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Abstract

Purpose of Review—Methods to isolate endothelial cells from murine and human pluripotent 

stem cells continue to evolve and increasingly diverse endothelial cell populations have been 

generated. This review provides an update of key papers published within the past year that report 

on some of those advances.

Recent findings—Cooperative interactions among microRNA (miRNA), transcription factors, 

and some downstream interacting proteins have been reported to enhance endothelial specification 

from embryonic stem cells (ESC) and induced pluripotent stem cells (iPSC). Endothelial cell 

differentiation can also be modulated by various growth factor additions, Notch pathway 

activation or inhibition, and modulation of the microenvironment of the differentiating ESC and 

iPSC. Functionality of the derived endothelium has been demonstrated by a variety of in vitro and 

in vivo assays. Finally two recent reports have identified endothelial progenitor populations with 

robust proliferative potential.

Summary—Progress in differentiating endothelial cells from ESC and iPSC has been made. The 

recent report of formation of endothelial colony forming cells from human ESC and iPSC 

provides a protocol that can generate clinically relevant numbers of cells for human cell therapy.
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Introduction

Endothelial cells (EC) line the blood vessels that are diversified from simple capillaries 

formed by single EC into large multi-layered and multi-cellular conduit vessels in the 

arterial, venous, and lymphatic systems. A greater appreciation of the tissue heterogeneity of 

EC within specific tissues and organs has been achieved through some seminal publications 

that highlight specific angiocrine factors in modulating tissue functions [1–3]. As the 

transcriptional profiles and cell and tissue specific patterns of gene expression regulating 
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cell function become more clarified, targeted profiles for tissue specific EC phenotypes have 

become of interest for scientists generating EC from murine and human embryonic stem 

cells (ESC) and induced pluripotent stem cells (iPSC). Several recent reviews have 

highlighted potential heterogeneities in the EC derived from ESC and iPSC [4–7]. This 

review will focus on some recent advances in generating EC from murine and human ESC 

and iPSC published within the past 12 months.

Studies with murine ESC or iPSC

In general, EC are derived from differentiating ESC and iPSC via 3 primary methods [7]. 

First, ESC and iPSC can be differentiated in conditions that promote self-aggregation of the 

cells into three dimensional embryoid bodies (EB) in a suspension culture. Numerous 

lineages of cells will emerge within the EB which spontaneously undergo differentiation 

into the 3 germ layers: ectoderm, endoderm, and mesoderm. It is from the mesoderm subset 

that both hematopoietic and EC emerge. The EC self-organize into vascular structures 

within the EB. Addition of a variety of growth factors will promote enhanced EC 

differentiation within the EB. In a second method, differentiating ESC and iPSC are co-

cultured with some type of stromal cell to promote EC lineage differentiation from the 

mesoderm. Murine calvarial mesenchymal cells called OP9 cells are widely used to promote 

differentiation and facilitate emergence of cardiac, hematopoietic, endothelial, and other 

lineages. Finally, some investigators prefer differentiating the ESC and iPSC in 2 dimension 

culture on tissue culture plates coated with protein substrates (Matrigel, fibronectin, gelatin, 

or other proteins) using specific culture mediums with sequentially added recombinant 

growth factors. No matter which of the 3 methods are chosen, numerous lineages of cells 

emerge from the proliferating and differentiating ESC and iPSC and use of growth factors, 

growth factor inhibitors, small molecules, and neutralizing antibodies can be used to 

promote enrichment of the lineage of choice. In general, use of monoclonal antibodies to 

identify specific cell surface molecules or genetic tagging of the ESC or iPSC with lineage 

specific fluorescent reporter systems are required for each of the 3 methods of differentiation 

to identify the cell lineage of choice and to enrich the cells using some form of cell sorting 

and isolation [7]. Key steps in the emergence of the murine EC are the early expression of 

Flk1 in Brachyury (BRY) expressing mesoderm cells that requires activing A/nodal 

signaling. Activation of bone morphogenetic protein 4 (BMP4) signaling further enhances 

formation of the mesoderm subset giving rise to blood and EC. Subsequent addition of 

numerous growth factors such as vascular endothelial growth factor A (VEGFA), fibroblast 

growth factor 2 (FGF2), insulin-like growth factor-1 (IGF-1), epidermal growth factor 

(EGF), and placental growth factor (PlGF) all further promote EC proliferation, 

differentiation and eventual maturation during the in vitro culture.

