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Human induced pluripotent stem cells (hiPSCs) are generated through the reprogramming of somatic cells into
an embryonic stem cell-like state, such that vascular cells differentiated from hiPSCs might be a suitable au-
tologous cell source for vascular regeneration. The goal of this study was to assess whether cotransplantation of
endothelial cells (ECs) and smooth muscle cells (SMCs) differentiated from hiPSCs could promote neovascu-
larization and tissue repair in a murine dermal wound model. hiPSCs were differentiated into ECs and SMCs;
the differentiated cells displayed cell-specific surface markers. Compared to primary somatic cells, ECs and
SMCs, which were differentiated from hiPSCs, strongly cooperated to enhance in vitro tubular network for-
mation. In vivo gel assays in athymic nude mice showed that the coimplantation of differentiated ECs and SMCs
significantly increased vascularization, unlike that observed in the case of implantation of differentiated ECs
alone. In a murine full-thickness wound model, when compared with the transplantation of primary somatic
cells or phosphate-buffered saline, cotransplantation of differentiated ECs and SMCs markedly enhanced neo-
vascularization in injured tissues and accelerated wound healing. These results demonstrate that co-
transplantation of hiPSC-derived ECs and SMCs may be feasible as a new autologous cell therapy for
neovascularization and tissue repair.

Introduction

Over the past decade, diverse adult stem cells have
been found to contribute to neovascularization and

tissue repair processes in ischemic tissues. Their therapeutic
potentials have been illustrated in animal models of ischemic
disease, including myocardial infarction, diabetic wounds,
and peripheral arterial disease. However, it has been difficult
to obtain sufficient numbers of adult stem cells with great
vascular regeneration ability for their clinical application,
which has led to an increased interest in developing other
sources of autologous stem cells. In this regard, human in-
duced pluripotent stem cells (hiPSCs) may represent a suitable
source of autologous pluripotent stem cells without the limi-
tations of adult stem cells, and ethical concerns associated
with human embryonic stem cells (hESCs).1 Several previous
studies have demonstrated the therapeutic promise of hiPSC-
derived endothelial cells (ECs) and endothelial progenitors in
animal models of peripheral arterial diseases.2,3 Thus, the
development of hiPSCs and their differentiation into vascular
cells offer an opportunity to obtain a high yield of autologous
cells required for vascular regeneration.

During neovascularization process, various cell types and
growth factors are involved in regulating vessel develop-
ment and remodeling. In particular, a close interaction be-
tween ECs and smooth muscle cells (SMCs) is required for
the formation of arterial vascular network. The importance of
arteriogenesis has been appreciated in the dermal wound-
healing process. Previous reports revealed that the decrease
of arteriolar blood flow in murine cutaneous wounds sig-
nificantly reduced the density of functional capillaries, thus
impairing vascular perfusion and cell survival in the skin.4

Other studies also demonstrated that increased arteriogen-
esis substantially accelerated dermal wound repair as much
as it did in the peripheral arterial disease models.5 These
results suggest that regeneration of arterioles might be more
efficacious in the recovery of dermal blood perfusion and
tissue repair compared with capillaries. In this regard,
treatments composed of two cell types, such as ECs and
SMCs, would be more beneficial than those using a single
cell type alone in terms of regenerating the arterial vascula-
ture in the wound-healing process. Therefore, the present
study aimed to assess whether the coadministration of
hiPSC-derived ECs and SMCs could enhance neovascularization
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and tissue repair in a murine full-thickness dermal wound
model.

Materials and Methods

Cell culture

An expanded Supplementary Materials and Methods
section (Supplementary Data are available online at www
.liebertpub.com/tea) is available that includes detailed
methods for cell culture, vascular differentiation of hESCs
and hiPSCs, characterization of differentiated cells, in vitro
assay, angiogenesis protein array, wound analysis, and im-
munohistochemistry.

