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Abstract

Critical limb ischemia is a condition in which tissue necrosis occurs due to arterial

occlusion, resulting in limb amputation in severe cases. Both endothelial cells (ECs) and

vascular smooth muscle cells (SMCs) are needed for the regeneration of peripheral

arteries in ischemic tissues. However, it is difficult to isolate and cultivate primary EC

and SMC from patients for therapeutic angiogenesis. Induced pluripotent stem cells

(iPSCs) are regarded as useful stem cells due to their pluripotent differentiation poten-

tial. In this study, we explored the therapeutic efficacy of human iPSC-derived EC and

iPSC-derived SMC in peripheral artery disease model. After the induction of mesoder-

mal differentiation of iPSC, CD34+ progenitor cells were isolated by magnetic-

activated cell sorting. Cultivation of the CD34+ progenitor cells in endothelial culture

medium induced the expression of endothelial markers and phenotypes. Moreover, the

CD34+ cells could be differentiated into SMC by cultivation in SMC culture medium. In

a murine hindlimb ischemia model, cotransplantation of EC with SMC improved blood

perfusion and increased the limb salvage rate in ischemic limbs compared to transplan-

tation of either EC or SMC alone. Moreover, cotransplantation of EC and SMC stimu-

lated angiogenesis and led to the formation of capillaries and arteries/arterioles in vivo.

Conditioned medium derived from SMC stimulated the migration, proliferation, and

tubulation of EC in vitro, and these effects were recapitulated by exosomes isolated

from the SMC-conditioned medium. Together, these results suggest that iPSC-derived

SMC enhance the therapeutic efficacy of iPSC-derived EC in peripheral artery disease

via an exosome-mediated paracrine mechanism.
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1 | INTRODUCTION

Peripheral artery disease (PAD) is a vascular disease in which narrowed

arteries reduce blood flow to peripheral tissues, including the head,

organs, and limbs. In these patients, normal arteries become hardened,

and certain risk factors, such as obesity, smoking, diabetes, and hyper-

tension, can increase a person's risk of developing PAD.1 It is estimated

that >200 million people have PAD worldwide with a spectrum of symp-

toms from none to severe.2 PAD can progress into critical limb ischemia

(CLI), its more severe disease stage, which is associated with higher risk

of limb amputation and cardiovascular death.3 Impaired regeneration

contributes to poor outcomes in patients with diabetic PAD.4

Blood vessels are composed of two interacting cell types. Endo-

thelial cells (EC) form the inner lining of the vessel wall, and smooth

muscle cells (SMC) envelop the surface of the vascular tube. EC have

been shown to promote tissue regeneration and recovery of vascular

function through angiogenesis, neovascularization, and vascular repair,

leading to the formation of new blood vessels and increased

branching of existing blood vessels after vascular disease.5,6 In addi-

tion, like EC, cell therapy with SMC has been shown to be useful for

tissue regeneration.7,8 SMC stabilize newly formed blood vessels and

improve the therapeutic potential of EC in ischemic diseases.9,10

Accumulating evidence suggests that both EC and SMC are highly

useful for the treatment of PAD.9 Both EC and SMC have many

advantages for vascular therapy; however, obtaining human tissues

for isolation and cultivation of EC and SMC is difficult.

Induced pluripotent stem cells (iPSC) are highly useful for cellular

therapy as they have unlimited self-renewal potential and the ability to

differentiate into almost all cell types in human body.11 Induced PSC

can be prepared from somatic cells isolated from patients and are cru-

cial for medical researches, such as those involving disease modeling

and drug screening.12 Recent studies have reported that iPSC-derived

EC (iPSC-EC) exhibit better therapeutic efficacy than cord blood-

derived EC in the treatment of vascular disease.13 Therapeutic effects

of SMC derived from embryonic stem cells in neovascularization and

tissue regeneration have also been observed.14 Cooperation of EC and

SMC derived from human iPSC enhances neovascularization in dermal

wounds.15 It has been reported that human PSCs can be differentiated

into CD34+ vascular progenitors, which can be further differentiated

into EC and SMC.16-18 However, there is no study on combination ther-

apy using EC and SMC, simultaneously differentiated from the same

iPSC, for the treatment of PAD. Moreover, it is still unclear how iPSC-

derived EC and SMC interact during angiogenesis.

Exosomes are extracellular vesicles that emerge from a variety of

cells and tissues, and exosome-mediated signaling and cross-talk have

been reported in several pathophysiological states.19 Exosomes may

contain DNA, proteins, and other bioactive molecules that are

involved in signal transduction. Exosomes released from stem cells

have been reported to stimulate regenerative processes in injured

cells through the modulation of relevant cellular processes, including

proliferation, angiogenesis, inflammation, and differentiation.20,21

Accumulating evidence suggests that exosomes are involved in thera-

peutic angiogenesis in ischemic diseases.22-24 Therefore, it is

necessary to elucidate the role of exosomes in the therapeutic angio-

genesis mediated by EC and SMC in PAD.

In this study, both EC and SMC were differentiated from an iPSC line

derived from human adipose tissue-derived mesenchymal stem cells

(MSC). After cotransplantation of the differentiated iPSC-EC and iPSC-

SMC in a murine hindlimb ischemia model, the therapeutic efficacies of

and paracrine interaction between iPSC-EC and iPSC-SMC were

explored.

