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Abstract 
Induced pluripotent stem cell (iPSC) derived endothelial cells (ECs) is a novel therapeutic option for ischemic 
diseases. Although the detailed mechanism of this novel therapy remains unknown, emerging evidence has 
demonstrated that exosomes derived from hiPSC-ECs play a critical role in this approach. In this study, we first 
isolated and characterized the exosomes from iPSCs-ECs (hiPSC-EC-Exo) and determined the functional roles of 
hiPSC-EC-Exo in neovascularization and the underlying mechanism. Further, we evaluated the effect of exosomes 
derived from hiPS-ECs on promoting angiogenesis in a mouse model bearing ischemic limbs. Our results showed that 
miR-199b-5p, an miRNA highly associated with angiogenesis, is significantly upregulated during the differentiation of 
hiPSC-ECs. Mechanically, our studies found that hiPSC-ECs expressing miR-199b-5p significantly promote cell 
migration, proliferation and tube formation through Jagged-1-dependent upregulation of VEGFR2 in HUVECs. 
Similarly, coculture of hiPSC-ECs-Exo with HUVECs also resulted in a significant improvement in HUVEC migration, 
proliferation, and tube formation, suggesting that exosome-mediated cell-cell communication in a paracrine manner 
may serve as a fundamental mechanism for iPSC-EC-based treatment. Consequently, we found that the transfer of 
hiPSC-ECs enriched with miR-199b-5p significantly enhanced micro-vessel density and blood perfusion in ischemic 
limbs in vivo. Taken together, our studies were the first to demonstrate that transfer of hiPSC-ECs-Exo is a promising 
approach to treat ischemic injury via the mechanism of promoting neovascularization. 
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Introduction 
Lower extremity peripheral artery disease 

(PAD), especially atherosclerotic disease, is a leading 
cause of peripheral artery obstruction and eventual 
limb loss. Clinically, PAD is usually undiagnosed, 
mainly because of the high prevalence of asymptom-
atic PAD. Only severe cases present with a variety of 
symptoms and signs indicative of extremity ischemia. 
Epidemiologically, PAD affects 8 million people in the 
United States and over 200 million population 
worldwide, representing a major threat to human and 
public health1, 2. Current treatment options are 
primarily aimed at recanalization via angioplasty and 
stent implantation, however, restenosis and reocclu-
sion are significant intermediate and long-term 

limitations in providing durable patency for PAD1, 3. 
Thus, there is an urgent need for the development of 
new strategies. 

Since the discovery of induced pluripotent stem 
cells (iPSCs) in 20064, advanced preclinical progress 
has been achieved by recognizing that paracrine 
factors generated from transplanted iPSCs, rather 
than the direct effects of the cells, impart the major 
beneficial effects of regeneration within the injured 
tissues in PAD5, 6, 7, 8. Therefore, these findings have 
shifted our focus to the exosomes, cell-derived 
vesicles that contains mRNA, microRNA (miRNA) 
and proteins9, 10. It is documented that iPSC-derived 
exosomes promote endogenous repair and enhance 
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cardiac function after myocardial infarction7. Also, 
evidence is emerging that iPSC-derived exosomes 
protect H9C2 cardiac cells from H2O2-induced 
oxidative stress by inhibiting caspase3/7 activation7. 
These results together raised the possibility that 
iPSC-derivatives might serve as a source of 
autologous bioactive exosomes for PAD treatment. 

miRNAs are small non-coding RNAs which are 
highly expressed in endothelial cells, and recent data 
suggest that they regulate aspects of vascular 
development and angiogenesis11, 12, 13. MiRNAs are 
secreted actively via exosomes that protect them from 
degradation by RNases, indicating that miRNAs may 
function outside the cell in which they were produced 
as a paracrine factor14, 15, 16. In the context of PAD, 
miRNA-199b is an important modulator in a myriad 
of vascular biology events17. Evidence has implicated 
that miRNA-199b in iPSC-derived endothelial cell 
(EC) differentiation by modulating vascular endoth-
elial growth factor (VEGF) expression via targeting 
Notch signaling17, 18. We therefore propose a novel 
approach using miR-199b as a potential regulator of 
the phenotypic switch for neovascularization via 
delivery of iPSC-derived exosomes enriched with 
miR-199b-5p, a member of the miRNA-199b family 
that is highly associated with angiogenesis. 

