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AUTHOR'S SUMMARY

Direct cell reprogramming refers to the conversion of cell identity, without transition through 
an induced pluripotent state. Owing to the ability to directly reprogram into numerous cell 
types, this reprogramming strategy has received enormous attention for regenerative therapy. 
Particularly, direct reprogramming into functional endothelial cells, which are crucial for 
neovascularization and vascular regeneration, holds promising therapeutic potential for 
treating patients with ischemic cardiovascular diseases. This review provides a summary of 
the-state-of-art in direct endothelial reprograming strategies and highlights their potential 
applications. It also discusses key questions and challenges that will help guiding future 
research and development of this emerging area.

ABSTRACT

Cell-based therapy has emerged as a promising option for treating advanced ischemic 
cardiovascular disease by inducing vascular regeneration. However, clinical trials with adult 
cells turned out disappointing in general. As a newer approach, direct reprogramming 
has emerged to efficiently generate endothelial cells (ECs), which can promote 
neovascularization and vascular regeneration. This review provides recent updates on the 
direct endothelial reprogramming. In general, directly reprogrammed ECs can be generated 
by two approaches: one by transitioning through a plastic intermediate state and the other 
in a one-step transition without any intermediate states toward pluripotency. Moreover, 
the methods to deliver reprogramming factors and chemicals for the fate conversion are 
highlighted. Next, the therapeutic effects of the directly reprogrammed ECs on animal 
models are reviewed in detail. Other applications using directly reprogrammed ECs, such as 
tissue engineering and disease modeling, are also discussed. Lastly, the remaining questions 
and foremost challenges are addressed.
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INTRODUCTION

Cardiovascular disease (CVD) is the global leading cause of morbidity and mortality.1) 
Moreover, there are a great number of patients who suffer from ischemic CVD, such as 
myocardial infarction (MI) and peripheral artery disease. When conventional therapeutic 
options such as surgery, intervention and medication are exhausted, such patients have no 
other options but to undertake cardiac transplantation or lower extremity amputation.2-4) 
Accordingly, newer approaches have emerged to treat these diseases via biologically inducing 
neovascularization through gene therapy or cell therapy, resulting in re-establishment of 
functional blood vessels, proper blood perfusion and tissue repair. For inducing therapeutic 
neovascularization, supplying functional endothelial cells (ECs) has been a key element.

After general failure of clinical trials with adult cell therapy, pluripotent stem cells (PSCs) 
such as embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) have 
emerged as the beneficial sources of cell therapy for vascular regeneration. Since the early 
studies on human iPSCs (hiPSCs) reprogramming from somatic cells, the development 
of differentiation techniques to generate vascular cells for clinical application have been 
accelerated.5-8) Particularly, hiPSC-EC application in an ischemic murine model has shown 
the first step towards vascular regeneration. In addition, hiPSC-derived ECs have shown their 
potentials for stimulating neovascularization in vivo, resulting in the recovery of blood flow 
in animal models of ischemic CVDs.9-12) However, long-term culture to generate the full-
pluripotent state of iPSCs before EC differentiation and potential concerns for side effects 
associated with the use of pluripotent stem cells have delayed clinical development.

Successful use of transcription factors to reprogram into iPSCs hinted that more direct 
routes to lineage-specific cell fate conversion were possible. During this conversion, the 
pluripotent step is omitted. This novel approach is called “direct reprogramming” or 
“transdifferentiation.”13) In early 2010, mouse fibroblasts were directly reprogrammed into 
neurons by defined factors.14) In consequence of screening 19 candidates, they identified 
three transcription factors, which were sufficient to generate induced neurons (iNs) via 
a direct reprogramming strategy. Additionally, transdifferentiation of somatic cells into 
various cell types, such as cardiomyocytes (CMs), human blood progenitors, hepatocyte-
like cells, or human neurons was reported one after another within a year.15-19) Furthermore, 
direct reprogramming into vascular ECs from human somatic cells in order to promote 
neovascularization have also been demonstrated since early 2010s.20)21)

In this review, we summarize key studies on direct reprogramming into ECs. We highlight 
differences between the techniques performed in each study and categorize them into two 
subgroups by the cell fate change during the transition: direct reprogramming through 
partial-iPSCs or direct transdifferentiation (Figure 1). Moreover, key factors, delivery system, 
and chemicals supplements in culture media applied to promote EC transdifferentiation are 
summarized in the tables (Tables 1 and 2). We further describe the therapeutic applications of 
directly reprogrammed ECs in animal models and possible therapeutic applications.
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DIRECT REPROGRAMMING INTO ENDOTHELIAL CELL 
VIA PARTIAL-INDUCED PLURIPOTENT STEM CELLS
To challenge EC generation from somatic cells yet bypassing the pluripotent state, EC 
differentiation approach under the concept of direct reprogramming was first developed a 
decade ago. In 2012, Margariti et al.21) developed a method to generate ECs through partial-
induced pluripotent stem (PiPS) cells by introducing four reprogramming factors (OCT4, 
SOX2, KLF4 and c-MYC) to human fibroblasts and with subsequent culture in Endothelial 
Cell Growth Media-2 (EGM-2). They demonstrated that generated ECs, PiPS-ECs, exhibit 
EC-specific characteristics such as mRNA and protein marker expressions whereas PiPS 
cells did not form tumors in vivo 2 months after subcutaneous injection in severe combined 
immunodeficiency (SCID) mice. A year later, Kurian et al.22) reported a mesodermal 
progenitor cell differentiation method, in which somatic cells transit through a plastic 
intermediate state. They converted human fibroblasts into plastic state cells, then CD34+ 
mesodermal progenitor cells to further differentiate into endothelial and smooth muscle 
lineages. They transduced four reprogramming factors (OCT4, SOX2, KLF4 and c-MYC) 
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Figure 1. Schematic of direct endothelial reprogramming. Somatic cells can be reprogrammed into iPSCs, 
which possess the full pluripotent state, and be differentiated into ECs with lineage-specific factors. In direct 
reprogramming, somatic cells can be transdifferentiated into ECs via two different processes: (a) transit through 
a plastic state or (b) direct conversion. In (a), brief exposure to reprogramming factors followed by conditioned 
media allows the somatic cells to be converted into ECs without achieving the pluripotency. In (b), introduction 
of endothelial lineage-specific transcription factors and small molecules allows the somatic cells into ECs. 
EC = endothelial cell; iPSC = induced pluripotent stem cell.

