microscope SZX16, Olympus, Tokyo, Japan). The
mouse wound tissue was the formalin-�xed, and para�n-embedded-blocks (FFPB) were made. FFPB
sections were stained using protocols for hematoxylin and eosin (H&E) and Masson’s trichrome. The
thickness of the wound in C57BL/6J mouse was determined considering the epidermis and the thin: thick
ratio of epithelial thickness in H&E histological sections. The thickness of the dermis determined in
Masson’s trichrome histological sections as previously described [19, 20]. To determine the thickness of
the epidermal layer or dermal layer, 3 high power �elds (HPF) in one section per a mouse were randomly
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selected, measured and averaged. In the thin: thick ratio of epithelial thickness, 1 HPF in one section per a
mouse was randomly selected and measured. Quantitative analysis of dermal collagen in Masson’s
trichrome histological sections was performed using ImageJ software as previously described [21]. In the
analysis of dermal collagen, 1 HPF in one section per mouse was randomly selected and quanti�ed. All
indices were analyzed using ImageJ software (version 1.52; National Institutes of Health, USA). The
threshold values were maintained at a constant level for all analyses.

After immuno�uorescence staining, the wound was observed by �uorescence microscopy (LSM 710
microscope, Carl Zeiss, Oberkochen, Germany). FFPB sections in nude mice were incubated with anti-
CD34 rat monoclonal antibody (1:5000, eBioscience), anti-CD68 mouse monoclonal antibody (1:50,
Dako) and anti-GFP rabbit monoclonal antibody (1:1000, Novus Biologicals, CO, USA). FFPB sections in
C57BL/6J mice were incubated with anti-CD34 rat monoclonal antibody and ant-α-SMA mouse
monoclonal antibody (1:200, Lab Vision). The anti-body-treated section then was incubated with goat
anti-rat IgG conjugated with Alexa Fluor 568® (1:400, Molecular Probes, OR, USA), goat anti-rabbit IgG
conjugated with Alexa Flour 488® (1:400, Molecular Probes) or goat anti-mouse IgG conjugated with
Alexa Flour 568® (1:400, Molecular Probes) and 4’,6-diamino-2-phenylindole, dihydrochloride (DAPI)
(Molecular Probes). For immunostaining, FFPB sections from C57BL/6J mice on slides were incubated
with anti-CD68 mouse monoclonal antibody, anti-transforming growth factor (TGF)-β1 mouse
monoclonal antibody (1:100, Santa Cruz, TX, USA) and anti-inducible nitric oxide synthase (iNOS) rabbit
monoclonal antibody (1:200, Biogenesis, CO, USA), and then were treated with Dako ChemMate Envision
kit/HRP (Dako Japan, Tokyo, Japan). The sections were developed with 3,3'-diaminobenzidine
tetrachloride (DAB) (Dako) and then incubated with Mayer’s hematoxylin solution. DAB developed
sections were observed by microscopy (BX 51 microscope, Olympus, Tokyo, Japan). Immunostaining for
CD68, TGFβ1 and iNOS was then performed, in the wound and control. For analyzed
immuno�uorescence staining and immunostaining of immunolabeled cells, 3 HPF in one section per a
mouse were randomly selected, quanti�ed and averaged. All indices were analyzed using ImageJ
software. The threshold values were maintained at a constant level for all analyses.