In vivo gel assay

An aliquot (3 · 104 cells) of EC alone or of a mixture of
ECs + SMCs (at a ratio of 60:40 ECs:SMCs) was suspended in
a 0.2 mL solution containing Matrigel (BD Biosciences, Bed-
ford, MA) and rat-tail type 1 neutralized collagen (1.5 mg/
mL; BD Biosciences) at a 1:1 ratio in the endothelial growth
medium (EGM)-2 (Lonza, Walkersville, MD). The cell sus-
pension was subcutaneously injected into 7-week-old male
Balb/c athymic nude mice (Charles River Laboratories, Yo-
kohama, Japan). After 2 weeks, the injected Matrigel/colla-
gen mixture was harvested with neighboring tissues and
processed for further histological analysis. All animal pro-
cedures, which were performed in accordance with the Guide
for the Care and Use of Laboratory Animals published by the
United States National Institutes of Health, were approved
by the Institutional Animal Care and Use Committee of Ajou
University. For surgical procedures, mice were anesthetized
with an intraperitoneal injection of ketamine–xylazine (79.5
and 9.1 mg/kg, respectively). The adequacy of anesthesia
was assessed by monitoring the pedal withdrawal reflex
response.

Dermal wound animal model

A full-thickness excisional wound (0.5 cm in diameter)
was created on the dorsomedial back of a male athymic nude
mouse with a standard skin biopsy punch (Acuderm, Inc.,
Fort Lauderdale, FL). Immediately after surgery, ECs (1 · 105

in 50mL of phosphate-buffered saline [PBS]), ECs + SMCs
(6 · 104 ECs + 4 · 104 SMCs in 50 mL of PBS), or PBS were
injected at three different sites into intact dermis near the
created wound. On days 0, 3, 7, and 10 after treatment,
wounds were documented with a digital camera for the
analysis of the open wound area.6 On day 10 after treatment,
wound tissues were harvested and longitudinally cut in half
through the least-healed portion. They were fixed, embed-
ded, and serially sectioned perpendicular to the wound
surface to analyze the granulation tissue area and the im-
munohistology.

Statistical analysis

All data are presented as mean – SEM. Statistical signifi-
cance was evaluated by one-way analysis of variance fol-
lowed by the Bonferroni’s post hoc multiple comparison test.
A p-value of < 0.05 was considered statistically significant.
The number of samples examined is indicated by n.

Results

Vascular differentiation of hiPSCs and characterization
of hiPSC-derived ECs and SMCs

The hiPSC line used in the present study, SES8, was pre-
viously established and characterized.7 For vascular differ-
entiation, embryonic bodies (EBs) were formed from hiPSCs
(SES8) and hESCs (H9) and cultured in a differentiation
medium. During the differentiation process, the expression
of mesoderm-specific genes (KDR, CD34, Tie2, CD31, and
VE-Cad) was markedly upregulated, whereas that of plur-
ipotency-related genes was downregulated (Fig. 1A). As
early as day 12 of differentiation, CD34-positive cells ap-
peared mainly at the center of EBs from SES8 or H9. The
number of CD34-positive cells further increased on day 15 of
differentiation (Fig. 1B, C). CD34-positive cells purified from
EBs were further differentiated into ECs or SMCs by cul-
turing in EC- or SMC-specific differentiation media, re-
spectively. Flow cytometric analysis showed that > 90% of
differentiated ECs and SMCs expressed CD31 or a-SMA,
respectively (Fig. 1D, F). Immunocytochemical analysis
confirmed that they were positively stained for EC-specific
markers (CD31, VE-Cad, and ulex-lectin) or SMC-specific
markers (a-SMA, SM22-a), respectively (Fig. 1E, G). In ad-
dition, differentiated ECs manifested endothelial functions
such as tubular network formation on Matrigel and uptake
of acetylated low-density lipoprotein (Fig. 1E).