Table 1. Endothelial reprogramming via partial-iPSC
Reprogrammed 
cell name Source cell type Reprogramming factors Delivery method Reprogramming culture 

condition
Culture 

duration Reference

PiPS-EC Human 
fibroblast

OCT4, SOX2, KLF4, and c-MYC Lentivirus infection or 
plasmid transfection

EGM-2 10–14 days Margariti et al., 
Proc Natl Acad Sci 
U S A (2012)21)

iEC (via 
angioblast-like 
progenitor cell)

Human 
embryonic 
and neonatal 
fibroblast

4 Factors/miRs: OCT4, SOX2, KLF4, 
c-MYC, miR302, and miR367

Retroviral infection 
or episomal 
nucleofection

MIM: Insulin, transferrin, 
bFGF, VEGF, BMP4, and MTG

24 days Kurian et al., Nat 
Methods (2013)22)

6 Factors/miR: OCT4, SOX2, KLF4, 
LMYC, LIN28, shP53, miR302, and 
miR367

EC media: EGM-2

iEnd Human 
neonatal 
fibroblast

OCT4 and KLF4 Lentiviral infection EC Media I: BMP4, VEGF, and 
bFGF

28 days Li et al., 
Arterioscler 
Thromb Vasc Biol 
(2013)23)

EC Media II: 8-Br-cAMP, VEGF, 
bFGF, and SB431542

EGM-2 = Endothelial Cell Growth Medium-2; iEC = induced endothelial cell; iEnd cell = induced endothelial cell; iPSC = induced pluripotent stem cell; MIM = 
mesodermal induction medium; miRs = microRNAs; MTG = 1-Thioglycerol; PiPS-EC = partial-induced pluripotent stem cell-derived endothelial cell; shP53 = p53 
short hairpin RNA.



in combination with two microRNAs (miRNAs), miR302 and miR367, using a retrovirus. 
Alternatively, they transfected human fibroblasts with six reprogramming factors (OCT4, 
SOX2, KLF4, LMYC, LIN28 and p53 short hairpin RNA (shP53) with the two miRNAs using 
episomal plasmids. They cultured the cells for eight days to first induce a plastic state 
before mesodermal reprogramming. They transferred the intermediate cells in mesodermal 
induction medium (MIM) and cultured for eight more days, followed by endothelial 
differentiation in EGM-2 for another eight days. Although the converted ECs acquired 
characteristics of primary ECs, such as gene expression and DNA methylation profiles, they 
noted that residual expression of the transgenes especially with retroviral transduction was 
detectable. On the other hand, episomal vectors were rapidly cleared in the differentiated ECs 
and expression of the pluripotency markers TRA-1-60 and TRA-1-81 was undetectable even 
after the plastic state induction. Additionally, Li et al.23) promoted an induction of ECs from 
human neonatal fibroblasts, which were transduced with only two reprogramming factors, 
OCT4 and KLF4, then cultured in chemically defined media for 28 days before EC-specific 
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Table 2. Direct endothelial reprogramming with lineage-specific factors
Reprogrammed 
cell name Source cell type Key factors 

(chemicals)
Delivery 
method Culture condition Culture duration Reference

rAC-VEC Human amniotic 
fluid-derived cell

ETV2, FLI1, and 
ERG1 (SB431542)

Lentiviral 
infection

EM: SB431542, EC supplement, and 
Heparin

28 days Ginsberg et al., Cell 
(2012)20)

iEC Mouse skin and tail-
tip fibroblast

Etv2, Foxo1, Klf2, 
Tal1 and Lmo2

Lentiviral 
infection

EBM-2 12 days Han et al., Circulation 
(2014)24)

iEC* Human neonatal 
dermal fibroblast

(Poly I:C) Chemical 
stimulation

Activation of innate immunity: Poly I:C 7 days + 7 days + 
14 days and more

Sayed et al., 
Circulation (2015)37)Transdifferentiation medium I: bFGF, 

VEGF, and BMP4
Transdifferentiation medium II: EGM-
2, bFGF, VEGF, BMP4, and 8-Br-cAMP
After sorting: EGM-2 and SB431542

ETVEC Human adult 
fibroblast

ETV2 (VEGF and 
bFGF)