Our study demonstrated that human induced 
pluripotent stem cell-derived endothelial cell 
exosomes (hiPS-EC-Exos) enriched with miR-199b-5p 
significantly promote neovascularization in a hind 
limb ischemia mouse model. In vitro experiments 
demonstrated that miR-199b-5p positively regulates 
human umbilical vein endothelial cell (HUVEC) 
proliferation and migration via transcriptional 
upregulation of vascular endothelial growth factor 
receptor 2 (VEGFR2). Our study also looked in depth 
into the mechanism and found that VEGFR2 
overexpression is regulated through Jagged1/Notch1 
signaling pathway. Taken together, our study is the 
first to reveal that adoptive transfer of hiPSC-EC-Exos 
enriched with miR-199b-5p is a promising approach 
for PAD treatment. 

Materials and methods 
Cell culture and differentiation 

HUVECs were purchased from American Type 
Culture Collection (PCS-100-010, ATCC, Manassas, 
VA, USA). HUVECs were cultured in RPMI (#11875 
093, Gibco, Carlsbad, CA, USA) supplemented with 
10% FBS (#10099141, Gibco, Grand Island, NY, USA), 
100 IU/ml penicillin, and 100 μg/ml streptomycin. 
hiPSCs kept in our laboratory were cultured in 
Matrigel-coated (#354277, BD Biosciences, Sparks, 
MD, USA) plates with mTeSR medium (#85850, Stem 

Cell Technologies, Vancouver, BC, Canada). The 
process of cell differentiation was performed as 
previously described 19. Briefly, differentiation will be 
induced two days after passaging colonies by 
replacing TeSR-E8 medium with differentiation 
media based on α-MEM (Gibco) and timed addition of 
the following factors: 25 ng/ml Activin A (PeproTech, 
AF-120-14E), 30 ng/ml bone morphogenetic protein 
(BMP) 4 (PeproTech, AF-120-05ET), 50 ng/ml VEGF 
165 (R&D Systems, 293-VE), and the small molecule 
inhibitor CHIR99021 (Selleck, S1263). On day 3 and 
day 7 of differentiation, the medium will be refreshed 
with α-MEM containing 50 ng/ml VEGF and 10 
μmol/L SB43152 (PeproTech, 1614) only. Single-cell 
suspensions were incubated with PE-conjugated 
anti-human CD31 and CD34 antibodies, and flow 
cytometry was used to purify the ECs.  

Flow cytometry 
Purified ECs were washed with PBS twice, 

followed by incubation with FITC-conjugated CD31/ 
CD34 (#130117390/#130-113-740, MiltenyiBiotec, 
Bergisch Gladbach, Germany) for 30 mins in the dark. 
After incubation, the samples were analyzed by flow 
cytometry (#653118, GE Healthcare, Piscataway, NJ, 
USA) .  

Exosome collection and quantification 
Exosome collection was performed by 

ultracentrifugation as previously described7. Briefly, 
conditional medium (RPMI medium supplemented 
with 4.5g/L glucose and 2 mM L-glutamine) was 
collected and processed for gradient centrifugation at 
300g for 10min, 2000g for 10 min and 10,000g for 30 
min, respectively, to obtain purified supernatants. The 
resultant supernatants were then used for ultra-
centrifugation at 100,000g for 70 min to pellet 
exosomes and contaminating proteins. After washing 
with PBS, the pellets were processed for an additional 
ultracentrifugation at 100,000g for 70 min to harvest 
exosomes. The size and concentration of exosomes 
were measured by NanoSight NS300 (Malvern 
Instruments, Malvern, Worcestershire, UK). 

Electron microscopy of exosomes and 
exosome labeling 

Purified exosomes were re-suspended in PBS 
and fixed with 2% paraformaldehyde for 30 min at 
room temperature and then dropped onto electron 
microscopy grids that had been pretreated with UV 
light to reduce static electricity. After drying for 30 
min, exosomes were stained with 1% uranyl acetate 
twice (6 min each). The dried grids were examined 
using HT7700 transmission electron microscope 
(Hitachi, Tokyo, Japan) at 120 kV. The fluorescent dye 
PKH26 (#PKH26GL, Sigma-Aldrich, Saint Louis, MO, 
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USA) was used to label exosomes. Purified exosomes 
were incubated with PKH26 for 5 mins at 37 °C, 
followed by washing with PBS and ultracentrif-
ugation at 170,000g for 90 min.  

Cell migration assay  
The trans-well system (#3470, Corning Inc, 

Tewksbury, MA, USA) was employed for cell 
migration assays as previously described20, 21. 1 × 104 
HUVECs with RPMI were seeded in the upper 
chambers. The medium was then replaced with fresh 
RPMI containing 108/ml hiPSC-EC-Exos, 108/ml 
Inhibitory-miR199b-5p-Exos, or control medium. The 
lower chamber was filled with 500ul RPMI containing 
10% FBS. After incubation at 37 ºC for 24 h, the cells 
on the upper surface were removed with a cotton 
swab and the cells on the undersides of the 
membranes were stained with hematoxylin. The 
number of the cells was counted under a light 
microscope in five random visual fields (×200).  