Cooperation between hiPSC-derived ECs and SMCs
promotes tubular network formation

Because VSMCs stabilize and provide physical support to
the nascent vasculature, SMCs as well as ECs are required for
the formation of functional arterial vasculature. We per-
formed an in vitro tube formation assay with different com-
binations of differentiated ECs and SMCs. The extent of the
tubular network formation was influenced by the ratio of
ECs to SMCs (Fig. 2). Compared with SES8-ECs alone (EC
100%), a 60:40 ratio of SES8-ECs:SES8-SMCs significantly
promoted tubular network formation on Matrigel. However,
further addition of SES8-SMCs to a ratio of 40:60 (ECs:SMCs)
decreased tubular network formation. Similar results were
observed in the identical experiments performed with H9-
ECs and H9-SMCs. However, no such increase was found in
an experiment with human umbilical vein endothelial cells
(HUVECs) and human vascular SMCs (HVSMCs). These
data suggest that, when combined at an appropriate ratio,
ECs and SMCs derived from hiPSCs or hESCs cooperate to
enhance tubular network formation.

Coimplantation of hiPSC-derived ECs and SMCs
enhances in vivo neovascularization

To determine the effect of cotransplantation of hiPSC-
derived ECs and SMCs on in vivo neovascularization, SES8-
ECs were implanted alone or coimplanted with SES8-SMCs
at a ratio of 60:40 (ECs:SMCs) in athymic nude mice as a
suspension in Matrigel/collagen. On day 14 post-treatment,
implanted gels were harvested. Hematoxylin and eosin
(H&E) staining visualized the erythrocyte-filled blood ves-
sels that had anastomosed to the host vascular network (Fig.
3A, B). When primary ECs (HUVECs) or a mixture of pri-
mary ECs with primary SMCs (HVSMCs) were implanted,
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FIG. 1. Vascular differentiation of hiPSCs and characterization of hiPSC-derived ECs and SMCs. (A) The mRNA profile of
mesoderm-specific genes and pluripotency-related genes (Endo, endogenous gene; Exo, lentiviral transgene) during vascular
differentiation of hESCs (H9) and hiPSCs (SES8). Undifferentiated cells (D 0) and differentiated cells harvested on day 10 (D
10) and day 15 (D 15) were used for RT-PCR analysis. GAPDH was used as a loading control. (B) Representative CD34-
stained images of EBs differentiated for 12 days. Scale bar is 200mm. (C) Flow cytometric analysis of CD34 expression in EBs
differentiated for 12 days (D12) and 15 days (D15). (D) Flow cytometric analysis of CD31 expression in ECs from H9 (H9-EC)
and SES8 (SES8-EC). Red histograms represent cells stained with specific IgGs. Isotype-matched control IgGs are overlaid as a
black line on each histogram. HUVECs were used as a positive control. (E) Characterization of H9-ECs and SES8-ECs.
Differentiated ECs were positively stained with anti-CD31and anti-VE-Cad IgGs. Their endothelial phenotype was confirmed
by the tubular formation assay on Matrigel and staining with DiI-acLDL (red) and FITC-ulex-lectin (green). (F) Flow cyto-
metric analysis of a-SMA expression in SMCs derived from H9 (H9-SMC) and SES8 (SES8-SMC). HVSMC was used as a
positive control. (G) Immunocytochemical analysis of H9-SMCs and SES8-SMCs. Differentiated SMCs were positively
stained with anti-SM22a and anti-a-SMA IgGs. All scale bars are 50 mm. hiPSC, human induced pluripotent stem cell; EC,
endothelial cell; SMC, smooth muscle cell; hESC, human embryonic stem cell; acLDL, acetylated low-density lipoprotein;
HUVEC, human umbilical vein endothelial cell; HVSMC, human vascular SMC. Color images available online at www
.liebertpub.com/tea
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there was no significant increase in the perfused vessel area
within the gel as compared with a PBS control. However,
mice transplanted with SES8-ECs or H9-ECs exhibited a
significantly greater erythrocyte-filled vascular area than
those treated with HUVECs or PBS. Notably, mice coim-
planted with SES8-ECs + SES8-SMCs or H9-ECs + H9-SMCs
showed a further increase in the perfused vascular area
compared with mice treated with SES8-ECs or H9-ECs alone.
Immunohistological analyses consistently revealed that the
transplantation of SES8-ECs or H9-ECs alone significantly
enhanced the number of CD31-positive blood vessels com-
pared with HUVEC or PBS controls (Fig. 3C–F). Co-
transplantation of ECs with SES8-SMCs or H9-SMCs further
increased blood vessel and arteriole densities. We also in-
vestigated whether implanted human cells were incorpo-
rated into mouse microvasculature using a costaining assay
with anti-HLA IgGs. Gels containing ECs and SMCs derived