Lentiviral 
infection

EGM-2, VEGF, and bFGF 25 days (beyond 
50 days)

Morita et al., Proc 
Natl Acad Sci U S A 
(2015)25)

iEC Human neonatal 
fibroblast

ETV2, FLI1, GATA2, 
and KLF4 (BMP4, 
VEGF, bFGF, and 
SB431542)

Lentiviral 
infection

Differentiation medium: BMP4, VEGF, 
and bFGF

3 days + 25 days Wong and Cooke, J 
Tissue Eng (2016)26)

EC growth medium: EGM-2 MV and 
SB431542

rEC (early vs. 
late)

Human dermal 
fibroblast

ETV2 (VEGFA and 
VPA)

Lentiviral 
infection

Early rEC: EGM-2 and VEGFA 7 days for early 
rEC and 3 months 
for late rEC

Lee et al., Circ Res 
(2017)27)Late rEC: EGM-2, temporal treatment 

of VPA, and VEGFA
EiEC Human adipose-

derived stem cell 
and human umbilical 
mesenchymal stem 
cells

ETV2 (SB431542, 
VEGF, bFGF, and 
EGF)

Lentiviral 
infection

EIM: Insulin, ascorbic acid, Heparin, 
VEGF, bFGF, EGF, SB431542, 
CHIR99021 and BMP4

10 days (up to 2 
months)

Cheng et al., Stem Cell 
Res Ther (2018)28)

EMM: SB431542, VEGF, bFGF, and EGF

iEC Human embryonic 
lung fibroblast

DKK3 (VEGF) Adenoviral 
infection

EGM-2 and VEGF 10 days or more Chen et al., 
Arterioscler Thromb 
Vasc Biol (2019)29)

Fsk-iEC Human fibroblast and 
UCB-MSC

ETV2 (forskolin) Lentiviral 
or retroviral 
infection

EGM-2 and Forskolin 14 days Kim et al., Mol Ther 
(2020)30)

iVEC Human dermal 
fibroblast

ETV2 Retroviral 
infection

EGM-2 MV N/A Bersini et al., Elife 
(2020)31)

iEC Human adult dermal 
fibroblast

ETV2, KLF2 and 
TAL1 with siTWIST1 
(rosiglitazone)

Lentiviral 
infection

1st stage: EGM-2 MV and 
rosiglitazone

4 weeks + 2 weeks Han et al., 
Biomaterials (2021)32)

2nd stage: EGM-2 MV
EBM-2 = Endothelial Cell Growth Basal Medium-2; EC = endothelial cell; EGM-2 MV = Microvascular Endothelial Cell Growth Medium-2; EiEC = ETV2-induced 
endothelial cell; EIM = endothelial induction medium; EM = endothelial growth media; EMM = endothelial maintenance medium; Fsk = forskolin; iEC = induced 
endothelial cell; iEnd cell = induced endothelial cell; iVEC = induced vascular endothelial cell; N/A = not applicable; PiPSC-EC = partial-induced pluripotent stem 
cell-derived endothelial cell; rAC-VEC = reprogrammed amniotic fluid-derived cell-vascular endothelial cell; rEC = reprogrammed endothelial cell; siTWIST = small 
interfering RNA of TWIST1; UCB-MSC = umbilical cord blood-derived mesenchymal stem cell; VEGF = vascular endothelial growth factor; VPA = valproic acid.
*Chemically driven direct reprogramming towards ECs.



marker selection. They noted that the conversion was a gradual process bypassing iPSC 
generation, confirmed with the lack of iPSC-specific marker expression and the induction 
of EC-specific markers at mRNA, protein and histone modification levels. To enhance the 
efficiency, they included bone morphogenetic protein 4 (BMP4), transforming growth factor 
(TGF)-β superfamily of proteins, in the media only for early 7 days then sequential treatment 
with cAMP-dependent protein kinase A (8-Br-cAMP) for 7 days and a TGF-β receptor 
inhibitor (SB431542) for another 14 days. They validated that induced endothelial (iEnd) cells 
displayed EC characteristics in vitro and in vivo comparable to primary human ECs.

Together these studies demonstrated that a brief introduction of two or more reprogramming 
factors in somatic cells, such as embryonic and neonatal fibroblasts, allowed a direct 
endothelial conversion while simultaneously preventing a significant expression of definite 
pluripotency markers. Elaborately, however, these procedures still involve pluripotency 
reprogramming factors to induce the partially pluripotent stem cell state. Endothelial 
differentiation in this process is promoted by the culture media including growth factors and 
small molecules and cell culture matrices.