2 | MATERIALS AND METHODS

2.1 | Materials

Dulbecco's modified Eagle's medium: Nutrient Mixture F-12 (DMEM/

F12, #11330032), fetal bovine serum (FBS), penicillin-streptomycin, 1×

L-glutaMAX, penicillin-streptomycin, β-mercaptoethanol, 1× nonessen-

tial amino acids (#11140), knockout serum replacement (#10828), colla-

genase type IV (#17104019), Dispase (#17105041), Accutase

(#A1110501), Live/dead viability assay kit (L3224) were purchased from

Thermo Fisher Scientific (Waltham, Massachusetts). EGM-2 medium

(#CC-3202) and SmGM-2 medium (#CC-3182) were purchased from

Lonza (Basel, Switzerland). Basic fibroblast growth factor (100-18B) was

purchase from PeproTech (Rocky Hill, New Jersey). CHIR99021 (#CT-

99021) was purchased from Selleckchem (Houston, Texas), and CD34

microbeads (#130-046-702) was purchased from Miltenyi Biotec

(Bergisch Gladbach, Germany). Mitomycin C (#M4287), Y-27632

(#Y0503), ascorbic acid (#A8960), and other unlisted reagents were pur-

chased from Sigma-Aldrich (St. Louis, Missouri).

2.2 | Generation and cultivation of human iPSC

Mouse embryonic fibroblasts (MEFs) were purchased from the

CEFO Corporation (www.cefobio.com, Seoul, Republic of Korea).

Significance statement

Ischemic disease is a peripheral artery disease, which indi-

cates pain during rest with necrosis and ulcers leading to

amputation. Because of the ability of endothelial cells and

vascular smooth muscle cells to regenerate peripheral artery

in ischemic tissues, cell-based therapies provide a promising

means to treat patients with ischemic disease. This study

demonstrates that cotransplantation of induced pluripotent

stem cell-derived endothelial cells and smooth muscle cells

improve blood perfusion and limb salvage rate by promoting

neovascularization in the ischemic limb through smooth

muscle cells derived exosome-mediated paracrine mecha-

nism. This study presents a new cell therapy technique for

treating peripheral vascular diseases.
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For preparation of feeder layers, MEFs at passage 4 were treated

with 5 μg/mL Mitomycin C for 80 minutes and seeded at 4 × 105

cells/60 mm dish (0.1% gelatin-coated) in DMEM/F12 containing

10% FBS and penicillin-streptomycin (125 U/mL). Human iPSC was

generated from human adipose tissue-derived MSC by retroviral

overexpression of four stemness factors including Octamer-binding

transcription factor 4 (OCT4), SRY-Box transcription factor

2 (SOX2), Krüppel-like factor 4 (KLF4), and c-MYC. The MSC was

isolated from subcutaneous adipose tissues of a healthy donor

after receiving approval from the Institution Review Board of

Pusan National University Hospital (H-2008-116; Pusan, Korea) as

previously described.25 Undifferentiated iPSC colonies were cul-

tured on mitomycin C-treated un-mitogenic MEF feeder layers.

Induced PSC colonies were maintained in DMEM/F12 medium

containing 1× L-glutaMAX, penicillin-streptomycin (125 U/mL),

60 μM β-mercaptoethanol, 1× nonessential amino acids, 20%

knockout serum replacement, and 5 ng/mL basic fibroblast growth

factor with daily change of medium for 4 days. On day 5, iPSC

colonies were passaged by treatment with dissociation medium

(DMEM/F12 containing 200 μg/mL collagenase type IV and

1 mg/mL Dispase) for 10 minutes. After dissociation, the colonies

were harvested by sedimentation and washed with the mainte-

nance medium twice. The collected human iPSC colonies were

fragmented by pipetting and plated onto MEF feeders at a 1:3 or

1:4 split ratio; then, they were incubated at 37�C under 5% CO2.

The study protocol was approved by the Public Institutional

Bioethics Committee designated by the MOHW. All experiments

were performed in accordance with relevant guidelines and

regulations.

2.3 | Differentiation of iPSC into EC and SMC

Differentiation of iPSC into EC and SMC was conducted based on a

previously reported protocol.16 The iPSC was maintained on a

feeder layer in DMEM/F12 medium, dissociated into single cells

with Accutase at 37�C for 5 minutes, and seeded onto a Matrigel-

coated cell culture dish at 50 000 cells/cm2 in mTeSR1 sup-

plemented with 5 μM ROCK inhibitor Y-27632. Cells were then cul-

tured in mTeSR1 for 3 days before induction of cell differentiation.

At day 0 defined as the first day of cell differentiation, the iPSC

was treated with 6 μM CHIR99021 for 2 days in LaSR basal

medium, which consists of Advanced DMEM/F12, 2.5 mM

GlutaMAX, and 60 mg/mL ascorbic acid. After 2 days, CHIR99021-

containing medium was aspirated, and cells were maintained in LaSR

basal medium without CHIR99021 for 3 additional days. At day

5, the differentiated cells were dissociated by treatment with

Accutase for 10 minutes, and the CD34+ cell population was

isolated by magnetic-activated cell sorting using CD34 microbeads,

according to the manufacturer's instructions. The purified CD34+

cells were seeded on fibronectin-coated dishes and maintained in

EGM-2 medium or SmGM-2 medium for differentiation into EC or

SMC, respectively.