from SES8 or H9 exhibited significantly more neovessels
lined with human ECs (HLA/CD31 double-positive) or hu-
man SMCs (HLA/a-SMA double-positive) compared with
those injected with primary cells or PBS (Fig. 3G, H).

Angiogenic secretome profiles of differentiated ECs
and SMCs and their paracrine interaction

To investigate the possible mechanism by which differ-
entiated cells from H9 and SES8 exhibited a greater neo-
vascularization activity than primary cells, the amount of
vascularization-related soluble factors in their conditioned
medium (CM) was determined using a human angiogenesis
protein array (Fig. 4A). SES8-SMCs and H9-SMCs appeared
to have similar growth factor and cytokine expression pro-
files to HVSMCs. However, SES8-ECs and H9-ECs released
greater amounts of vascular endothelial growth factor

FIG. 2. Cooperation between hiPSC-
derived ECs and SMCs promotes tubular
network formation. Representative images
(A) and quantitative analysis (B) of tube
formation. The same total number of cells
was seeded on Matrigel at ratios of 100:0,
60:40, and 40:60 (DiI-labeled ECs:DiO-la-
beled SMCs). The tubule area was measured
after overnight incubation (mean – SEM,
*p < 0.05 vs. EC 100% group, n = 4). Scale bars
are 100 mm. Color images available online at
www.liebertpub.com/tea

FIG. 3. Coimplantation of hiPSC-derived ECs and SMCs significantly enhances in vivo neovascularization. (A, B) Re-
presentative H&E images and quantitative analysis of perfused blood vessel area in Matrigel/collagen gels containing PBS
(vehicle control), ECs alone (white bars), or a mixture of ECs + SMCs (black bars). The area of erythrocyte-filled vessels
(arrowheads) on H&E-stained images was expressed as a percentage of the total tissue area (*p < 0.05 vs. PBS, #p < 0.05 vs.
EC + SMC counterpart, n = 5). (C, D) Representative images of CD31(green)-stained blood vessels (arrowheads) and quan-
titative analysis of vascular density in Matrigel/collagen gels (*p < 0.05 vs. PBS, #p < 0.05 vs. EC + SMC counterpart, n = 5). (E,
F) Representative images of a-SMA (red)-stained arterioles (arrowheads) and quantitative analysis of the arteriole density in
Matrigel/collagen gels (*p < 0.05 vs. PBS, #p < 0.05 vs. EC + SMC counterpart, n = 5). Vascular and arteriole densities were
determined as the number of CD31- or a-SMA-positive vessels per hpf, respectively. (G, H) Representative images showing
the incorporation of human ECs (G) and human SMCs (H). Arrowheads indicate CD31/HLA double-positive cells (G) and a-
SMA/HLA double-positive cells (H). Nuclei were stained with DAPI and scale bars are100 mm. All data are presented as
mean – SEM. The number of mice used for each group was five. PBS, phosphate-buffered saline; hpf, high-power field. Color
images available online at www.liebertpub.com/tea
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(VEGF), epidermal growth factor (EGF), and fibroblast
growth factor (FGF)-4 than HUVECs, which was confirmed
by RT-PCR analysis (Fig. 4B). Given that these secreted fac-
tors have angiogenic properties, it is conceivable that the
greater in vivo neovascularization ability of SES8-ECs or H9-
ECs than HUVECs might be at least partially due to their