While most reports have identified the mesoderm germ layer as the source of endothelial 

precursors, Goldman et al. [8] have recently presented evidence that some EC derived from 

differentiated murine and human ESC are derived from the endoderm lineage. Using 

established protocols for deriving enriched endoderm precursors in ESC-derived EBs, 

hepatic precursors were identified and characterized and certain subsets were shown to give 

rise to EC. Subsequent examination of human fetal liver specimens (7 – 7.5 week-old fetal 

samples) provided confirmation that some liver EC co-express endothelial and hepatic 
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markers. A variety of in vitro and in vivo vascular functional analyses confirmed that the 

endoderm-derived EC display mature endothelial functions. Validation of the role of 

endoderm as a source for some liver EC was provided via the use of dual-reporter transgenic 

mice ESC differentiation cultures and use of a mouse endoderm lineage-tracing model that 

confirmed marking of fetal liver hepatoblasts and some liver EC. Whether or not these liver 

EC are restricted to formation of sinusoidal endothelial cells remains to be determined, but 

these findings suggest one potential mechanism to generate tissue specific EC.

Some important transcription factors that promote EC emergence from mesoderm precursors 

have been identified recently. Cha et al. [9] have reported that an isoform of the transcription 

elongation factor TFIIS called Tcea3, is highly enriched in mouse ESC and negatively 

regulates Activin A/Nodal signaling. When Tcea3 transcripts were diminished using a 

shRNA plasmid in murine ESC, the ESC displayed enhanced expression of mesoderm 

markers including BRY, VEGFA, and VEGFC with loss of expression of pluripotiency gene 

transcripts. Consistent with enhanced mesoderm formation, greater numbers of EC with 

enhanced tube formation were observed when the murine ESC with diminished Tcea3 

transcripts were cultured in vitro. These studies suggest that Tcea3 plays an important role in 

EC differentiation from murine ESC via modulation of Activan A/Nodal signaling.

Certain transcription factors appear to be critical for differentiation of EC from murine ESC. 

Er71/Etv2, a member of the E-twenty six (ETS) transcription factor family has been 

reported to be necessary for mesoderm specification giving rise to both blood and EC 

lineages during murine, zebrafish, and Xenopus development [10,11]. Er71/Etv2 is known to 

directly bind to numerous genes that are critical for blood and EC lineage development 

including Flk1, vascular endothelial-cadherin (VE-cad), stem cell leukemia (Scl), and limb 

domain only 2 (Lmo2). Kim et al. [12] have recently identified a transcription factor Ovo-

like zinc finger 2 (OVOL2), a C2H2 zinc finger protein, as a novel interacting protein for 

Er71/Etv2. They reported that OVOL2 and ER71 co-localized in the nucleus of 

hematopoietic cells upon immunohistochemical staining with antibodies. While OVOL2 

alone failed to activate the Flk1 promoter, it significantly enhanced ER71-mediated Flk1 

promoter activation. Co-expression of ER71 and OVOL2 in differentiating murine ESC led 

to a significant increase in endothelial and hematopoietic cell production. When Ovol2 

transcripts were diminished using a short-hairpin RNA-mediated inhibition approach, 

significant loss of ESC differentiation into blood and EC was observed. They concluded that 

OVOL2 is an interacting transcription factor that directly binds to ER71 and is critical for 

the differentiation of blood and EC from murine ESC.

Shi et al. [13] have reported that the GATA2 transcription factor is co-expressed and directly 

interacts with ER71 in EC and hematopoietic cells of murine embryos. Increased co-

expression of GATA2 significantly augments ER71 in the production of endothelial and 

blood cells from differentiating murine ESC. Evidence is presented that ER71 and GATA2 

directly bind to the Spi1 transcription factor gene both in vitro and in vivo in early murine 

embryogenesis and this pathway may be critical for regulating mesoderm differentiation into 

endothelial and hematopoietic cells.
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Vereide et al. [14] performed a screening of various candidate molecules known to be 

important for hematopoietic differentiation via use of a doxycycline inducible cassettes in 

murine ESC, fetal liver cells, and/or fibroblast cells. Six transcription factors including 