2.4 | Flow cytometry analysis

For flow cytometry analysis, the iPSC-derived CD34+ progenitor cells

and the iPSC-EC were dissociated with 0.05% trypsin-EDTA, followed

by filtration through a 40 μm cell strainer. The dissociated cells were

fixed with 4% paraformaldehyde for 20 minutes, washed with PBS,

and then incubated with APC-conjugated antibodies (anti-CD34 and

anti-VE-cadherin antibodies) or PE-conjugated antibodies (anti-KDR

and anti-CD31 antibodies) (BD Biosciences, Bedford, Massachusetts)

at 1:200 dilution for 20 minutes. The fluorescence intensity of the sta-

ined cells was measured using CANTO II (BD Biosciences) and ana-

lyzed using FlowJo (ver 10, Tree Star Inc).

2.5 | Reverse transcription-polymerase chain
reaction (RT-PCR)

Cells were harvested at the indicated times, and total RNA was extracted

using TRIzol (Sigma-Aldrich). For cDNA synthesis, 1 μg total RNA from

each sample was reverse transcribed into cDNA using an Easy cDNA

Synthesis Kit (NanoHelix Co, Ltd, Daejeon, Republic of Korea), according

to the manufacturer's instructions. The cDNA (1 μL each) was added into

a PCR tube containing HelixAmp Ready-2 × GO (NanoHelix, Co, Ltd)

and 10 pmol of sense and antisense primers. PCR was performed using

the following thermal cycle: denaturation at 95�C for 30 seconds,

annealing at i�C for 30 seconds depending on the primers used, and

extension at 72�C for 30 seconds. Each PCR reaction involved 25 to

30 cycles. Primer sequences are listed in Supplementary Table 1. PCR

products were analyzed by electrophoresis on a 1% agarose gel.

Quantitative RT-PCR was performed using an ABI7500 (Applied

Biosystems, Waltham, Massachusetts) sequence-detection system,

using SYBR Green PCR Master Mix (Applied Biosystems), according to

the manufacturer's instructions. Experiments were performed in tripli-

cate, and the data were normalized to the expression of the GAPDH

mRNA. Data were analyzed using the Δ(ΔCT) method.

2.6 | Murine hindlimb ischemia model

BALB/CA-nu/nu mice, athymic immunodeficient mice which are

unable to produce T cells, were used for xenograft transplantation of

iPSC-derived cells into hindlimb ischemia animal model. The BALB/

CA-nu/nu mice (an average weight of 20-24 g) were purchased from

Orient Bio (Seongnam-city, Republic of Korea). All animals were

housed in an air-conditioned animal room with constant relative

humidity and were provided a standard laboratory diet and water.

Animal treatment and maintenance were performed in accordance

with the Principles of Laboratory Animal Care, and animal experiments

were performed using protocols approved by the Pusan National Uni-

versity Institutional Animal Use and Care Committee. All mice were

anesthetized using an intraperitoneal injection of 400 mg/kg 2,2,2

tribromoethanol (Avertin; Sigma-Aldrich) for operative resection of

the femoral artery and laser Doppler perfusion imaging. The femoral
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artery was excised from its proximal origin at the branch of the exter-

nal iliac artery to the distal point where it bifurcates into the saphe-

nous and popliteal arteries. Right after arterial ligation, ischemic

hindlimbs were injected with either iPSC-EC or iPSC-SMC (1.2 × 106

cells each). For coadministration of iPSC-EC and iPSC-SMC, equal

numbers (0.6 × 106 cells each) of iPSC-EC and iPSC-SMC were mixed

to 1:1 ratio and co-injected into ischemic hindlimbs. In each animal,

80 μL HBSS containing the iPSC-derived cells or 80 μL HBSS only

were injected into four sites (20 μL/each site) of the gracilis muscle in

the medial thigh. Before transplantation of cells, the percentage of

viable cells was confirmed to be more than 95% using a Live/dead via-

bility assay kit (Invitrogen).

2.7 | Measurement of blood flow and tissue
necrosis

Blood flow of the ischemic and normal limbs was measured using a

laser Doppler perfusion imaging (LDPI) analyzer (Moor Instruments

Ltd, Devon, UK) on days 0, 7, 14, 21, and 28 after induction of

hindlimb ischemia. The perfusion of the ischemic and nonischemic

limbs was calculated based on colored histogram pixels. Red and blue

colors indicate high and low perfusion, respectively. Blood perfusion

is expressed as the LDPI index, representing the ratio of ischemic vs

nonischemic limb blood flow. A ratio of 1 before operation indicates

equal blood perfusion of both legs. The extent of necrosis in the

ischemic hindlimb was recorded on day 28 after surgery. The necrosis

was scored as follows: 0, limb salvaged; 1, toe amputation; 2, foot

amputation; and 3, limb amputation.

2.8 | Histological and immunofluorescence
analyses

For immunostaining of the tissues, hindlimb muscles were removed,

formalin-fixed, paraffin-embedded, and sectioned at 5 μm. The blood

vessels were stained with biotinylated-ILB4 (Vector Laboratories) or

rabbit anti-α-SMA (Abcam plc., Cambridge, UK) antibodies. The speci-

mens were incubated with Alexa 488 streptavidin, Alexa 488, or Alexa

568 goat anti-rabbit secondary antibodies (Thermo Fischer Scientific),

followed by washing and mounting in Vectashield medium containing

DAPI for visualization of nuclei. The stained sections were visualized

using a laser scanning confocal microscope. The injected iPSC-EC and

iPSC-SMC were identified in the ischemic limbs by staining with anti-

human nuclear antigen (HNA) antibody (Millipore, Burlington, Massa-

chusetts) and Alexa 488 goat anti-mouse secondary antibody. The

injected cells in tissue sections were quantified by counting the num-

ber of cells positive for both HNA and ILB4 expression or HNA and

α-SMA expression. Blood vessel densities were counted by identifying

ILB4- or α-SMA-positive vascular structures per high-power field.