paracrine activity.8,9 In addition, EGF and FGF-4 released
from differentiated ECs might contribute to the interaction
between differentiated ECs and SMCs. The activation of their
receptors has been reported to promote SMC migration and
enhance arteriogenesis.8,10 Therefore, transwell migration
assay was performed with the CM harvested from ECs to
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assess the paracrine interaction between differentiated ECs
and SMCs. Figure 4C revealed that secreted factors from
SES8-ECs and H9-ECs significantly promoted the chemo-
tactic migration ability of SES8-SMCs and H9-SMCs, re-
spectively, whereas those from HUVECs failed to increase
the migration of HVSMCs. This result may explain how
differentiated SMCs and ECs were coaligned to form vascular
network in in vitro tube formation and in vivo gel assays.

Cotransplantation of hiPSC-derived ECs and SMCs
promotes neovascularization and accelerates tissue
repair in murine dermal wounds

To evaluate the therapeutic effect of the combined ad-
ministration of hiPSC-derived ECs and SMCs on neovascu-

larization and tissue repair, cells were transplanted around
full-thickness dermal wounds in athymic nude mice. Mice
treated with ECs and SMCs derived from SES8 or H9 ex-
hibited significantly smaller open wound areas as early as
day 7 after injury compared with mice treated with PBS
(vehicle control) or primary cells (Fig. 5A, B). The granula-
tion tissue area was measured in the midwound regions
from tissues harvested at day 10 after injury. Dermal wounds
treated with SES8-ECs + SES8-SMCs or H9-ECs + H9-SMCs
had a substantially reduced cross-sectional granulation tis-
sue area than wounds treated with primary cell controls or
PBS (Fig. 5C, D). To investigate whether coadministration of
ECs and SMCs derived from SES8 or H9 might increase
neovascularization at the wounded tissue, the blood vessel
and arteriole densities were measured by counting CD31- or
a-SMA-positive neovessels in the granulation tissues of
wound sections. The blood vessel and arteriole densities in
wounds coimplanted with SES8-ECs + SES8-SMCs or H9-
ECs + H9-SMCs were significantly greater than those in
wounds implanted with primary somatic cells or PBS (Fig.
5E–H). Although slightly higher in magnitude, the increase
in vascular density in wounds treated with SES8-derived
cells was not significantly different from that observed in
wounds treated with H9-derived cells.

Discussion

In the present study, we derived ECs and SMCs from
hiPSCs using a stepwise vascular differentiation protocol.
The hiPSC-derived ECs and SMCs exhibited greater ability to
form tubular networks in the matrix than did primary so-
matic ECs or SMCs. In particular, the cotransplantation of
hiPSC-derived ECs and SMCs had a more beneficial effect on
vascular and tissue regeneration than transplantation of
hiPSC-derived ECs alone. Other studies with adult stem
cells have also revealed that the coadministration of endo-
thelial progenitors with SMCs significantly promotes new
arteriole formation.11,12 When adult mesenchymal progeni-
tors bearing phenotypic characteristics of pericytes were co-
transplanted with endothelial progenitors, they enhanced the
development of stable vascular networks in ischemic tis-
sues.13,14 In this regard, the current study aimed to examine
the therapeutic benefit brought by the cooperation between
hiPSC-derived ECs and SMCs for vascular regeneration in
the wound-healing process.

The hiPSC-derived ECs and SMCs exhibited more inter-
cellular association in Matrigel than primary somatic ECs or
SMCs. This increased physical association between hiPSC-
derived ECs and SMCs may involve their paracrine crosstalk,
in that, the CM harvested from hiPSC-derived ECs substan-
tially promoted the migration ability of hiPSC-derived SMCs.