Gata2, Lmo2, Mycn, Pitx2, Sox17, and Tal1 were demonstrated to impose a program in 

transfected cells that restricted them in a proliferative state with hemangioblastic potential 

that could be released upon removal of the doxycycline induction and EC, blood cells, and 

some smooth muscle cells emerged. A central role for FGF2 in stimulating the “expandable 

hemangioblasts” to proliferate more efficiently and to demonstrate greater migratory 

behavior with a flatter morphology (all evidence of a less differentiated state). The authors 

conclude that these results imply that it is possible to identify and control the state of various 

lineage progenitor cells and this ability may permit identification of the molecules required 

to trap, expand, and study progenitors in lineages currently poorly maintained in culture.

EC lineage emergence from differentiated iPSC may also be regulated by specific micro-

RNA (miR). Di Bernardini et al. [15] reported that miR-21 was one of the most 

overrepresented miR expressed as murine ESC were differentiated into EC. When miR-21 

was overexpressed in differentiating ESC, numerous endothelial lineage markers were 

increased along with increases in capillary tube-like structures in vitro and greater 

vascularization in Matrigel plugs implanted in vivo. The authors confirmed a role for 

activation of the Akt signaling pathway in mediating the miR-21 induced effects to promote 

endothelial differentiation. Chen et al. [16] reported that miR-199 is increased in a step-wise 

fashion as murine ESC differentiate into EC. MiR-199 was observed to target and suppress 

expression of the Notch ligand Jagged 1 (JAG1) and this resulted in an increase in VEGF 

transcription and secretion in a STAT3 dependent fashion. Use of short-hairpin RNA-

mediated knockdown of JAG1 expression ablated the effect of miR-199 on EC 

differentiation. Murine ESC-derived EC transfected with miR-199 demonstrated increased 

capillary tube-like formation in vitro and in vivo vascularization in implanted Matrigel 

plugs. Of interest, overexpression of miR-199 inhibited differentiation of vascular smooth 

muscle cells from differentiating ESC and led the authors to conclude that miR-199 may 

serve as a regulator of the phenotypic switch controlling EC versus smooth muscle cell 

differentiation.

As an example of the use of iPSC differentiation to serve as a tool for understanding a 

clinical condition, Gu et al. [17] examined whether iPSC-derived EC derived from subjects 

with diet-induced obesity (DIO) would exhibit signs of endothelial dysfunction (as is known 

to occur in the obese subjects) or would be reprogrammed and not display endothelial 

dysfunction. The iPSC-derived EC generated from DIO mice displayed significantly less 

migratory activity, proliferation, and decreased capillary tube-like formation in vitro; all 

signs of EC dysfunction. DIO iPSC-derived EC injected into the muscle of animals that had 

undergone acute ischemic injury induction failed to improve reperfusion compared to wild-

type iPSC-derived EC. Of interest, co-infusion of pravastatin into the site of hindlimb 

ischemia along with the DIO iPSC-derived EC led to a significant improvement in 

reperfusion in a nitric oxide dependent fashion. The authors concluded that this is the first 

evidence that DIO iPSC-derived EC display endothelial dysfunction and raises questions 
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about use of iPSC derivation from obese human subjects for generating cell therapies to treat 

EC dysfunction in these subjects.

Studies with human ESC or iPSC

Culture methods to differentiate EC from human ESC or iPSC generally follow the 3 

methods described above. However, recent advances in some culture methods have provided 

for more enriched populations of EC or combinations of desired cell lineages with EC to 

promote tissue recovery in various animal model systems. Zhang et al. (Zhang S et al. 

Biomaterials 2014) reported that human iPSC can be plated as a single cell suspension in a 

3D fibrin scaffold with up to 45% of the differentiated iPSC displaying EC markers at day 

14 of culture. Upon purification, more than 95% of cultured cells displayed EC markers for 

at least one month. The authors conclude that this method for deriving EC is highly efficient. 

The exact ratio of iPSC:EC was not reported for this protocol and the overall number of EC 

produced during the one month culture was not discussed; two important variables when 

contemplating development of protocols for generating cells for human cell therapy.