Quantitative Real-Time polymerase chain reaction (RT-PCR)
Total RNA was extracted from FFPB sections using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany),
and cDNA was synthesized with QuantiTect® Reverse Transcription Kit (Qiagen) according to the
manufacturer’s instructions. cDNA was pre-ampli�ed with Prelude PreAmp Master Mix (TAKARA, Shiga,
Japan) and pooling primers. GAPDH was used to normalize gene expressions. Quantitative RT-PCR was
performed using the Power SYBR® Green PCR Master mix (Applied Biosystems, MA, USA) on a CFX96
Real-Time PCR Detection System (Bio-Rad, CA, USA) and analyzed by the Delta Delta Ct method. Primer
sequences were as follows: TGF-β1 (forward, GAGCCCGAAGCGGACTACTA; reverse,
CCCGAATGTCTGACGTATTGAAG), type I collagen alpha 2 (COL1A2) (forward,
GGTGAGCCTGGTCAAACGG; reverse, ACTGTGTCCTTTCACGCCTTT), type III collagen alpha 1 (COL3A1)
(forward, CTGTAACATGGAAACTGGGGAAA; reverse, CCATAGCTGAACTGAAAACCACC), GAPDH (forward,
AGGTCGGTGTGAACGGATTTG; reverse, TGTAGACCATGTAGTTGAGGTCA).
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Statistical analysis.
All experimental data are expressed as the mean ± standard error. Data of the differences between groups
with all histological analysis were analyzed with the unpaired Student’s t test or Welch’s t test according
to the results of the F test. Two-way ANOVA followed by the Bonferroni post hoc test was used to
examine the differences between groups in measurement of the back ulcer in C57BL/6J mice. A
probability value of P ≤ 0.05, P ≤ 0.01, P ≤ 0.001 and P ≤ 0.0001 is considered signi�cant.

Results

Differentiation of HAP-stem-cell-sheets
The upper parts of vibrissa follicles were cultured for 28 days. Under microscopy, polygonal shaped cells
with spines were observed proliferated forming several layers around the vibrissa follicles in the culture
dish. The cells that spread around vibrissa follicle were HAP stem cells that proliferating from the bulge
area. The cultured HAP stem cells formed sheets (Fig. 1a). The HAP-stem-cell sheet was strong and could
be gripped with a �ne tweezer. HAP-stem-cell sheet obtained were analyzed by �ow cytometry to verify its
cell types. Flow cytometric analysis of HAP-stem-cell sheet showed high expression of K15 and low
expression of α-SMA, CD34 and CD68 (Fig. 1b).

HAP-stem-cell-sheet-implantation accelerated cutaneous
wound closure and suppressed scar formation in C57BL/6J
mice
The HAP-stem-cell-sheet-implanted mice were observed in the wound healing area on between days 2 to 7
and days 11 to 14, as compared with non-implanted control mice (P = 0.0099 at day 2; P = 0.0243 at day
3; P = 0.0147 at day 4; P = 0.0226 at day 5; P = 0.0222 at day 6; P = 0.0098 at day 7; P = 0.014 at day 11;
P = 0.0115 at day 12; P = 0.0037 at day 13; P = 0.0163 at day 14) (Fig. 1c). Two days after HAP-stem-cell-
implantation for the dorsal wound, the surface of wounded area was covered with a translucent sheet
structure. The sheet covered the surface of wounded areas until 8–12 days after implantation, but it fell
off the wound thereafter.

The morphology of wound for each group was evaluated histologically (Fig. 2a). The HAP-stem-cell-
sheet-implanted mice showed a signi�cantly thinner in the epidermis than non-implanted control mice (P 
= 0.0024) (Fig. 2b). When the thickness of the epidermis of wound relative to the nearby normal skin was
quanti�ed (thin: thick ratio), the thin: thick ratio of the epidermis in the HAP-stem-cell-sheet-implanted
mice approached normal mouse skin, as compared with the wound in the non-implanted control mice (P 
= 0.0033) (Fig. 2c). Masson’s trichrome staining revealed dense collagenous tissue formation in the non-
implanted control mice. In contrast a more complex collagen structure with collagen bundles distributed
in multiple levels was observed in the dermis of the HAP-stem-cell-sheet-implanted mice (Fig. 2d). The
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HAP-stem-cell-sheet-implanted mice showed signi�cantly thinner in the dermis than non-implanted
control mice (P = 0.0012) (Fig. 2e). The HAP-stem-cell-sheet-implanted mice showed signi�cantly less
collagen deposition than non-implanted control mice (P = 0.0019). (Fig. 2f).