Four randomly selected microscopic fields from three serial sections

in each tissue block were examined by two independent observers

blinded to the experimental conditions. in vitro differentiation of iPSC

to iPSC-EC and iPSC-SMC was confirmed by immunostaining and

confocal microscopy analysis. The iPSC-EC or iPSC-SMC were fixed

with 4% paraformaldehyde for 15 minutes, washed with PBS, and

permeabilized with 1% Triton-X-100 in PBS for 20 minutes. The cells

were blocked with 5% BSA for 1 hour and incubated with primary

antibodies overnight and secondary antibodies conjugated with fluo-

rescent dyes for 1 hour. Cells were mounted using Vectashield

medium with DAPI for nuclear staining. Images were obtained using a

laser scanning confocal microscope (Olympus FluoView FV1000).

2.9 | Preparation of SMC-CM and isolation of
exosomes

To obtain SMC-CM, iPSC-SMCs were cultured in 100 mm culture dis-

hes until subconfluent and were then washed twice with HBSS to

remove serum components. The cells were incubated in 10 mL serum-

free SMC basal medium for 48 hours. The collected SMC-CM was fil-

tered through a 0.45 μm syringe filter and immediately centrifuged at

500g for 10 minutes and 10 000g for 30 minutes to remove cells and

debris. The collected culture supernatant was centrifuged at

100 000g for 70 minutes at 4�C to precipitate exosomal fractions, and

the exosome-depleted supernatant (exosome-depleted SMC-CM) was

collected for experiments. The resulting exosomal pellets were

washed with HBSS, precipitated by ultracentrifugation at 100 000g

for 70 minutes at 4�C to obtain exosomes, and resuspended in HBSS.

The protein concentration of exosomal fractions was measured using

a Bradford protein assay kit (Bio-Rad, Hercules, California).

2.10 | Statistical analysis

The results of multiple observations are presented as mean ± SD. For

multivariate data analysis, group differences were assessed using one-

way or two-way ANOVA, followed by Scheffé's post hoc test.

3 | RESULTS

3.1 | Differentiation of human iPSC into CD34+

cells

To induce the differentiation of human iPSC to EC and SMC, iPSC

were differentiated into a mesodermal lineage by treatment with the

GSK3 inhibitor CHIR99021 for 2 days, followed by incubation in a

defined media without CHIR99021 for an additional 3 days. On day

5, CD34+ multipotent mesodermal progenitor or vascular progenitor

cells (VPCs) were purified through magnetic associated cell sorting

using CD34 magnetic beads and further differentiated to either EC or

SMC (Figure 1A). Upon mesodermal differentiation of iPSC, the

mRNA levels of the pluripotency markers OCT4, SOX2, and NANOG

were reduced (Figure 1B). The mRNA levels of mesodermal markers,

including Bruchury, MIXL1, and TBX6, were increased 24 hours after
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F IGURE 1 Differentiation of induced pluripotent stem cells to vascular progenitor cells. A, Overview of the differentiation protocol for
induced pluripotent stem cells (iPSCs) to vascular progenitor cells (VPC). At day 0, iPSC was treated with CHIR99021 for 2 days in a
differentiation medium, and followed by incubation in the differentiation medium without CHIR99021 for 3 days. The CD34+ cells were purified
using CD34 magnetic beads at day 5. For differentiation into EC and SMC, CD34+ cells were cultured in the endothelial cell (EC) and smooth
muscle cell (SMC) culture medium, respectively. B, Gene expression at different time points during the differentiation of CD34+ cells was
assessed by quantitative RT-PCR of pluripotency markers (OCT4, SOX2, and NANOG); C, mesodermal markers (Bruchury, MIXL1, and TBX6);
and D, vascular progenitor markers (CD34 and KDR). Results are presented as mean ± SD (n = 3). *P < .05; **P < .01; ***P < .001. E, Flow

cytometric analysis of CD34 and KDR in iPSC-VPC on day 5 after induction of differentiation. Flow cytometric analysis of CD34 and KDR in
iPSC-VPC cultured for 4 days
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CHIR99021 treatment (Figure 1C). Expression of the vascular progeni-

tor markers, CD34 and KDR, was detected on day 4 and increased till

day 5 (Figure 1D). To determine the differentiation efficiency of the

cells, the percentage of the cells expressing CD34 and KDR was mea-

sured by flow cytometry. As shown in Figure 1E, approximately 30%

of cells expressed both CD34 and KDR at day 5. The CD34+ cells

were isolated using magnetic beads conjugated with an anti-CD34

antibody. The CD34+ cells were cultured for 4 days, following which

approximately 96% were found to be CD34- and KDR-double positive

which indicates their differentiation into VPC.

3.2 | Characterization of human iPSC-derived ECs
and iPSC-derived SMCs

To explore whether the CD34+ VPC can differentiate into EC and

SMC by cultivation in EC and SMC culture medium, the isolated

CD34+ VPCs were cultured in EC and SMC culture medium, respec-

tively, on fibronectin-coated plates. The CD34 and KDR expression

was drastically reduced in iPSC-EC and iPSC-SMC compared to that

in iPSC-VPC (Figure 2A). The mRNA levels of the EC markers, includ-

ing CD31 and VEGFR1, in iPSC-EC were higher than those in iPSC-

VPC and iPSC-SMC (Figure 2B). The expression of SMC markers, such

as SM22α and Desmin, was found to be the highest in iPSC-SMC

compared to those iPSC-VPC and iPSC-EC (Figure 2C). These results

suggest that iPSC-VPC can be further differentiated to EC and SMC

by cultivation in EC- and SMC-selective media.