Masumoto et al. [18] developed a culture system to simultaneously generate 

cardiomyocytes, EC, and vascular mural cells from human iPSC over a 18 day period. The 

heterogenous differentiated population of cells is then cultured on temperature-responsive 

adhesive culture plates that permit development of tissue sheets that can be overlaid to 

produce cardiac tissue-like multi-layered structures. Transplantation of the “cardiac tissue 

sheets” into hearts of athymic nude rats that had undergone experimental sub-acute 

myocardial infarction led to significant improvements in cardiac function with engraftment 

of human cardiomyocytes in >40% of the transplanted animals. The authors conclude this 

protocol may be useful to apply for human cardiac regenerative therapy. Skelton et al. [19] 

developed a cell surface marker detection system to define cell lineage relationships during 

cardiomyocyte differentiation from human iPSC. Specific cell surface markers were 

identified that permitted isolation and discrimination of EC from cardiac lineage specified 

cells. It is proposed that use of the identified markers will permit a starting approach to map 

early human cardiogenesis.

Orlova et al. [20] developed an iPSC differentiation protocol for the simultaneous derivation 

of EC and pericytes. On day 10 of iPSC differentiation, from 10–30% of cells displayed 

CD31 and/or CD34 expression (EC markers) while 30% expressed platelet derived growth 

factor receptor beta (mesenchymal marker). The EC and pericytes displayed stable cell 

surface markers and lineage functions; for example, human iPSC-derived EC engrafted in 

zebrafish embryos and integrated into the embryonic zebrafish vasculature. Park et al. [21] 

also developed a iPSC-derived EB system for generating cells that displayed EC/pericyte 

markers they termed vascular progenitor (VP) cells. The VP cells developed were capable of 

engrafting into the injured retinal capillaries of mice that had been subjected to high 

intraocular pressure to induce retinal ischemia/reperfusion injury and persisted up to 45 days 

in vivo. Surprisingly, the EC generated from iPSC derived from cord blood CD34 

expressing cells were superior to EC generated from iPSC derived from fibroblast cells or 

EC generated from ESC in homing, engrafting, and persisting in the injured retina.
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Several recent publications have begun to more closely assess the functions of EC derived 

from iPSC or ESC to primary EC populations in human subjects. Reed et al. [22] reported 

that human umbilical vein EC (HUVEC), blood outgrowth EC (BOEC), and iPSC-derived 

EC all displayed both toll-like receptor-4 (TLR4) and nucleotide-binding oligomerization 

domain-containing protein-1 (NOD1) molecules that are critical for sensing and binding 

gram negative bacterial organisms. In contrast, ESC-derived EC fail to express TRL4, but 

do bind and respond to gram negative bacteria via expressed NOD1. These data suggest that 

ESC-derived EC may escape unwanted TRL4 mediated inflammatory situations and this 

may represent a potential advantage over other EC sources. Reed et al. [23] also reported 

that HUVEC, BOEC, human aortic EC (HAEC), and human lung microvascular EC 

(HMVEC) all secreted high and comparable levels of the vasoconstrictor endothelin-1 and 

the cardio protective hormone prostacyclin; ESC-derived EC failed to express either of these 

molecules. Culture of the EC under shear stress caused the BOEC and HAEC to elongate 

and align to the direction of the shear stress, while ESC-derived EC failed to respond to 

shear stress with any changes in morphology. These results suggest that BOEC (derived as 

circulating cells in the peripheral blood) are more similar to HUVEC, HAEC, and HMVEC 

than the ESC-derived EC. Since other groups have reported that ESC-derived EC may 

respond to shear stress with changes in morphology [24,25], these results also raise the 

question as to whether the EC derived from ESC may be heterogenous in their functional 

properties depending on the ESC line or conditions of differentiation.

Sahara et al. [26] have recently reported derivation of an endothelial progenitor (EP) 

population of cells displaying expression of CD31, CD34, and KDR, but not CD14 in a 

multi-step 14 day differentiation protocol from an endothelial specific VE-cad promoter 

reporter ESC line. The iPSC:EC ratio of 1:20 was reported to be a significant improvement 

over prior publications. The EP population (identified on day 6–7 of the protocol after 2 

differentiation steps) outperformed the more mature EC generated during step 3 of the 

differentiation protocol (days 7–14) with respect to the number of blood vessels formed in 

implanted Matrigel plugs and the EP persisted in the host immunodeficient mice for 3 

months without tumor formation. The authors conclude that the ESC-derived EP are more 

readily produced and display superior vessel forming ability compared to more mature EC 

and may be an attractive cell population for revascularization strategies in human subjects.