Wound-healing assay  
HUVECs were seeded in a six-well plate at a 

density of 1 × 105 cells/ well. Sterile 10μl pipette tip 
was used to generate scratch wounds, and floating 
cells were removed by washing with PBS. Images of 
the scratches were taken at 0 h and 8 h of incubation 
using an inverted microscope at ×100 magnification. 
The percentage of healed wound area was measured 
as a ratio of occupied area to the total area.  

Tube formation assay 
Tube formation assay was performed as 

previously described21. Collagen gels were formed by 
adding BiocoatMatrigel (#356234, Becton Dickinson, 
Franklin Lakes, NJ, USA) into 24-well plates and 
incubating in a CO2-free incubator at 37°C for 30 min. 
The gels were then overlaid with 5 × 104 cells 
suspended in culture medium and incubated at 37°C 
in an atmosphere of 5% CO2. Gels were examined by 
using a phase-contrast microscope equipped with a 
digital camera PDMC (Polaroid, Minnetonka, 
Minnesota, USA). Images were captured and the 
number of branch points and tubule lengths (defined 
as those exceeding 200 μm in length) were quantified 
in five randomly-chosen fields.  

Cell proliferation  
CCK8 kit (HY-K0301-500T, MCE, NJ, USA) was 

used to assess cell proliferation. In brief, cells were 
seeded into 96-well plates with 4000 cells per well. 
CCK8 reagent was added into each well at 1d, 2d, 3d, 
4d and 5d following the experiment. Cell growth 
curves were mapped with time as the horizontal 
ordinate and OD as the longitudinal ordinate.  

Immunostaining 
Cells were fixed with 4% paraformaldehyde for 

15 min at room temperature and then probed with 
primary antibodies: Nuclei were stained with DAPI 
(#D1306, Invitrogen, Paisley, UK). An epifluorescence 
microscope (#DM4000 M, Leica, Wetzlar, Germany) 
was used for imaging analysis.  

Establishment of hind-limb ischemia mouse 
model and laser Doppler perfusion studies 

Hind-limb ischemia (HLI) mouse model was 
established by ligation of femoral artery in C57/BL6J 
mice. HLI mice were randomly assigned to receive 
either intramuscular injection of PBS or exosomes 
injection (1x108/ml) by direct injection of a total 20ul 
volume into 4 different sites of the ischemic hind limb 
immediately after surgery. Additional treatment was 
performed twice a week thereafter. Blood perfusion 
was monitored at day 0, 7, 14, 21 after initiation of the 
experiment. All animal experiments followed the 
protocol approved by the Animal Care Committee at 
Renji Hospital, School of Medicine, Shanghai Jiaotong 
University.  

Capillary density quantification  
Muscle tissue harvested from ischemic limb on 

day 21 was fixed in 4% methanol, paraffin-embedded, 
and cross-sectioned for histological immunostaining. 
CD31 (CD31, Abcam) was used as a mark of EC 
differentiation. CD31 positive sections were 
quantified from three independent sections from each 
group. CD31 positive cells from ten high power field 
images per condition were counted and averaged. 
Values are reported as the ratio of capillary density in 
the ischemic to non-ischemic limb. P<0.05 was 
considered statistically significant. 

Exosomal RNA isolation and quantitative 
RT-PCR 

Total RNA was extracted from exosomes using 
an exosomal RNA extraction kit (101Bio, CA, USA) 
according to the manufacturer's instructions. The 
resulting RNA was prepared with the RNeasy mini 
kit (#74104, QIAGEN, Leipzig, Germany) and treated 
with DNase (#1064143, QIAGEN, Leipzig, Germany). 
1mg of RNA was reverse-transcribed into cDNA via 
Oligo (dT) with miRNA qRT-PCR Detection Kit 
(#A2030A004, Biotnt, Shanghai, China). Real-time 
quantitative PCR was performed in triplicate with 
SYBR Green SuperMix (#170-8880, Bio-Rad, Hercules, 
California). GAPDH and Rnu6 were used as 
endogenous house-keeping controls. PCR primer 
sequences are provided in Table 1.  
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Table 1. PCR primer sequences 