FIG. 4. Angiogenic secretome profiles of differentiated ECs
and SMCs, and their paracrine interaction. (A) The angio-
genesis proteome profiler array system was used to screen the
cytokines and growth factors in the CM harvested from ECs
and SMCs. The boxes on membranes marked EGF (right
boxes) and VEGF (left boxes). (B) mRNA levels of VEGF, EGF,
and FGF-4 in SES8-ECs, H9-ECs, and HUVECs were analyzed
using RT-PCR. (C) Quantification of the number of migrated
SMCs. SMCs were placed in the upper transwell chamber and
the CM harvested from ECs was added to the lower chamber
(mean – SEM, *p < 0.05 vs. HUVEC, n = 4). CM, conditioned
medium; EGF, epidermal growth factor; VEGF, vascular en-
dothelial growth factor; FGF, fibroblast growth factor. Color
images available online at www.liebertpub.com/tea

FIG. 5. Cotransplantation of hiPSC-derived ECs and SMCs promotes neovascularization and accelerates tissue repair in
murine dermal wounds. (A) Representative images of dermal wounds in athymic nude mice cotransplanted with ECs and
SMCs (HUVEC + HVSMC; H9-EC + H9-SMC; SES8-EC + SES8-SMC) or PBS (vehicle control) on the indicated days (D) after
wounding. (B) Open wound area was expressed as a percentage of the initial wound area (*p < 0.05 vs. PBS, n = 6). (C, D)
Representative H&E staining images of granulation tissues at day 10 and quantitative analysis of the relative granulation
tissue area (*p < 0.05 vs. PBS, n = 6). (E, F) Representative images of CD31 (green)-stained blood vessels (arrowheads) and
quantitative analysis of the vascular density in granulation tissues on day 10 (*p < 0.05 vs. PBS, n = 6). (G, H) Representative
images of a-SMA (red)-stained arterioles (arrowheads) and quantitative analysis of the arteriole density in granulation tissues
at day 10 (*p < 0.05 vs. PBS, n = 6). Vascular and arteriole densities were determined as the number of CD31- or a-SMA-
positive vessels per hpf, respectively. Nuclei were stained with DAPI (blue) and scale bars are 100 mm. All data are presented
as mean – SEM. The number of mice used for each group was six. Color images available online at www.liebertpub.com/tea

‰

WOUND HEALING USING HUMAN IPSC-DERIVED VASCULAR CELLS 2483



2484 KIM ET AL.



Consistent with in vitro data, Matrigel/collagen implants
containing hiPSC-ECs and SMCs showed increased density of
blood vessels and arterioles compared to gels containing
hiPSC-ECs alone. HiPSC-ECs were incorporated into the
murine vasculature and hiPSC-SMCs were found in the
periendothelial layers of the neovessel. In contrast, injection of
primary somatic ECs and SMCs induced only a marginal
increase in neovessel formation compared to PBS controls. The
observed increase in vascular density might not be simply
due to the physical engraftment of hiPSC-derived cells into the
vasculature. Transplanted cells are also likely to contribute to
neovascularization by secreting bioactive molecules that
stimulate murine angiogenesis or by establishing a regenera-
tive environment at the injured tissues. Indeed, the human
angiogenesis protein array experiment revealed that SES8-ECs
and H9-ECs released greater amounts of VEGF, EGF, FGF-4,
and VEGF-C than HUVECs. These data suggest that the
enhanced in vivo neovascularization in groups treated with
SES8- or H9-derived cells might be at least partially due to the
paracrine activity of SES8-ECs or H9-ECs. In a murine full-
thickness dermal wound model, combined administration of
hiPSC-derived ECs and SMCs had a greater beneficial effect
on arteriogenesis and tissue regeneration than transplantation
of hiPSC-derived ECs alone.

The present study is the first to our knowledge to show
the therapeutic benefits brought by the cooperation between
hiPSC-derived ECs and SMCs in the wound-healing process.
Transplanted cells not only acted as vascular building blocks
during neovascularization, but also might provide paracrine
factors for endogenous angiogenesis and tissue repair. Al-
though further studies are required to investigate the im-
munogenicity of hiPSC-derived cells, the cotransplantation
of hiPSC-derived ECs and SMCs could serve as a potential
therapeutic alternative for dermal wound healing and other
ischemic vascular diseases.15
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