Prasain et al. [27] report the most significant advance for the field of scientists interested in 

generating EC from human ESC or iPSC. They have developed a novel protocol that relies 

upon identification of a Neuropilin-1 (NRP-1) expressing subset of EC co-expressing CD31 

and CD144 that display functional properties similar to umbilical cord blood endothelial 

colony forming cells (UCB-ECFC) with high clonal proliferative potential and robust in 

vivo vessel-forming ability. The ESC-NRP-1+CD31+ECFC and iPSC-NRP-1+CD31+ECFC 

maintained a stable endothelial phenotype and function and did not undergo replicative 

senescence for 18 passages in vitro. Given the high rate of proliferation, the iPSC:EC ratio 

was identified as 1:1 × 108; by far the most robust generation of functional EC that has been 

reported. These EC engrafted and formed functional human vessels in immunodeficient 

mice for > 6 months. Furthermore, the iPSC-NRP-1+CD31+ECFC rescued the avascular 

regions and blunted the neovascularization observed in vehicle treated mice that had 

undergone oxygen-induced retinopathy induction. Finally, the iPSC-NRP-1+CD31+ECFC 
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significantly rescued blood flow to the ischemic hindlimb of mice that had undergone 

femoral excision to a degree similar to UCB-ECFC infusion. These data indicate that there is 

a unique population of ESC-NRP-1+CD31+ECFC and iPSC-NRP-1+CD31+ECFC that can 

be identified using specific differentiation conditions that can provide clinically relevant 

numbers of highly functional EC that may be a useful cell therapy to employ in patients that 

display vascular dysfunction.

Conclusion

Numerous advances in the derivation, expansion, and functional analysis of EC derived 

from ESC and iPSC have been made in the past year. This overview has identified some of 

those recent advances. It is apparent that it is now feasible to generate clinically relevant 

numbers of EC from ESC and iPSC to consider for use as a cell therapy in human subjects.

Acknowledgments

I thank Tiffany Lewallen for editing the manuscript and for manuscript preparation.

Financial support and sponsorship: This work was supported in part by the Riley Children’s Foundation.

References

1. Cao Z, Ding BS, Guo P, Lee SB, Butler JM, Casey SC, Simons M, Tam W, Felsher DW, Shido K, 
Rafii A, et al. Angiocrine factors deployed by tumor vascular niche induce b cell lymphoma 
invasiveness and chemoresistance. Cancer cell. 2014; 25(3):350–365. [PubMed: 24651014] 

2. Ding BS, Cao Z, Lis R, Nolan DJ, Guo P, Simons M, Penfold ME, Shido K, Rabbany SY, Rafii S. 
Divergent angiocrine signals from vascular niche balance liver regeneration and fibrosis. Nature. 
2014; 505(7481):97–102. [PubMed: 24256728] 

*3. Nolan DJ, Ginsberg M, Israely E, Palikuqi B, Poulos MG, James D, Ding BS, Schachterle W, Liu 
Y, Rosenwaks Z, Butler JM, et al. Molecular signatures of tissue-specific microvascular 
endothelial cell heterogeneity in organ maintenance and regeneration. Developmental cell. 2013; 
26(2):204–219. This paper established techniques that permitted generation of tissue-specific 
molecular libraries of murine EC and identified some unique tissue specific gene expression 
patterns. [PubMed: 23871589] 

4. Rana AA, Callery EM. Applications of nuclear reprogramming and directed differentiation in 
vascular regenerative medicine. New biotechnology. 2015; 32(1):191–198. [PubMed: 25064145] 

5. Slukvin II. Deciphering the hierarchy of angiohematopoietic progenitors from human pluripotent 
stem cells. Cell cycle. 2013; 12(5):720–727. [PubMed: 23388453] 

6. Tan KS, Tamura K, Lai MI, Veerakumarasivam A, Nakanishi Y, Ogawa M, Sugiyama D. Molecular 
pathways governing development of vascular endothelial cells from es/ips cells. Stem cell reviews. 
2013; 9(5):586–598. [PubMed: 23765563] 