Primer Forward Reverse 
Mir-199b
-5p 

5’CCCAGTGTTTAGACTATCTG 5’AACTGGTGTCGTGGAG 

Rnu6 5’CAAATTCGTGAAGCGTT 5’TGGTGTCGTGGAGTCG 
VEGF 5’TGTGCCCACTGAGGAGTC 5’CATTTGTTGTGCTGTAGGAA 
Ang-1 5’TGCCATTCTGACTCACATAG 5’CAGTTGCCATCGTGTTCT 
Ang-2 5’GAAAGAATGTGGCAGATTGT 5’GGCAGGAGGAAAGTGTAG 
IL-8 5’TCAGAGACAGCAGAGCACAC 5’TTAGCACTCCTTGGCAAAAC 
TGF-b 5’ACTACTACGCCAAGGAGGTC 5’GAGAGCAACACGGGTTCAG 
bFGF 5’GAAGAGAGAGGAGTTGTGTC 5’AAGAAACACTCATCCGTAAC 
VEGFR2 5’AGTTGGTGGAACATTTGG 5’TACAGGAAACAGGTGAGGTA 
GAPDH 5′GGCCTCCAAGGAGTAAGACC 5′AGGGGAGATTCAGTGTGGTG 

 

Western blot analysis 
Cells were harvested using RIPA lysis buffer 

(#P0013B, BiYunTian, Shanghai, China) in the 
presence of halt protease and phosphatase inhibitor 
cocktail (#4906845001/#4693116001, Roche, Basel, 
Switzerland). Western blot analysis was performed as 
previously described. In brief, equal amounts of 
proteins were resolved by SDS-PAGE and then 
transferred to nitrocellulose membranes. The 
resulting membranes were incubated with primary 
antibodies at 4ºC overnight, followed by incubation 
with HRP-conjugated secondary antibodies at room 
temperature for 1 hr. The immunoreactive bands were 
visualized by enhanced chemiluminescence. Primary 
antibodies used in this study were: Jagged-1 (#70109, 
CST, Boston, MA, USA), NICD (#3608, CST, Boston, 
MA, USA), HES1 (#11988, CST, Boston, MA, USA), 
VEGFR2 (#9698, CST, Boston, MA, USA), β-actin 
(#4970, CST, Boston, MA, USA). 

Lentiviral particle transfection and drug 
treatment 

Lentiviral particles were produced using 
pre-miR-199b, inhibit-miR-199b-5p and non-targeting 
vector, respectively (Jima, Shanghai, China). For 
lentiviral infection, cells were incubated with 
pre-miR-199b, inhibit-miR-199b-5p or non-targeting 
control (5x108 TU/ml) in the medium supplemented 
with 10 mg/ml of polybrene for 24 hours. The 
medium was then replaced by fresh medium 
supplemented with puromycin (#A1113802, Life 
Technologies, Carlsbad, CA, USA)for another 48hr. 
For drug treatments, DAPT (Sigma-Aldrich, B1793) 
was applied for the inhibition of Notch1. HUVEC 
cultured in serum-free medium were incubated with 
Notch1 inhibitor, DAPT (75 µM), until the end of 
experiments. 

Statistical analysis 
All results presented are representative of at 

least 3 independent experiments. Results are 
expressed as mean ± SD. Statistical analysis was 

conducted using unpaired Student’s t test. Values of 
p<0.05 were considered to be statistically significant.  

Results 
iPSC-EC differentiation, identification and 
expression profile of miR-199b-5p 

We first performed ultracentrifugation experi-
ment to purify iPSC-EC. As Figure 1A demonstrated 
that iPSC-EC initially aggregate as a cell mass, 
followed by divergent growth and manifestation of a 
typical EC morphology. In order to further identify 
whether iPSC-ECs differentiate to have a phenotype 
of ECs, immunofluorescence staining was performed 
to determine the presence of CD31 and CD34, which 
are considered as the markers of EC phenotype. 
Figure 1B showed that the majority of iPSC-ECs were 
positively stained with both CD31 and CD34, 
indicating that iPSCs differentiation into iPSC-ECs is 
achieved. Further, flow cytometry was conducted to 
quantify the number of positive iPSC-ECs. As Figure 
1C showed, CD31 and CD34 were positively stained 
in 84% and 68.5% of the iPSC-ECs, respectively, 
indicating that the efficiency of the differentiation 
procedure performed in this study is superior to that 
of other procedures. Considering that the miR-199b- 
5p expression profile changes during the process of 
iPSC-EC differentiation, we performed qPCR to 
evaluate the transcriptional level of miR-199b-5p at 
different time points of iPSC-EC differentiation. 
Figure 1D demonstrated that the miR-199b-5p level is 
significantly upregulated at day 7 and day 10 after the 
initiation of iPSC-EC differentiation. Moreover, 
Figure 1E showed that expression level of miR199b-5p 
in hiPSC-EC after microbeads purification is also 
significantly upregulated, suggesting that miR-199b- 
5p is enriched in the cells with a phenotype of EC. 