DIRECT REPROGRAMMING INTO ENDOTHELIAL CELL 
WITH LINEAGE-SPECIFIC FACTORS
More straightforward direct reprogramming strategy was developed by introducing lineage-
specific transcription factors into the somatic cells instead of general reprogramming 
factors. Ginsberg et al.20) described that direct reprogramming of human amniotic fluid-
derived cells (ACs) into vascular ECs was feasible by transient expression of ETV2 and co-
expression of FLI1 and ERG1 in combination with TGF-β pathway inhibition. They observed 
that the reprogrammed vascular ECs, rAC-VECs, are durable, highly proliferative, and able to 
form tube-like structure during liver regeneration in vivo. Clearly, the source cell they used, 
ACs, were negative for OCT4, SOX2 and NANOG expression before endothelial conversion, 
bypassing a pluripotent step. Unfortunately, this pioneering method of direct reprogramming 
was not valid with postnatal fibroblasts. In another study, Han et al. separately screened 11 
candidates of EC lineage transcription factors and demonstrated that lentiviral transduction 
of five transcription factors, Etv2, Foxo1, Klf2, Tal1 and Lmo2, into adult mouse dermal 
fibroblasts led to direct conversion into ECs, referred to as induced endothelial cells 
(iECs).24) They validated the function of iECs in vitro and in vivo. This strategy did not involve 
pluripotency induction because Oct4 and Nanog were undetectable in their cells during the 
reprograming. Nevertheless, this endothelial conversion with the five factors was not effective 
for all cell types, such as bone marrow mononuclear cells. Indeed, direct reprogramming was 
shown with mouse dermal fibroblasts only. In another study, Morita et al.25) also screened 
18 transcription factors and found that a single factor ETV2 is sufficient for endothelial 
transdifferentiation both from human neonatal and adult skin fibroblasts. Transient 
expression of ETV2, in the aid of endogenous FOXC2, promotes direct reprogramming of 
fibroblast into ECs via FOX:ETS motif interactions and enhance FLI1 and ERG1 expression 
for further EC conversion. This group demonstrated that basic fibroblast growth factor 
(bFGF) and vascular endothelial growth factor (VEGF) supplemented in EGM-2, improved 
the efficiency of the ETV2-mediated direct reprogramming and proliferation of these 
converted ECs. This study, however, lacks the downregulation of ETV2 after reprogramming 
and referred to these cells as ETVECs. In parallel, another screening was also performed by 
Wong and Cooke demonstrating that transduction of four factors, ETV2, FLI1, GATA2, and 
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KLF4, successfully reprogrammed human fibroblasts toward ECs.26) They confirmed that 
ETV2 is the most critical factor in the combination. Removing ETV2 substantially reduced 
PECAM1 expression in the directly reprogrammed cells. In fact, Lee et al.27) most clearly 
reported that ETV2 is the master regulator of the direct reprogramming into ECs and it alone 
is sufficient for the process. Their study emphasized that transient expression of ETV2 in 
human fibroblasts is critical for efficient conversion of human fibroblasts into reprogrammed 
ECs (rECs), which, like human mature ECs, do not constantly express ETV2. In addition, they 
generated two types of rECs, early and late rECs, depending on the maturity levels. After initial 
ETV2 transduction, KDR+ cells were sorted at day seven, which were called early rECs. After 
another round of overexpression of ETV2 in early rECs after 2 weeks and further culture for 
3 months resulted in more efficient and stable rEC generation, referred to as late rECs. Both 
types of rECs exhibited similar neovascularization and vascular regenerative effects, while 
late rECs have more mature EC characteristics including higher PECAM1 expression. Another 
study by Cheng et al. reported that human adipose-derived stem cells can also be directly 
reprogrammed into ECs via short-term ETV2 expression and TGF-β inhibition.28) However, 
their transdifferentiation protocol includes two-stage induction steps, comprising many 
small molecules of angiogenic growth factors, modulators for signaling pathways in addition 
to human insulin and ascorbic acid. With the ETV2-induced endothelial cells (EiECs), they 
showed 60-day-expandability with normal karyotypes and human EC (HUVEC)-like molecular 
features via microarray analysis. Chen et al.29) converted human embryonic lung fibroblasts 
into functional ECs. They demonstrated that participation of mesenchymal-to-epithelial 
transition (MET), activated by DKK3 overexpression, stimulated KDR expression under a 
defined condition through miR-125a-5p/Stat3 axis pathway. Recently, Kim et al.30) provided 
molecular mechanism underlying transdifferentiated ECs with via RNA-seq and ChIP-seq 
analyses. Moreover, they showed that forskolin treatment facilitates the direct reprogramming 
efficiency, by stimulating cAMP signal transduction, with stronger effects than 8-Br-cAMP 
and 8-CTP-cAMP, which are cAMP analogs. Furthermore, they examined therapeutic effects 
not only in the ischemic hindlimb model but also in rat liver scaffold to validate long-term 
effects. Intriguingly, Bersini et al.31) generated induced vascular endothelial cells (iVECs) and 
smooth muscle cells (iSMCs) via direct reprogramming of fibroblasts donated from young 
(19- to 30-year-olds) and old (62- to 87-year-olds) healthy individuals and Hutchinson-Gilford 
Progeria Syndrome (HGPS) patients.31) Unfortunately, they only monitored transcriptomic and 
functional differences of iSMCs between healthy donors and HGPS patients but not iVECs. 
More recently, Han et al.32) demonstrated direct conversion of human fibroblast into functional 
ECs by lentiviral transduction of 3 transcription factors, ETV2, KLF2, and TAL1 in combination 
with EMT inhibitors, siTWIST1 and Rosiglitazone treatment, and second-stage culture for two 
more weeks. Importantly, the authors scrutinized all possible EC characteristics with the iECs, 
which are defined by CDH5+PECAM1+ double-positive cells. Interestingly, it was discussed that 
their source cell, adult fibroblasts, that are less plastic than amniotic cells or neonatal dermal 
fibroblasts that were used by other groups, required longer duration of ETV2 expression.