To further describe the differentiation of iPSC to EC, the levels of

differentiated EC markers were measured by RT-PCR. After differentia-

tion of iPSC to EC, pluripotency markers, such as OCT4 and SOX2, were

not expressed in differentiated iPSC-EC (Supplementary Figure 1A).

However, iPSC-EC exhibited increased expression of endothelial

markers, such as vWF, VE-Cadherin, Prominin, and E-selectin

(Supplementary Figure 1B). Using FACS analysis, we found that the

iPSC-EC was positive for not only CD31 but also VE-cadherin

(Supplementary Figure 2A). Consistently, the immunostaining and west-

ern blot analyses confirmed the expression of both VE-cadherin and

CD31 in iPSC-EC (Supplementary Figure 2B,C). To characterize the func-

tional properties of the iPSC-EC, we evaluated their endothelial tube-

forming ability. As shown in Figure 2D, the iPSC-EC exhibited endothe-

lial morphology and tube forming ability. Further endothelial phenotypes

of the iPSC-EC were confirmed by immunostaining with antibodies

against CD31 and vWF, as both CD31 and vWF were expressed in

iPSC-EC. Additionally, the expression of endothelial nitric oxide synthase

(eNOS), an EC-specific marker, could be detected in the iPSC-EC by

immunofluorescence (Figure 2E). Finally, we measured acetylated low-

density lipoprotein (Ac-LDL) uptake, which is a predominantly endothe-

lial phenotype. We found that more than 92% of the cells were Ac-LDL-

positive (Figure 2F). These results suggest that the differentiated iPSC-

ECs exhibit phenotypes and functional properties of EC.

To demonstrate differentiation of the iPSC to SMC, the sorted

CD34+ cells were seeded on fibronectin-coated plates and cultured in

SMC culture medium. After 4 days, the levels of smooth muscle

markers were determined by western blotting. The protein levels of

smooth muscle markers, such as SM22α, Calponin, h-caldesmon, and

Desmin, were higher in the iPSC-SMC compared to those in the iPSC,

whereas the expression of pluripotency markers, including OCT4 and

SOX2, was not detected in the iPSC-SMC (Figure 2G). To further verify

the SMC phenotypes of the iPSC-SMC, we measured the expression of

the smooth muscle-specific markers α-SMA, Desmin, and Caldesmon

by immunostaining. The iPSC-SMC showed the expression of α-SMA,

Desmin, and Caldesmon, (Figure 2H). These results suggest that the

iPSC-SMCs differentiated from iPSC exhibit phenotypes of SMC.

3.3 | Synergistic effects of coadministration of
iPSC-EC and iPSC-SMC on the ischemic hindlimb

To explore the therapeutic effects of iPSC-EC and iPSC-SMC on

ischemic tissue injury, we confirmed their functional properties, such

as angiogenesis and tissue repair, in the murine hindlimb ischemia

model. The iPSC-EC and iPSC-SMC were administered into the ische-

mic hindlimb by intramuscular injection, and blood flow was measured

for 4 weeks using an LDPI analyzer. As shown in Figure 3A,B, intra-

muscular injection of iPSC-EC, but not that of iPSC-SMC, resulted in

improved blood perfusion in ischemic limbs. However, the

cotransplantation of iPSC-EC and iPSC-SMC augmented blood flow

compared to the transplantation of iPSC-EC alone. Furthermore, a

combined injection of iPSC-EC and iPSC-SMC into the ischemic limb

significantly inhibited tissue amputation, as demonstrated by reduced

necrosis score 4 weeks after induction of ischemia compared to those

in the other groups (Figure 3C). These results suggest that

cotransplantation of iPSC-EC with iPSC-SMC synergistically increased

blood perfusion and reduced tissue necrosis.

3.4 | Coadministration of iPSC-EC and iPSC-SMC
promotes neovascularization in the ischemic limb

Angiogenesis is crucial for ischemic tissue repair and the recovery of

blood perfusion.26 To evaluate whether cotransplantation of iPSC-EC

and iPSC-SMC can stimulate angiogenesis in vivo, we determined blood

vessel density in the ischemic limbs by immunostaining. Intramuscular

injection of iPSC-EC increased the number of ILB4+ capillaries in the

ischemic limbs (Figure 4A,B). Furthermore, the number of α-SMA+

arteries/arterioles was significantly increased in iPSC-EC-injected limbs

compared with that in the control group limbs (Figure 4A,C). However,

administration of iPSC-SMC had no significant effect on the number of

ILB4+ and α-SMA+ blood vessels. Interestingly, the cotransplantation of

iPSC-EC and iPSC-SMC increased the numbers of ILB4+ capillaries and

α-SMA+ arteries/arterioles more than those in the control groups,

which were injected with either iPSC-EC or iPSC-SMC. These results

suggest that the combination of iPSC-EC and iPSC-SMC synergistically

enhances angiogenesis in ischemic limbs.