miR-199b-5p promotes cell migration and 
proliferation 

In order to determine the functional role of 
miR-199b-5p in HUVEC proliferation and migration, 
we first established a stable HUVEC cell line 
expressing inhibitory miR-199b-5p using lentivirus 
transfection of pGMLV-MI7-has-miR-199b-5p-Inhibi-
tor-Puro. HUVECs expressing miR-199b-5p from 
lentivirus transfection of pGMLV-CMV-has-miR- 
199b-EF1-ZsGreen1-T2A-Puro were used as a positive 
control. The transcriptional level of miR-199b-5p was 
evaluated by qPCR. The results showed that 
miR-199b-5p was significantly downregulated in 
stable HUVECs expressing inhibitory miR-199b-5p as 
compared to HUVEC expressing stable scramble 
control and wild-type HUVEC, while miR-199b-5p 
was significantly upregulated in stable HUVECs 
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expressing miR-199b-5p (Figure 2A&B). We next 
performed tube-formation and transwell assays to 
evaluate cell migration. Figure 2C-E demonstrated 
that the tube formation ability of HUVECs expressing 
miR-199b-5p was significantly increased as compared 
to that of HUVECs expressing inhibitory miR-199b-5p 
and wild-type HUVECs, suggesting that miR-199b-5p 
plays a positive role in supporting cell migration. The 
reduction in proliferating ability of stem cells with 
aging hampers the regenerative ability of stem cells. 
In order to determine whether HUVECs enriched 
with miR-199b-5p have an increased ability to 
proliferate, we conducted a cell proliferation assay. As 
Figure 2F demonstrated, HUVECs enriched with 
miR-199b-5p have a significantly increased cell prolif-
eration rate as compared with HUVECs enriched with 
inhibitory miR-199b-5p and wild-type HUVECs. 

hiPSC-EC-Exo supports HUVEC migration 
and proliferation 

Recent studies have indicated that stem cells 
exert their therapeutic effect via a paracrine mechan-
ism other than transdifferentation, and exosomes are 
one of the most important paracrine factors for stem 
cells to control the reprogramming of injured cells. In 
order to determine whether exosomes derived from 
hiPSC-EC have the potential to promote HUVEC 
migration and proliferation, western blots for CD9, 
CD63 and TSG101 (exosome markers) were first 
performed to verify that exosomes were successfully 

extracted from hiPSC-ECs (Figure 3A). SEM and 
Nanosight results demonstrated a typical morphology 
of exosomes and the expected diameter of exosomes, 
further indicating that exosome extraction was 
successful (Figure 3B-C). qPCR results confirmed that 
the transcriptional level of miR-199b-5p in exosomal 
RNA of hiPSC-ECs was significantly upregulated in 
hiPSC-ECs as compared to inhibitory hiPSC-ECs 
(Figure 3D). Immunofluorescence staining of inhibit-
ory iPSC-EC showed the presence of CD31 and CD34, 
indicating a endothelial phenotype of inhibitory 
hiPSC-ECs (Figure 3E). Next, we co-cultured hiPSC- 
EC-Exo with HUVECs and examined the ability of 
HUVECs migration and proliferation. The results 
showed that HUVECs cocultured with hiPSC-EC-Exo 
enriched with miR-199b-5p have a significantly 
increased cell migration rate and tube-formation 
ability as compared to HUVECs cocultured with 
inhibitory-miR199b-5p and the corresponding control 
(Figure 3F-I). Similarly, cell proliferation assays 
demonstrated that HUVECs cocultured with hiPSC- 
EC-Exo with enriched miR-199b-5p had a significantly 
increased proliferation rate as compared to HUVECs 
cocultured with inhitiory-miR199b-5p and the corres-
ponding control (Figure 3J). Collectively, these results 
indicate that exosomes derived from hiPSC-EC-Exo 
enriched with miR-199b-5p is a potential paracrine 
factor that enhances the migration and proliferation of 
HUVEC. 

 