Implanted HAP-stem-cell-sheet differentiated to endothelial
cells and macrophage in the cutaneous wound in nude mice
Nude mice were used in this experiment in order to readily visualize the GFP-expressing HAP stem cells in
the wound. At 21 days post-HAP-stem-cell-sheet-implantation, the repaired dorsal wound in nude mice
was directly observed with a stereomicroscopy which showed that GFP-expressing HAP stem cells joined
the wound. GFP-expressing HAP stem cell formed large and small aggregates and extensively branched
�ne network in the dermis (Fig. 3a). Immuno�uorescence staining showed that the implanted GFP-
expressing HAP stem cells differentiated to endothelial cells that exhibit tube structure and express CD34
and macrophages that exhibit oval shaped and express CD68 in the wound. No GFP-expressing HAP
stem cells in the epidermis were observed. (Fig. 3b).

HAP-stem-cell-sheet-implantation promoted angiogenesis
and suppressed �brocyte in�ltration in the cutaneous
wound in C57BL/6J mice
Immuno�uorescence staining, newly formed capillary vessels in the wound were identi�ed as tube
structure co-stained for CD34 and α-SMA staining and originally mature vessels in the wound were
identi�ed as tube structure stained for α-SMA staining, respectively (Fig. 4a). The number of newly
formed capillary vessels increased signi�cantly along during healing process in HAP-stem-cell-sheet-
implanted mice as compared with the non-implanted control mice (P = 0.0022) (Fig. 4b). CD34-positive, α-
SMA-negative, and spindle-shaped cells were observed in the dermis, identi�ed as �brocytes (Fig. 4a).
The HAP-stem-cell-sheet-implanted mice had signi�cantly fewer �brocytes in the wound than non-
implanted control mice (P = 6.58×10− 5) (Fig. 4c).

HAP-stem-cell-sheet-implantation suppressed macrophage in�ltration and inhibited the expression of
TGF-β1 and iNOS in the cutaneous wound in C57BL/6J mice

The HAP-stem-cell-sheet implanted mice had signi�cantly fewer CD68 positive macrophages in the
wound than non-implanted control mice in immunostaining (P = 9.19×10− 4) (Fig. 5a, b). HAP-stem-cell-
sheet-implanted mice had signi�cantly less signals of TGF-β1 (P = 0.0030) and iNOS (P = 0.0048) in the
dermis than non-implanted control mice (Fig. 5a, c, d).

HAP-stem-cell-sheet-implantation decreases the expression of TGF-β1, COL1A2 and COL3A1 in the
wound of C57BL/6J mice.
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In the wound of mice implanted with HAP-stem-cell-sheets, the mRNA expression of TGFβ-1 (P = 0.0170),
COL1A2 (P = 0.0462) and COL3A1 (P = 0.0251) was signi�cantly decreased compared with non-
implanted control mice (Fig. 6a–c).

Discussion
The primary component of the skin barrier is the epidermis, which is made up of a multilayered
epithelium with appendages. It's crucial to restore the skin barrier function and quickly rebuild the
epidermis after wounding. The wound healing process can be divided into three phases. Numerous
circulating cell types, including neutrophils and macrophages, are transported to the site of injury during
the in�ammatory phase. In contrast, keratinocytes, �broblasts, �brocytes, and endothelial cells move and
multiply during the proliferative phase, leading in epithelization and granulation. To �nish tissue repair
during the remodeling phase, excessive collagen deposition in the wound is disassembled by a
proteolytic enzyme [22, 23].