To further determine whether transplanted iPSC-EC and iPSC-

SMC are incorporated into the blood vessels of ischemic limbs, we
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F IGURE 2 Characterization of induced pluripotent stem cell (iPSC)-derived endothelial cells and iPSC-derived smooth muscle cells. Gene
expression of iPSC-vascular progenitor cell (VPC), -endothelial cell (EC), and -smooth muscle cell (SMC) was assessed by quantitative reverse
transcription-polymerase chain reaction (RT-PCR) of (A) vascular progenitor cell markers (CD34 and KDR), (B) endothelial markers (CD31 and VEGFR1),
and (C) smooth muscle markers (SM22α and Desmin). Results are presented as mean ± SD (n = 3). *P < .05; **P < .01; ***P < .001. D, Representative
images of adherent cells and tube formation by iPSC-EC are shown. Scale bar = 200 μm. E, The iPSC-EC, on day 3 after sorting, were subjected to
immunofluorescence staining using antibodies against CD31 (green), vWF (red), and eNOS (red). Nuclei were counterstained with DAPI (blue), and the
merged images are shown. Scale bar = 50 μm. F, Flow cytometric analysis of iPSC-EC after sorting are shown. Ac-LDL uptake was measured after
incubating the cells with Ac-LDL. No Ac-LDL treatment is a negative control. G, Western blot analysis of iPSC and iPSC-SMC using pluripotency
markers (OCT4 and SOX2), smooth muscle markers (SM22α, Calponin, Caldesmon, Desmin), and GAPDH is shown. H, Representative images for
immunocytochemistry of iPSC-SMC at day 4 after sorting are shown. Confocal images of iPSC-SMC after immunolabeling with antibodies against
α-SMA, Desmin, and Caldesmon are shown (red). Nuclei were counterstained with DAPI (blue), and the merged images are shown. Scale bar = 50 μm
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investigated iPSC-EC- and iPSC-SMC-mediated neovascularization by

quantifying the number of capillaries and vessels double positive for

human specific nuclear antigen (HNA) and either ILB4 or α-SMA. As

shown in Figure 4D, some ILB4+ capillaries and α-SMA+ vessels were

also HNA+. Compared to the ischemic limbs injected with either iPSC-

EC or iPSC-SMC, cotransplantation of iPSC-EC and iPSC-SMC syner-

gistically increased the number of HNA+/ILB4+ and HNA+/α-SMA+

blood vessels in the ischemic limbs (Figure 4E,F). These results

suggested that the cotransplantation of EC and SMC synergistically

accelerates neovascularization in ischemic limbs.

3.5 | The iPSC-SMC stimulates the angiogenic
activity of iPSC-EC through a paracrine mechanism

To explore how iPSC-SMCs stimulate iPSC-EC-mediated angiogenesis

in vivo, we examined the effect of SMC-CM on the migration of iPSC-

EC using a chemotaxis assay. As shown in Figure 5A, SMC-CM stimu-

lated the chemotactic migration of iPSC-EC in a dose-dependent man-

ner. Consistently, SMC-CM significantly enhanced tube formation of

iPSC-EC at 20% with a slight inhibition of EC tube formation at 50%

concentration (Figure 5B), suggesting the existence of inhibitory factors

of EC tube formation in SMC-CM. We next measured the effect of

SMC-CM on the proliferation of iPSC-EC by evaluating PCNA expres-

sion. Treatment of iPSC-EC with SMC-CM dose-dependently pro-

moted cell proliferation (Figure 5C). These results suggest that iPSC-

SMC promotes the angiogenic activity of iPSC-EC through a paracrine

mechanism.

To verify the specificity of SMC-CM-stimulated pro-angiogenesis,

we compared the effects of SMC-CM and human dermal fibroblast-

conditioned medium (hDF-CM) on angiogenic activities of iPSC-EC. In

contrast to the pro-angiogenic activities of SMC-CM, hDF-CM did not

stimulate migrating and tube forming abilities of iPSC-EC

(Supplementary Figure 3). Furthermore, cotransplantation of iPSC-EC

F IGURE 3 Effect of
combined induced pluripotent
stem cell-endothelial cell (iPSC-
EC) and iPSC-smooth muscle cell
(SMC) treatment on blood
perfusion and tissue necrosis in
hindlimb ischemia. A,
Representative photographs and
laser Doppler perfusion imaging

(LDPI) of mouse hindlimbs on day
0 and 28 after injection of HBSS,
iPSC-EC, iPSC-SMC, or iPSC-EC
with iPSC-SMC. B, Quantitative
analysis of the blood perfusion
recovery measured using an LDPI
analyzer. The LDPI ratio was
calculated as the ratio of ischemic
to nonischemic hindlimb blood
perfusion. (n = 6-9 per
experimental group). C, Statistical
analysis of the necrosis score on
day 28. Results are presented as
mean ± SD (n = 6-9).
*P < .05; ***P < .001
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F IGURE 4 Effect of combined induced pluripotent stem cell-endothelial cell (iPSC-EC) and iPSC-(smooth muscle cell) SMC treatment on
angiogenesis in hindlimb ischemia. A, Immunostaining of ILB4+ capillaries (green) and α-SMA+ blood vessels (red) in ischemic limbs injected with
HBSS, iPSC-EC, iPSC-SMC, or iPSC-EC with iPSC-SMC at 28 days after surgery. Nuclei (blue) were counterstained with DAPI. Scale bar = 100 μm
(ILB4/DAPI) or 200 μm (α-SMA/DAPI). B, Quantification of ILB4+ capillaries in the ischemic limb by immunohistochemistry. C, Quantification of
α-SMA+ arteries in the ischemic limb by immunohistochemistry. Results are presented as mean ± SD (n = 6-9 per each group). D, Representative
images of hindlimb tissues double stained with anti-HNA (red) and anti-ILB4 (green) antibodies or anti-α-SMA (green) antibody 28 days after
surgery. Nuclei were counterstained with DAPI (blue). Scale bar = 50 μm. E, Number of HNA+/ILB4+ capillaries in the ischemic limbs. F, Number
of HNA+/α-SMA+ vessels in the ischemic limbs. Results are presented as mean ± SD (n = 9). *P < .05; **P < .01; ***P < .001
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together with hDF exhibits less potent blood perfusion than transplan-

tation of iPSC-EC alone (Supplementary Figure 4). These results support

the specificity of SMC-CM for stimulation of iPSC-EC-mediated

angiogenesis.