Altogether, studies have demonstrated that ETV2 is the master regulator of EC-lineage 
induction and that its transient expression is sufficient for direct reprogramming into 
ECs. Furthermore, all the studies mentioned above aimed to enhance the reprogramming 
efficiency by adding other transcription factors, growth factors, small molecules, and 
regulators of signal transduction and histone modification.
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VEHICLES TO DELIVER DIRECT-REPROGRAMMING 
FACTORS
Most of the reprogramming studies involve a viral transfection approach to promote ectopic 
expression of the key reprogramming factors in somatic cells (Tables 1 and 2). Retroviral, 
lentiviral, adenoviral, and adeno-associated viral (AAV) vectors have been shown for the 
efficient gene transfer. For example, Ginsberg et al.20) cloned ETV2, ERG1 and FLI1 cDNAs 
into lentivirus vector for direct endothelial reprogramming. After the viral infection, they 
observed adequate levels of corresponding mRNAs and proteins in transduced ACs for 
several months. Moreover, the transduction, especially with ETV2, led to a robust induction 
of EC marker expressions and a rapid increase in cell numbers compared to untransduced 
cells. Kim et al. induced direct reprogramming of ECs from fibroblasts and umbilical 
cord blood-derived mesenchymal stem cells (UBC-MSC) with lentivirus and retrovirus, 
respectively.30) On the other hand, to avoid genome integration caused by the application 
of retroviral or lentiviral transduction, recent studies employ more with adenovirus and 
AAV as the delivery system. For example, Chen et al.29) used adenoviral vectors to introduce 
DKK3 in human embryonic lung fibroblasts. They reported that transient expression of DKK3 
facilitated by adenovirus infection, activated KDR, a marker of ECs. Currently, there is no 
research reported for AAV use for direct endothelial reprogramming, yet the feasibility has 
been verified with direct reprogramming of other target cells. Rezvani et al.33) showed in vivo 
hepatic reprogramming of myofibroblast using AAV6 vectors expressing hepatic transcription 
factors. Altogether, multiple studies have shown that virus-mediated transduction of desired 
genetic material into human somatic cells is very effective. However, viral delivery systems 
generally have issues associated with cytotoxicity, immunogenicity, and carcinogenicity in 
addition to host-genome mutagenesis and cargo capacities.

On the other hand, nonviral gene delivery systems have emerged to overcome these hurdles 
of virus-mediated approaches. For the generation of human iPSCs, Yamanaka’s group has 
replaced retroviral- or lentiviral-mediated transduction system with nonviral repeated 
transfection methods using two genetically engineered plasmids.34) Thomson’s group also 
demonstrated that a single transfection with non-integrating episomal vectors can induce 
reprogramming of human foreskin fibroblasts.35) Indeed, they verified that the reprogrammed 
cells were completely free of transgene and vector sequences after the episomes are removed. 
Likewise, Kurian et al.22) established non-genome-integrative approach to introduce tissue-
specific transcription factors to somatic cells in order to initiate the direct conversion of ECs 
through partial iPSC status. They transduced 4 transcription factors by retroviral infection 
or 6 factors by episomal nucleofection. It required 8 days to generate a plastic intermediate 
state in both procedures. Very recently, Cho et al.36) reported that they successfully generated 
reprogrammed cardiovascular tissue (rCVT), comprising reprogrammed cardiomyocytes 
(rCMs), rECs, and reprogrammed smooth muscle cells (rSMC), by transfecting mouse 
fibroblasts with synthetic miRNA mimics, miR-208b-3p. They used lipid-based transfection 
methods to generate reprogrammed cells and tissues in combination with ascorbic acid 
and BMP4 in the culture media. Thus, it is clear that the overexpression of lineage-specific 
transcription factors or small RNAs is achievable via various transfection techniques, such 
as episomal plasmid nucleofection, liposome or polymer carriers. However, low transfection 
efficiency of episomal electroporation or instability of desired genetic materials, such as 
mRNA and miRNAs, is another hurdle. Thus, more efficient and safer nonviral gene carrier, 
such as nanoparticles or purified recombinant proteins need to be further developed.
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CHEMICALLY DRIVEN DIRECT REPROGRAMMING 
TOWARD ENDOTHELIAL CELL
Small molecules have been frequently used to enhance transdifferentiation efficiency in 
combination with growth factors in the cell culture media following transgene introduction 
in somatic cells.20)23)26-28)30)32) For example, Ginsberg et al.20) included SB431542 in EC 
growth media after lentiviral transduction of ETV2, FLI1 and ERG1. Li et al.23) also used 
SB431542 and 8-Br-cAMP together with VEGF and bFGF to induce iEnd cells after lentiviral 
transduction of OCT4 and KLF4. Lee et al.27) temporally treated valproic acid (VPA) at the 
second ETV2-induction period for the generation of late rEC. In other studies, forskolin or 
rosiglitazone was added in their culture media after viral transduction of lineage-specific 
transcription factors.30)32) At present, only one study demonstrated that ECs could be 
generated by pure use of small molecules without exogenous gene overexpression. Sayed et 
al.37) demonstrated a direct endothelial-fate conversion of human fibroblasts with sequential 
administration of small molecule cocktails. To activate innate immunity, they first treated 
poly I:C, as a TLR3 agonist, to human fibroblasts for 7 days. Next, they cultured these cells 
in transdifferentiation medium I, containing bFGF, VEGF, and BMP4, for another seven 
days. Then, they treated the cells with transdifferentiation medium II, an EGM-2 medium 
supplemented with bFGF, VEGF, BMP4 and 8-Br-cAMP, for additional two weeks. Finally, 
after PECAM1+ cell sorting, they maintained the iECs, in EGM-2 with SB431542. Moreover, 
they verified that the transcriptome profile of iECs was comparable to that of human 
microvascular endothelial cells (HMVECs). Their findings suggested that innate immunity 
stimulated global changes in transcriptome and epigenome and this signaling was crucial for 
the direct cell-fate conversion into ECs. However, the transdifferentiation efficiency with this 
strategy was low with a yield of about 2%.