In the present study, the dorsal wound of mice implanted with HAP-stem-cell-sheets accelerated closing
compared to non-implanted control mice. Two days after HAP-stem-cell-sheet-implantation in the dorsal
wound, the surface of wounded area was covered with a sheet structure. The sheet covered the surface of
wounded areas until 8–12 days after implantation, but it fell off wound after that. And in nude mice
implanted with GFP-expressing HAP stem cell, these cells were not observed in epidermis of wound 21
days after implantation. It is possible that epidermal turnover was not established in the HAP-stem-cell-
sheets implanted to the wound. However, keratinocyte have been reported to produce keratin,
keratinocyte-derived granulocyte-macrophage colony stimulating factor and Ccl2, and play an important
role in re-epithelialization [24–27]. Thus, keratinocytes are crucial for the cutaneous wound healing, and
the keratinocytes differentiated from HAP stem cells are assumed to have promoted the wound closure.

The macrophage is one of the major types of in�ltrating leukocytes after injury [28–30]. Macrophages are
involved in all phases of tissue repair, performing essential functions in in�ammation and debris removal
in the early stages of wounding and transitioning to functions that support healing during the
regenerative phase [31–35]. In the present study, HAP-stem-cell-sheets implanted to the cutaneous wound
differentiated to macrophages which may have affected early wound healing.

On the other hand, it has also been demonstrated that macrophages regulate the development of scars
and that reducing their numbers during the initial stages of repair limits the development of scars [36].
Additionally, macrophages produce TGF- and iNOS, two cytokines that have been demonstrated to
prevent excessive scarring and wound �brosis [38–40]. In the present study, the wound implanted with
HAP-stem-cell-sheets was suppressed macrophage in�ltration and expression of TGF-β1 and iNOS. As a
result, HAP-stem-cell-sheet-implantation is possibility inhibited wound �brosis and scar formation.

R Recent investigations have also revealed that the �brocyte cell type has a role in the healing of wounds.
Hematopoietic cells that express CD34 and type I collagen are known as �brocytes, and they have a
spindle-shaped appearance [41]. Fibrocyte is implicated in pathological �brosis, such as skin, aorta, lung,
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and kidney �brosis, in addition to physiological wound healing [42]. In the present study, �brocytes
in�ltrated the wound signi�cantly more in the non-implanted control mice than HAP-stem-cell-sheet-
implanted mice. HAP-stem-cell-sheet-implantation may have suppressed �brocyte in�ltration, wound
�brosis and subsequent scar formation.

In the present study, HAP-stem-cell-sheets implanted into wound differentiated to endothelial cells and
promoted angiogenesis in the wound. We recently reported that new vessels grow from the HAP stem
cells, and number of vessels increased when the local recipient skin is wounded [43]. To provide oxygen
and nutrients to the wound cells, angiogenesis is essential for wound healing [44]. Numerous studies
have shown that increased angiogenesis can effectively enhance wound healing [45, 46]. Lack of
angiogenesis during the in�ammatory phase of wound healing may cause transition to chronic wound
[47]. HAP-stem-cell-sheet-implantation accelerated wound closure by differentiating to endothelial cells
and promoting angiogenesis in the wound.

Various stem cell therapy has been reported potentially to promote cutaneous wound healing and reduce
post-wound �brosis. However, Due to their immunogenicity, tumorigenicity, and ethical issues, embryonic
stem cells (ESCs) are challenging to employ in therapeutic settings [48]. Induced pluripotent stem cells
(iPSCs) have the potential to develop tumors like teratoma, which is a problem [49]. Mesenchymal stem
cells (MSCs) can be isolated from bone marrow, cord blood, peripheral blood and adipose tissue [50–52].
The extraction of MSCs is time consuming and the number of cells that can be harvested is con�ned. In
contrast to other stem cell therapy, HAP stem cells, used in the present study, are readily accessible from
everyone, and can be used autologously without immune-suppression, do not form tumors, and can be
cryopreserved without loss of pluripotency, allowing individualized banking [11, 53, 54].