3.6 | SMC-CM stimulates the migration and
proliferation of iPSC-EC through an exosome-
dependent mechanism

Exosomes are composed of various components, including proteins,

DNA, miRNA, and lipids. To explore whether protein components are

involved in the SMC-CM-mediated pro-angiogenic activity, SMC-CM

was heated at 95�C for 10 minutes to denature proteins. As shown in

Figure 6A, the SMC-CM-stimulated chemotaxis of iPSC-EC was abro-

gated by heat denaturation of SMC-CM proteins, suggesting that pro-

tein factors are involved in the SMC-CM-stimulated migration of

iPSC-EC.

Exosomes derived from various cells, such as MSC,27 CD34+ stem

cells,28 and cancer cells,29 have been reported to stimulate angiogene-

sis. To investigate whether iPSC-SMC-derived exosomes (SMC-

exosomes) mediate SMC-CM-induced angiogenesis, we isolated

exosomes from SMC-CM and examined their effects on the chemo-

tactic migration and proliferation of iPSC-EC. SMC-exosomes were

isolated by ultracentrifugation, and exosomal markers, such as CD9,

CD63, and HSP70, could be detected in the SMC-exosomes, but not

in exosome-depleted SMC-CM (Figure 6B). The CD9 and CD63 pro-

teins were highly enriched in the SMC-exosomes compared to those

in the SMC-CM. The SMC-CM-stimulated migration of iPSC-EC was

markedly attenuated by the depletion of exosomes from the SMC-

CM, whereas the SMC-exosomes dose-dependently stimulated the

chemotactic migration of iPSC-EC (Figure 6C). In addition, SMC-

exosomes were as potent in promoting the proliferation of iPSC-EC

as the SMC-CM (Figure 6D). However, exosome-depleted SMC-CM

had no significant effect on the proliferation of iPSC-EC. These results

suggest that SMC-exosomes may mediate the SMC-CM-stimulated

migration and proliferation of iPSC-EC.

To explore whether SMC-exosomes mediate the iPSC-SMC-

stimulated therapeutic activities of iPSC-EC, we examined the

effects of coadministration of iPSC-EC and SMC-exosome on blood

perfusion and tissue necrosis in hindlimb ischemia. Coinjection of

iPSC-EC along with SMC-exosomes significantly augmented blood

perfusion and alleviated tissue necrosis (Supplementary Figure 5).

Moreover, coinjection of exosomes derived from both iPSC-EC and

iPSC-SMC exhibited less potent blood perfusion than the co-

injection of iPSC-EC and SMC-exosomes. These results suggest that

SMC-exosomes promote iPSC-EC-stimulated blood perfusion in

ischemic limbs.

F IGURE 5 Effects of smooth muscle
cell (SMC)-CM on migration, tube
formation, and proliferation of induced
pluripotent stem cell-endothelial cell
(iPSC-EC). A, Representative images of
chemotactic migration in response to
SMC-CM are shown. Migration of iPSC-
EC was measured using a chemotaxis
chamber in response to various

concentrations of SMC-CM after a
12-hours incubation. B, Representative
images of tube formation in response to
SMC-CM are shown (upper panels). Tube
formation was quantified by measuring
the length of the tubes formed (lower
panel). Scale bar = 500 μm. C, The
proliferative effect of SMC-CM on iPSC-
EC was measured by staining with anti-
PCNA antibody (green). Nuclei were
counterstained with DAPI (blue) (upper
panel). Scale bar = 100 μm. Number of
PCNA+ nuclei per field were counted and
expressed as a relative percentage of the
total cells (lower panel). Data indicate
mean ± SD (n = 4). *P < .05;
**P < .01; ***P < .001
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4 | DISCUSSION

Cell therapy is gaining a lot of attention as a new treatment for PAD

mediated by an increase in angiogenesis.8 In this study, we demon-

strated that EC and SMC could be produced from the same human

iPSC clone by serial differentiation steps. The iPSC was differentiated

to the mesodermal progenitor cell lineage by treatment with the

GSK3-β inhibitor CHIR99021, followed by differentiation to the

CD34+ VPC by culture in the absence of CHIR99021. The CD34+ cells

were further differentiated into either EC or SMC by culture in EC or

SMC culture medium, respectively. The differentiation protocol used

in the present study was adopted from a previous report demonstrat-

ing that human iPSC can be differentiated into CD34+ VPC via modu-

lation of Wnt signaling and further differentiated to either EC or SMC,

depending on culture conditions.16 Similarly, it has been reported that

GSL3 inhibition and BMP4 treatment committed PCSs to a mesoder-

mal lineage and that the subsequent exposure of these cells to VEGF

or PDGF-BB resulted in the differentiation to EC or SMC, respec-

tively.30 Moreover, human PCS-derived CD34+ VPCs have been

reported to give rise to EC and SMC depending on culture condi-

tions.17,18 These results suggest that both EC and SMC could be pro-

duced from the same pool of iPSC-derived CD34+ progenitor cells by

modulating culture conditions.