 
Figure 1. Generation and characterization of iPSC-EC. (A): Representative images of typical EC morphology (original magnification, ×100); (B): Immunostaining of 
iPSC-EC-associated markers (CD31 and CD34). Counter-staining with DAPI (original magnification, ×100); (C): FACS analysis using EC markers (CD31 and CD34); (D): 
miR-199b-5p expression profile of iPSC-EC. Transcriptional level of miR-199b-5p was examined by qPCR after 7 days and 10 days of initiation of the experiments. (E): 
Transcriptional level of miR-199b-5p in iPSC-EC was examined by qPCR after microbeads purification. 
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Figure 2. The functional role of miR-199b-5p in cell migration and proliferation. (A&B): MiR-199b-5p expression profile of HUVEC. Transcriptional levels of 
miR-199b-5p in HUVECs expressing miR-199b-5p (A) or HUVECs expressing inhibitory miR-199b-5p (B) were examined by qPCR; (C) Endothelial tube formation of HUVECs 
cultured on Matrigel was captured by light microscopy (original magnification, ×100); Photo images of Transwell analysis of HUVECs that stably express either miR-199b-5p or 
inhibitory-miR-199b-5p; (D) The tube-like structures were determined by pixel density, values are mean±SD, * p<0.05; (E) Migration rates of HUVECs that stably express either 
miR-199b-5p or inhibitory-miR-199b-5p, results are presented as mean±SD, * p<0.05; (F) Growth curves of HUVECs stably expressing either miR-199b-5p or 
inhibitory-miR-199b-5p were conducted by CCK-8 assay. The OD value at 450nm represents the viable cell number. Results are presented as mean±SD, * p<0.05. 

 

hiPSC-EC-Exo promotes angiogenesis in vivo 
Next, we evaluated potential effects of hiPSC- 

EC-Exo on angiogenesis in vivo. Blood perfusion of 
ischemic limbs was examined after treatment of 
hiPSC-EC-Exo. Figure 4A&B demonstrated that treat-
ment of hiPSC-EC-Exo had significantly improved 
blood perfusion of ischemic limbs from day 14 after 
initiation of the experiment, suggesting that hiPSC- 
EC-Exo promotes blood perfusion in vivo. We further 
harvested muscle tissues from ischemic limbs for the 
evaluation of neovasculation density. The results 
revealed that treatment of hiPSC-EC-Exo significantly 
improved neovasculation density by manifesting an 
increased number of CD31 positive cells, as compared 
to vehicle and inhibitory-hiPSC-EC-Exo treatments, 
indicating that hiPSC-EC-Exo promotes angiogenesis 
in vivo (Figure 4C&D). 

hiPSC-EC-Exo enriched with miR-199b-5p 
promotes angiogenesis via inhibition of Jagged 
1/Notch1 signaling 

Angiogenesis is a biological process controlled 
by the net balance between molecules that have 
positive and negative regulatory activities. We thus 
examined the mechanism by which hiPSC-EC-Exo 
enriched with miR-199b-5p promotes angiogenesis. 

First, we determined mRNA levels of angiogenic 
genes, including Ang-1, Ang-2, VEGF, VEGFR2, 
β-FGF, TGF-β and IL-8, between HUVECs expressing 
either miR-199b-5p or inhibitory miR-199b-5p. qPCR 
results revealed that the transcriptional level of VEGF 
R2 was significantly increased in HUVECs expressing 
miR-199b-5p as compared with that expressing 
inhibitory miR-199b-5p, indicating that miR-199b-5p 
positively regulates VEGFR2 transcription (Figure 
5A). Further, we studied the mechanism by which 
miR-199b-5p upregulates VEGFR2 transcription. It is 
well-documented that Jagged1/ Notch1 signaling is 
required for the induction of arterial-cell fate and 
sprouting angiogenesis. Consistent with previous 
findings, our results found that inhibition of  Notch1 
in HUVECs significantly enhanced sprouting angio-
genesis by demonstration of increased tube-formation 
ability (Figure 5B-D). Moreover, we found that 
inhibition of Notch1 significantly upregulated protein 
expression of VEGFR2, indicating that Jagged1/ 
Notch1 signaling is likely responsible for angiogenesis 
in HUVECs (Figure 5E). We thus performed western 
blot to examine whether overexpression of miR- 
199b-5p affects the expression of signaling proteins 
involved in Jagged1/Notch1 signaling.  
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Figure 3. Exosomes derived from iPSC-ECs promote cell migration and proliferation. (A): Exosomes purified from iPSC-ECs were verified by detecting exosome 
markers, including CD9, CD63 and TSG101 by western blot; (B&C) SEM and Nanosight were performed to observe the morphology of exosomes and measure the size of 
exosomes, respectively; (D): Transcriptional levels of miR-199b-5p in iPSC-ECs and inhibitory iPSC-ECs; (E): Immunostaining of iPSC-EC-associated markers (CD31 and CD34); 
(F) Transcriptional levels of miR-199b-5p in HUVECs coculture with exosomes enriched miR-199b-5p or inhibitory miR-199b-5p were examined by qPCR; (G): Endothelial tube 
formation of HUVECs, co-cultured with either iPSC-ECs or inhibitory- iPSC-ECs, was captured by light microscopy (original magnification, ×100); Photo images of Transwell 
analysis of HUVECs co-cultured with either iPSC-ECs or inhibitory- iPSC-ECs; (H) The tube-like structures were determined by pixel density, values are mean±SD, * p<0.05; (I) 
Migration rates of HUVECs co-cultured with either iPSC-ECs or inhibitory- iPSC-ECs, results are presented as mean±SD, * p<0.05; (J): Growth curves of HUVECs co-cultured 
with either iPSC-ECs or inhibitory- iPSC-ECs were assessed by CCK-8 assay. The OD value at 450nm represents the viable cell number. Results are presented as mean±SD, * 
p<0.05. 
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Figure 4. Injection of iPSC-EC-Exo promotes angiogenesis of ischemic limbs. (A): Typical perfusion images of mice that have ischemic limbs were taken by laser 
speckle contrast imaging. Blood flux is represented by a color scale with red representing the highest flux and dark blue the lowest; (B) Representative curves of perfusion ratio 
vs time (in days) after initiation of the experiments. The time points are plotted on the y-axis against perfusion ratio on the x-axis. Results are presented as mean±SD, * p<0.05. 
(C&D) Immunohistochemical staining of muscle tissues from CD31. Three independent sections with staining of CD31 were captured and CD31 positive cells were counted for 
statistical analysis. Scale bar=50µm. 