SOMATIC CELL SOURCES FOR DIRECT ENDOTHELIAL 
REPROGRAMMING
While directly reprogrammed ECs can be served as the source cells for vascular regeneration, 
the various somatic source cell types to transdifferentiate into ECs must be considered before 
clinical development of manufacturing. For instance, human fibroblasts are commonly 
used in the studies described above (Tables 1 and 2). However, one should distinguish 
fetal, neonatal, or adult fibroblasts to use because the transdifferentiation efficiency may 
differ between them. Moreover, Ginsberg et al.20) used human ACs noting that they are an 
ideal source of genetically diverse nonvascular cells. However, cryopreserved ACs are not 
amenable for an autologous approach and their approach could not convert adult somatic 
cells. They discussed, for the inadequacy of their protocol for adult cells, that ACs express 
FOXC2 to partner with ETS element and that midgestational ACs hold a plastic chromatin 
state, permitting transcriptional reprogramming towards ECs. In addition, somatic stem 
cells may be used for direct reprogramming. Cheng et al.28) used human adipose-derived 
stem cells and human umbilical mesenchymal stem cells to induce direct endothelial 
reprogramming. Li et al.38) demonstrated that EC transdifferentiation via ETV2 transduction 
is feasible with human dental pulp stem cells. Both groups confirmed that these generated 
cells showed EC-specific markers at both mRNA and protein levels, and were functionally 
competent in vitro. Furthermore, other somatic cell types, such as blood and urine cells, can 
also be employed as possible sources for direct endothelial reprogramming, inferred from 
other transdifferentiation studies.39-41) For instance, urine cells are directly reprogrammed 
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into hepatocytes, neural or skeletal muscle cells.42-44) In addition, mouse and human direct 
reprogramming studies have employed hepatocytes, astrocytes, umbilical cord blood cells, 
epithelial cells, and other cell types to transdifferentiate them into desired target cell types.45) 
Considering the fact that reprogramming efficiency and the yield are major concerns in 
clinical application, appropriate selection and sufficient acquisition of human source cells in 
non-invasive and cost-effective manner are critical.

THERAPEUTIC APPLICATIONS USING DIRECTLY 
REPROGRAMMED ENDOTHELIAL CELLS
Thus far, at least three potential applications were suggested for directly reprogrammed 
ECs such as cell-based therapy, tissue engineering, and disease modeling (Figure 2). One of 
the most promising applications is to transplant or inject directly reprogrammed ECs into 
ischemic tissues to induce vascular regeneration. This cell-based therapy aims for formation 
of new blood vessels (neovascularization) in the ischemic regions, thereby re-establishing 
a functional vasculature and restoring blood perfusion and vascular function. Thus, the 
feasibility and efficacy of directly reprogrammed ECs for vascular regeneration have been 
investigated in various animal models.

Ginsberg et al.20) demonstrated the vessel-forming properties of directly reprogrammed ECs 
in mice that have undergone partial hepatectomy. At 3 months after surgery, rAC-VECs were 
successfully engrafted and colocalized with the liver sinusoidal vessels that were perfused 
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Figure 2. Applications of directly reprogrammed EC. Directly rECs can be used for therapeutic applications, including 
cell-based therapy, tissue engineering, and disease modeling and potential drug screening and development. 
EC = endothelial cell.