Conclusion
In summary, closure of wounds with keratinocytes differentiated from HAP stem cells was accelerated.
Differentiation of the implanted HAP stem cells to macrophages in the wound and the regulation of
macrophage in�ltration decreased in�ammation in the wound. Suppressed of �brocyte in�ltration by
implanted HAP stem cells and wound �brosis thereby decreasing scar formation. Differentiation of HAP
stem cell to new endothelial cells promoted of angiogenesis in the wound. Therefore, HAP stem cells
used in the present study have important potential to be an effective future clinical strategy for
accelerating wound healing.
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Figure 1

Characterization of HAP stem-cell-sheets and their effect on cutaneous wound in C57BL/6J mice after
implantation. a Schematic of HAP-stem-cell-sheet formation process. Scale bars = 500µm (low power
�eld), 100µm (high power �eld). b Flow cytometric analysis of CD34-positive, CD68-positive, α-SMA-
positive, and K15-positive cells in HAP-stem-cell-sheets. c Photographs of representative dorsal wounds
in C57BL/6J mice implanted with HAP-stem-cell-sheets (upper row) or without implantation (lower row)
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post-wounding. Scale bars = 5mm. d Time course of wound closure for HAP-stem-cell-sheet implantation
and non-implanted control mice (n = 8, each group). *P < 0.05, **P < 0.01.

Figure 2

Characterization of wound healing after HAP-stem-cell-sheet-implantation in C57BL/6J mice. a
Representative images of wound healing seen in H&E staining of tissue sections. Scale bars = 1mm (low
power �eld), 500µm (high power �eld). Epidermal thickness (yellow arrow). b Quantitative analysis of
epidermal thickness in H&E stained sections (n = 8, each group). **P < 0.01. c The thin: thick ratio of
epithelial thickness in H&E stained sections (n = 6, each group). **P < 0.01. d Representative images of
wound healing seen in Masson’s trichrome staining of tissue sections. Scale bars = 500µm. Dermal
thickness (yellow arrow). e Quantitative analysis of dermal thickness in Masson’s trichrome stained
sections (n = 10. **P < 0.01. f Quantitative analysis of collagen deposition in Masson’s trichrome stained
sections (n = 7, each group). **P < 0.01
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Figure 3

Engraftment and differentiation of HAP-stem-cell-sheets after implantation to cutaneous wounds in nude
mice. a Front and back of raw specimen of the wound directly observed with �uorescence microscopy.
Scale bars = 2mm (low power �eld), 500µm (high power �eld). b Immuno�uorescence staining analysis
of expressing CD34 (upper row) or CD68 (lower row) (red) and GFP (green), together with DAPI staining
(blue). Scale bars = 50µm.
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Figure 4

Capillary vessels and �brocyte in the wound of C57BL/6J mice after HAP-stem-cell-sheet-implantation. a
Representative images of CD34 (red) and α-SMA (green), together with DAPI staining (blue) seen with
immuno�uorescence staining. Scale bars = 200µm (low power �eld), 50µm (high power �eld). b
Quantitative analysis of tube structures expressing CD34 and α-SMA seen with immuno�uorescence
staining (n = 8, each group). **P < 0.01. c Quantitative analysis of spindle shaped cells expressing CD34
with immuno�uorescence staining (n = 5, each group). ****P < 0.0001.
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Figure 5

Effect of HAP-stem-cell-sheet implantation on dermal macrophage in the wound of C57BL/6J mice. a
Representative images of CD68, TGF-β1 and iNOS seen with immunostaining. Scale bars = 200µm. b
Quantitative analysis of immunostaining of CD68. (n = 5, each group) ***P < 0.001. c Quantitative
analysis of immunostaining of TGF-β1. (n = 5, each group) **P < 0.01. d Quantitative analysis of
immunostaining of iNOS. (n = 5, each group) **P < 0.01.
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Figure 6

Relative mRNA expression levels of TGF-β1 (HAP-stem-cell-implanted mice: n = 5; non-implanted control
mice: n = 7), COL1A2 (HAP-stem-cell-implanted mice: n = 5; non-implanted control mice: n = 7) and
COL3A1 (HAP-stem-cell-implanted mice: n = 5; non-implanted control mice: n = 7) measured by
quantitative RT-PCR in the wound of C57BL/6J mice. *P < 0.05.