For treatment of patients with CLI, various clinical trials using pro-

genitor cells isolated from bone marrow or peripheral blood have been

made.31,32 Although the cell therapy of CLI significantly improved clin-

ical parameters in majority of the studies, the therapeutic efficacy of

primary progenitor cells is highly variable from patient to patient due

to its heterogeneity. Therefore, differentiation of iPSC to specific cell

types is highly useful approach for treatment of ischemic diseases. EC

and SMC are promising cell therapeutics for the regeneration of ische-

mic tissues.9 It has been shown that SMC stabilized newly formed

blood vessels and improved the therapeutic potential of EC in ische-

mic diseases.9,10 In the present study, transplantation of iPSC-EC, but

not that of iPSC-SMC, promoted blood perfusion, tissue protection,

and neovascularization in the ischemic hindlimb. Moreover,

cotransplantation of iPSC-EC with iPSC-SMC further enhanced thera-

peutic efficacy in ischemic limb repair by increasing blood vessel den-

sity. Consistently, it has been reported that cotransplantation of

human iPSC-derived EC and SMC synergistically promoted angiogen-

esis in dermal wounds.15 Coinjection of iPSC-EC with normal human

lung fibroblasts and a fibrin matrix into the dorsal flank of severe com-

bined immunodeficiency mice led to the formation of functional

microvasculature in vivo.33 The potential of EC and SMC derived from

human iPSC for clinical application in PAD needs to be explored

further.

F IGURE 6 Role of exosomes in the
smooth muscle cell (SMC)-CM-stimulated
migration and proliferation of induced
pluripotent stem cell-endothelial cell (iPSC-
EC). A, Role of protein factors in SMC-CM-
mediated angiogenesis. SMC-CM was
heated at 95�C for 10 minutes to denature
protein components. The effects of SMC-
CM and heated SMC-CM on the

chemotactic migration of iPSC-EC were
determined. B, Isolation of exosomes from
SMC-CM. Exosomes were isolated from
SMC-CM by centrifugation. The levels of
exosomal markers (CD9, CD63, and HSP70)
in the SMC-CM, SMC-exosomes, and
exosome-depleted SMC-CM (ΔExosome
SMC-CM) were determined by western
blotting. C, Dose-dependent effects of
SMC-exosomes on the chemotactic
migration of iPSC-EC. The effects of SMC-
CM and ΔExosome SMC-CM on EC
migration were examined. D, Role of
exosomes in SMC-CM-stimulated
proliferation of iPSC-EC. The effects of
SMC-CM, SMC-exosome, and ΔExosome
SMC-CM on the proliferation of iPSC-EC
were examined. Data indicate mean ± SD
(n = 4). **P < .01; ***P < .001
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In this study, we showed that conditioned medium derived from

iPSC-SMC promoted migration, tube formation, and proliferation of

iPSC-EC in vitro, suggesting a paracrine activation of iPSC-EC by

iPSC-SMC. In agreement, the conditioned medium from SMC pro-

moted proliferation and migration of EC in vitro.10 Growth factors

and cytokines secreted from SMC may have a key role in the regula-

tion of the proliferation and migration of EC. Many studies have

demonstrated that MSC stimulates neovascularization and blood

perfusion in ischemic tissues by secreting pro-angiogenic cytokines

and growth factors, including VEGF, FGF-2, HGF, and IGF-1.34

Accumulating evidence suggests exosomes secreted from different

cell types carry vast different varieties of bioactive molecular

cargoes and subsequently provide different biological responses.35

For instance, exosomes secreted from human CD34+ stem cells,

which were isolated from peripheral blood mononuclear cells, pro-

moted the repair of the ischemic hindlimb.28 The exosomes derived

from CD34+ cells contain proangiogenic miRNAs, such as miR-

126-3p, which enhance angiogenesis by regulating the expression of

pro-angiogenic genes, including VEGF, angiopoietins, and matrix

metallopeptidase 9. MicroRNA exchange via exosomes has been

shown to modulate the cross-talk between EC and SMC.36

Exosomes contain not only miRNAs but also various protein factors,

including Wnt4, Stromal cell derived factor 1, Notch-Dll4, Tetra-

spanin 8, heat shock protein 20, and hypoxia-inducible factor-1α,

which have been implicated in EC regeneration.37 In this study, we

demonstrated that heat denaturation of protein factors abrogated

SMC-exosome-stimulated angiogenesis in vitro. These results sug-

gest that protein factors present in exosomes as cargo may mediate

exosome-stimulated angiogenesis. The molecular identity of these

protein factors that are involved in the SMC-exosome-stimulated

angiogenic effects is still unknown and it needs to be clarified in

future studies.

In summary, our findings suggest that the combined use of iPSC-

EC and iPSC-SMC is useful for neovascularization and regeneration in

PAD. In addition, we demonstrate, for the first time, that iPSC-SMC

promotes the angiogenic and regenerative activities of iPSC-EC via

exosome-dependent mechanisms. Identification of the factors impli-

cated in the SMC-exosome-mediated angiogenesis is crucial for the

therapeutic application of SMC-exosomes. In addition, development

of mass production of iPSC-derived EC and SMC and efficient isola-

tion methods of SMC-exosomes will be needed for clinical application

of the present study.
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