with isolectin B4, suggesting incorporation of these cells into the host vasculature. However, 
the animal model used by Ginsberg et al.20) only provided the in vivo behavior of rAC-VECs, 
but not their therapeutic effects. Henceforth, groups of investigators have utilized animal 
models of hindlimb ischemia to show the therapeutic effects of directly reprogrammed ECs. 
For one, Margariti et al.21) showed that intramuscular injection of PiPS-ECs improved blood 
flow in the ischemic hindlimbs as monitored by laser Doppler perfusion imaging (LDPI). 
In the PiPS-EC-injected ischemic tissues, blood capillary density was also significantly 
increased. This study showed the regenerative effects of PiPS-ECs. Similarly, Li et al.23) 
intramuscularly injected iEnd cells into the ischemic hindlimbs and conducted serial imaging 
with LDPI up to 14 days. Blood flow recovery and capillary density were enhanced in the iEnd 
cell-injected ischemic tissues. Of note, a second injection of iEnd cells into the ischemic 
hindlimbs were additionally carried out at seven days post-surgery, as their previous results 
showed enhanced blood perfusion in the repeatedly injected hindlimbs.9) Han et al.24) also 
demonstrated the therapeutic effects of iECs on a mouse model of hindlimb ischemia. 
When intramuscularly injected into the ischemic hindlimbs, iECs promoted the recovery 
of blood flow to ischemic hindlimbs and higher capillary density. Gross examination of the 
ischemic hindlimbs showed that mice that received iECs recovered well with reduced limb 
loss or necrosis. Histological analysis further showed that transplanted GFP-prelabelled 
iECs were colocalized with the Griffonia (Bandeiraea) Simplicifolia Lectin I (GSL I or BSL 
I)-perfused capillaries. However, only a fraction of transplanted iECs were incorporated 
into the microvasculature, even though these generated iECs were of murine origin. Sayed 
et al.37) determined the capacity of iECs for vascular regeneration in a mouse model of 
hindlimb ischemia. In accordance with their previous studies,9)23) Sayed et al.37) administered 
a second injection of iECs at 10 days post-surgery and enhanced blood flow and capillary 
density in the ischemic tissues. As a result, there was no considerable limb loss, but with 
the exception of discoloration of the toenails. Using the same animal model, Morita et al.25) 
also intramuscularly injected ETVECs, which not only showed better perfusion recovery but 
also protected ischemic hindlimbs from necrosis. At the histological level, Morita et al.25) 
demonstrated that ETVECs were able to survive and form functional perfused vasculature 
in vivo. While these studies20)21)23-25)37) revealed the capacity of directly reprogrammed ECs 
to rebuild blood vessels and restore vascular function in the ischemic regions, groups of 
investigators only looked at their short-term effects, which were up to 14 days. The study 
by Lee et al.27) was the only one to perform serial LDPI and to monitor the vessel-forming 
capacity of rECs in a mouse model of hindlimb ischemia up to 28 days. Injected rECs 
were incorporated into the host vessels and improved neovascularization of the ischemic 
hindlimbs. Kim et al.30) also showed that Fsk-iECs improved recovery of blood flow in 
ischemic hindlimbs. Transplanted Fsk-iECs were able to retain their angiogenic potential in 
vivo, enhancing vessel density. Recently, Cho et al.36) determined the therapeutic potential 
of rECs in a mouse model of experimental MI. Since Cho et al.36) simultaneously generated 
three types of cardiovascular cells (CMs, SMCs, and ECs) together with extracellular matrix 
by a direct reprogramming approach, the extent to which rECs alone exerted favorable 
therapeutic effects on acute MI remains to be elucidated. However, transplanted rECs 
from three-dimensional tissue-like structures not only were migrated in the host infarcted 
hearts but also newly formed blood vessels. These vessels formed by rECs were functional 
as determined by their colocalization with the BSL I-perfused vessels. Furthermore, Cho et 
al.36) showed that these rEC-incorporated vessels contained red blood cells, suggesting their 
connections to the systemic circulation. In summary, directly reprogrammed ECs have the 
capacity to restore vascular function to ischemic tissues in animal models. Thus, a readily 
available source of directly reprogrammed ECs has enormous therapeutic potential.
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An alternative approach to induce vascular regeneration in the ischemic regions is to utilize 
directly reprogrammed ECs as a cell source for vascular tissue engineering. In particular, 
tissue-engineered vascular grafts using directly reprogrammed ECs have been developed to 
mimic the host vasculature. To date, there have been two groups of investigators. Margariti et 
al.21) were the first group to seed PiPS-ECs onto decellularized vessel scaffolds in a constructed 
bioreactors in which shear stress was applied. These PiPS-ECs in the tissue-engineered vessels 
showed the ability to mimic the architecture of a native blood vessel. Similarly, Chen et al. used 
decellularized mouse aortic grafts to allow iECs to attach and culture in an ex vivo circulation 
bioreactor system.29) The iEC-reconstructed vascular grafts were native vessel-comparable, 
forming the most inner layer with iECs and multiple outer layers of SMCs. Lastly, Kim et al.30) 
produced the Fsk-iEC-seeded scaffolds, which were derived from the acellular rat livers, in a 
customized bioreactor perfusion system. These Fsk-iECs successfully surrounded the vessel 
lumen of the scaffolds as determined by immunostaining with BSL I, CDH5, and CLDN5, 
maintaining their endothelial characteristics in tissue-engineered constructs. These tissue-
engineered vascular grafts using directly reprogrammed ECs have provided blood vessel wall 
stability and integrity to a high level.

Another promising application using directly reprogrammed ECs in vitro is to model 
human diseases in a culture dish. To date, this “disease-in-a-dish” approach has been 
mostly practiced with human hiPSCs, as patient-specific iPSCs possess the inherited genetic 
disorders and genetic background.46)47) Specifically, ECs differentiated from patient-specific 
iPSCs have been proactively used to model a handful of CVDs, such as pulmonary arterial 
hypertension,48-50) calcified aortic valve disease,51) hemophilia A,52) and atrioventricular 
septal defects.53) These studies demonstrated that patient-specific iPSC-ECs could display 
a diseased EC phenotype. Although the hiPSC technology shed fascinating insights on the 
mechanisms of CVDs in a patient- and disease-specific fashion, it poses a major limitation 
for modeling age-related diseases. The reprogramming of somatic cells into iPSCs globally 
changes the epigenetic state of the cell, resetting the age of the initial somatic cell donor.54)55) 
Conversely, direct reprogramming using human fibroblasts circumvents such limitation, 
preserving the transcriptional aging signature of the initial somatic cell donor. Bersini et 
al.31) generated iVECs by isolating dermal fibroblasts from human young and elderly donors. 
While there were only a few differentially expressed genes identified between human young 
and elderly donors, the iVEC from elderly donors were functionally different from young 
donors as demonstrated by the compromised vascular permeability in vitro. Interestingly, 
Lee et al.27) were able to generate two types of rECs: early and late rECs. The study suggested 
that the late rECs showed features of more mature ECs, mimicking HUVEC and HMVEC 
while the early rECs could be more suitable for cell-based therapy. Therefore, these late rECs 
could be utilized to investigate the mechanisms of vascular diseases. Accordingly, the use of 
directly reprogrammed human ECs, while preliminary, may serve as an invaluable tool for the 
understanding of human CVDs.