 
Figure 5F&H found that HUVECs expressing 

miR-199b-5p have a significantly decreased protein 
level of Jagged1, while HUVECs expressing inhibitory 
miR-199b-5p have a significantly increased protein 
level of Jagged1 as compared to wild-type HUVECs. 
As a target gene of Jagged1/Notch signaling, 
transcriptional suppressor HES1 was also found to be 
downregulated by miR-199b-5p (Figure 5G&J). 
Consequently, we observed that the protein 
expression level of VEGFR2 was significantly 
increased in HUVECs expressing miR-199b-5p, but 
significantly decreased in HUVECs expressing 
inhibitory-miR-199b-5p (Figure 5F&I). These results 
together indicate that VEGFR2 expression is 
negatively associated with Jagged1 and HES1 
expression, and miR-199b-5p likely regulates VEGFR2 
via inhibition of Jagged1/Notch1 signaling. Finally, 
we cocultured HUVECs with exosomes derived from 
hiPSC-EC-Exo and inhibitory hiPSC-EC- 
Exo, respectively, as above-mentioned. The protein 
levels of Notch-1, Jagged-1, HES1 and VEGFR2 in 
HUVECs were evaluated by western blot. Similarly, 
we found that HUVECs cocultured with hiPSC-EC- 
Exo have significantly decreased protein levels of 
Notch1, Jagged1 and HES1, but increased protein 
level of VEGFR2 as compared to wild-type HUVECs. 
Conversely, HUVECs cocultured with inhibitory 
hiPSC-EC-Exo have profoundly increased protein 

levels of Notch1, Jagged1 and HES1 but a decreased 
protein level of VEGFR2 as compared to wild-type 
HUVECs (Figure 5K-P). Collectively, these results 
highly indicate that exosomes derived from iPSC-EC 
likely serve as a paracrine factor, contributing to the 
regulation of angiogenesis. 

Discussion 
iPSC-ECs have recently emerged as an attractive 

cell type for treating myocardial ischemia and 
peripheral vascular disease22, 23. There are 2 advanta-
ges in using iPSC-ECs as a regenerative therapy: (1) 
iPSC-ECs are customized and infinitely expandable ex 
vivo, therefore offer an unlimited source for EC 
generation; (2) patient-specific, iPSC-derived ECs can 
be used for autologous transplantation without the 
necessity for immunosuppression. However, the 
biological function and therapeutic potential of 
iPSC-ECs remain to be evaluated.  In this study, we 
demonstrated that a significant component of the 
proangiogenic paracrine activity associated with 
iPSC-ECs is mediated by exosomes. The exosomes 
derived from iPSC-ECs were morphologically similar 
in size and shape to typical exosomes described 
previously and carried well-known exosome protein 
markers. Functionally, we found that exosomes 
derived from iPSC-ECs have the potentials to promote 
neovascularization both in vitro and in vivo. 
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Figure 5. The mechanism by which miR-199b-5p promotes angiogenesis of ischemic limbs. (A): Expression profiles of angiogenic genes (Ang-1, Ang-2, VEGF, 
VEGFR2, β-FGF, TGF-β and IL-8) from HUVECs expressing either miR-199b-5p or inhibitory-miR-199b-5p were examined by qPCR; (B): Notch1 inhibitor DAPT 75umol was 
applied for HUVECs to block the activation of Notch1. Western Blot was performed to determine the protein expression of Notch1 and β-actin. (C): Endothelial tube formation 
of HUVECs co-cultured with either DMSO or DAPT, was captured by light microscopy (original magnification, ×100). (D) The tube-like structures were determined by pixel 
density, values are mean±SD, * p<0.05; (E): Western blot was performed to determine the protein expression levels of VEGFR2 in HUVECs treated with either DMSO or 
DAPT. (F&G): Western blot was performed to determine the protein expression levels of Jagged-1, HES-1 and VEGFR2 in HUVECs expressing either miR-199b-5p or 
inhibitory-miR-199b-5p; (H-J): Protein levels of Jagged-1, VEGFR2 and HES-1 were quantitated by densitometric analysis using NIH ImageJ, normalized to β-actin and presented 
as mean±SD, * p<0.05; (K-Q): HUVECs cocultured either with iPSC-ECs or inhibitory- iPSC-ECs were harvested and protein levels of Notch1, Jagged-1, VEGFR2, HES-1 and 
β-actin were examined by western blotting and quantitated by densitometric analysis using NIH ImageJ, normalized to β-actin and presented as mean±SD, * p<0.05. 
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Figure 6. Proposed model of regulatory role of miR-199p-5b in HUVEC angiogenesis. Exosomes derived from iPSC-EC supports HUVEC migration, tube-formation 
and proliferation via miR-199p-5b. miR-199p-5b is a modulator of VEGFR2 expression via transcriptional suppressor HES-1. Green arrows indicate down-regulation and red 
arrows indicate up-regulation. 