REMAINING QUESTIONS AND CHALLENGES

Direct endothelial reprogramming is a viable strategy providing researchers not only to efficiently 
produce functional ECs for therapeutic purposes but also to accelerate the development of disease 
models for CVDs. However, many questions and technical challenges remain to be answered and 
overcome before directly reprogramed ECs can be extensively applied.
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One major limitation in clinical application of directly reprogrammed ECs is the use 
of viral vectors for the delivery of reprogramming factors. These viral vectors, such as 
lentiviral20)21)23-25)27)56) and retroviral vectors,22) integrate into the genome of the host cells, 
causing insertional mutagenesis.57) This risk of mutagenesis has been highlighted by the 
induction of malignant phenotypes in the host cells by these viruses.58)59) Alternatively, non-
integrating viral vectors, such as adenoviral and AAV vectors, can be employed. One study 
reported that transduction with adenoviral vector expressing DKK3 is sufficient to directly 
reprogram human embryonic lung fibroblasts into functional ECs.29) However, there are 
not enough studies on direct reprogramming into ECs by using these non-integrating viral 
vectors, questioning the feasibility of these viral gene delivery systems. The use of modified 
mRNA (modRNA) is currently an attractive alternative. Two recent studies by Suknuntha et 
al.60) and Wang et al.61) showed that hiPSCs could be differentiated into ECs by the delivery of 
modRNA expressing ETV2. Thus, modRNA encoding ETV2 may directly reprogram somatic 
cells into ECs, even though the short half-life and bioavailability of mRNAs should be taken 
into consideration.

Evidently, transplantation of directly reprogrammed ECs has been shown to enhance 
neovascularization and improve tissue perfusion in animal models of CVD. Nonetheless, 
concerns over cell engraftment, retention, and survival in the ischemic tissues remain 
unanswered. For one, most of adult stem cells injected into the ischemic hearts disappeared 
within a month.62)63) Likewise, groups of investigators showed low viability and survival of 
ECs differentiated from hiPSCs after 28 days in a mouse model of hindlimb ischemia.9)11)12) 
Pairing with biomaterial-based approaches should be considered to overcome low viability 
and survival of directly reprogrammed ECs in vivo, which have already been applied with 
generated cardiac-specific cell types.64) Such concerns await further investigation for directly 
reprogrammed ECs as well. In addition, the long-term fate of directly reprogrammed 
ECs in vivo was not addressed to determine whether transplanted ECs could manifest the 
expected characteristics of a bona fide EC (discussed in detail by our recent review65)). These 
transplanted directly reprogrammed ECs might display EC subtype heterogeneity, expressing 
arterial, venous, or even lymphatic lineage markers.66)67) Hence, further specification of EC 
subtypes need to be addressed in vivo. Of note, as most of these ECs injected into animal 
models were generated by virus-mediated gene delivery, it raises safety concerns, such as 
immune response and risk of tumorigenicity.20)21)23-25)27)37)

There are also challenges that have hampered the application of directly reprogrammed ECs 
for disease modeling. For one, this “disease-in-a-dish” approach is heavily dependent on 
the quality of ECs. Therefore, it is essential not only to provide a detailed characterization 
of directly reprogrammed ECs but also to demonstrate whether these cells faithfully mimic 
their in vivo counterparts. Further studies at the single-cell level are warranted to better 
understand the similarities and differences between directly reprogrammed ECs and human 
ECs. In addition, to model and understand CVD, EC heterogeneity should be taken into 
account, as ECs display remarkable heterogeneity depending on their localization on the 
vessels and tissues.66-68) Together, further investigation is required to reduce these variations 
to gain a better understanding of human CVDs.
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CONCLUSION

Direct endothelial reprogramming of somatic cells has opened up new opportunities 
for both clinical application and disease modeling. Over the last decade, several groups 
developed novel methods to directly reprogram somatic cells into ECs, which have not 
only displayed enriched EC characteristics but also possessed the regenerative potential in 
animal models of CVDs. By avoiding pluripotency state, this direct reprogramming strategy 
could avoid potential side effects. Owing to the procedural simplicity and reasonable 
reprogramming efficiency in viral transduction methods, this technology has a potential 
to become a clinically viable strategy for treating ischemic CVDs via simple cell therapy or 
combination with tissue engineering technologies. As yet, multiple questions remain to be 
determined regarding the application of directly reprogrammed, including the development 
of appropriate vectors, their cell characteristics in vitro, and the short- and long-term fate of 
the cells in vivo including any potential side effects. Notwithstanding, this direct endothelial 
reprogramming strategy holds great promise for treating CVD and disease modeling.
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