 
Cell-cell communication can occur by several 

means, including chemical receptor-mediated events, 
direct cell-cell contact and cell-cell synapses24, 25. 
However, the transfer of exosome-derived miRNAs to 
recipient cells is a novel mechanism allowing gene 
communication between mammalian cells26, 27, 28. It is 
reported that exosome miRNAs, such as miR-1, 
miR-17, miR-18, miR-181 and miR-375 play a central 
role in regulating distinct biological processes, which 
include angiogenesis29, 30, 31. In the context of vascular 
disease, the miRNA family containing miR-199a-1, 
miR-199a-2 and miR-199b are potentially important18, 

32, 33. Evidence shows that miR-199b is modulated in 
cardiomyocytes and ECs by exposure to hypoxia and 
high glucose in vitro. More recently, it was 
demonstrated that miR-199b is involved in the 
process of EC differentiation from iPSCs by regulating 
VEGF expression under transcriptional control of 
STAT317. Similarly, our study first provided evidence 
that miR-199b-5p was significantly upregulated 
during the process of iPSC-EC differentiation, which 
renders iPSC-ECs a unique potential as a regenerative 
therapeutic agent for ischemia diseases. 

During postnatal growth, the size and transport 
capacity of the vasculature need to expand significa-
ntly. Angiogenesis, the expansion of a pre-existing 
vessel network via a combination of sprouting, 
proliferation, and remodeling process, predominates 
in most settings, especially during tumor develop-
ment and ischemic diseases34, 35. As one of the closely 
related regulatory mechanisms of angiogenesis, notch 
signaling has been demonstrated to be essential for 
the formation and maintenance of the vascular system 
in several genetic mouse systems36, 37. Notch signaling 
is a highly conserved pathway that is regulated by 
interactions between trans-membrane ligands and 

notch receptors. Recently, target prediction databases 
and literature searches highlighted that Jagged 1, one 
of the ligands of Notch receptors expressed in 
vasculature, is an additional target of miR-199b, and 
this finding was verified by demonstrating that 
miR-199b-5p serves as a miRNA suppressor of 
Jagged1 in ovarian cancer38, 39. In line with the above 
studies, our study found that overexpression of 
miR-199b-5p results in the enhancement of VEGFR2 
expression via inhibition of Jagged-1 mediated 
signaling. Molecularly, we further demonstrated that 
upregulation of VEGFR2 is probably regulated via 
HES1, a transcriptional suppressor involved in the 
maintenance of stem cells. This is the first evidence 
that Notch-mediated VEGFR2 upregulation is linked 
with miR-199b-5p, suggesting that miR-199b-5p 
participates in regulating angiogenesis in a highly 
differential manner through the Notch pathway. 

In conclusion, we demonstrated that 
iPSC-EC-Exo enriched with miR-199b-5p has a 
therapeutic functional effect on promoting profound 
angiogenesis in a mouse model bearing ischemic 
limbs. Mechanically, this modulation of angiogenesis 
is executed via miR-199b-5p-mediated VEGFR2 
overexpression (Figure 6). Given that exosomes 
moderate notch signaling in a paracrine manner 
through the transfer of miR-199b-5p, essentially 
regulating angiogenesis, here we provided the first 
evidence that exosomes derived from iPSC-ECs is a 
promising therapeutic approach for ischemic diseases. 
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