*7. Wilson HK, Canfield SG, Shusta EV, Palecek SP. Concise review: Tissue-specific microvascular 
endothelial cells derived from human pluripotent stem cells. Stem cells. 2014; 32(12):3037–
3045. This is a recent overview of current methods to generate EC from ESC and iPSC that 
includes an excellent table summating seminal articles on the topic. [PubMed: 25070152] 

**8. Goldman O, Han S, Hamou W, Jodon de Villeroche V, Uzan G, Lickert H, Gouon-Evans V. 
Endoderm generates endothelial cells during liver development. Stem cell reports. 2014; 3(4):
556–565. Evidence is presented that some liver EC are derived from endoderm as well as 
mesoderm germ layers in both human and murine development and in differentiation of ESC into 
EB-derived EC. [PubMed: 25358784] 

Yoder Page 7

Curr Opin Hematol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Cha Y, Heo SH, Ahn HJ, Yang SK, Song JH, Suh W, Park KS. Tcea3 regulates the vascular 
differentiation potential of mouse embryonic stem cells. Gene expression. 2013; 16(1):25–30. 
[PubMed: 24397209] 

10. Lee D, Park C, Lee H, Lugus JJ, Kim SH, Arentson E, Chung YS, Gomez G, Kyba M, Lin S, 
Janknecht R, et al. Er71 acts downstream of bmp, notch, and wnt signaling in blood and vessel 
progenitor specification. Cell stem cell. 2008; 2(5):497–507. [PubMed: 18462699] 

11. Liu F, Kang I, Park C, Chang LW, Wang W, Lee D, Lim DS, Vittet D, Nerbonne JM, Choi K. 
Er71 specifies flk-1+ hemangiogenic mesoderm by inhibiting cardiac mesoderm and wnt 
signaling. Blood. 2012; 119(14):3295–3305. [PubMed: 22343916] 

12. Kim JY, Lee RH, Kim TM, Kim DW, Jeon YJ, Huh SH, Oh SY, Kyba M, Kataoka H, Choi K, 
Ornitz DM, et al. Ovol2 is a critical regulator of er71/etv2 in generating flk1+, hematopoietic, and 
endothelial cells from embryonic stem cells. Blood. 2014; 124(19):2948–2952. [PubMed: 
25267199] 

13. Shi X, Richard J, Zirbes KM, Gong W, Lin G, Kyba M, Thomson JA, Koyano-Nakagawa N, Garry 
DJ. Cooperative interaction of etv2 and gata2 regulates the development of endothelial and 
hematopoietic lineages. Developmental biology. 2014; 389(2):208–218. [PubMed: 24583263] 

*14. Vereide DT, Vickerman V, Swanson SA, Chu LF, McIntosh BE, Thomson JA. An expandable, 
inducible hemangioblast state regulated by fibroblast growth factor. Stem cell reports. 2014; 3(6):
1043–1057. An approach to “trap” ephemeral progenitor cells in a proliferative and non-
differentiating state is reported to permit molecular dissection of the regulatory circuitry in cells 
that are typically difficult to culture. [PubMed: 25458896] 

15. Di Bernardini E, Campagnolo P, Margariti A, Zampetaki A, Karamariti E, Hu Y, Xu Q. 
Endothelial lineage differentiation from induced pluripotent stem cells is regulated by microrna-21 
and transforming growth factor beta2 (tgf-beta2) pathways. The Journal of biological chemistry. 
2014; 289(6):3383–3393. [PubMed: 24356956] 

*16. Chen T, Margariti A, Kelaini S, Cochrane A, Guha ST, Hu Y, Stitt AW, Zhang L, Xu Q. 
Microrna-199b modulates vascular cell fate during ips cell differentiation by targeting the notch 
ligand jagged1 and enhancing vegf signaling. Stem cells. 2014 This study defines a novel role for 
miR-199 as a regulator of the phenotypic switch during vascular cell differentiation from iPSC. 

**17. Gu M, Mordwinkin NM, Kooreman NG, Lee J, Wu H, Hu S, Churko JM, Diecke S, Burridge 
PW, He C, Barron FE, et al. Pravastatin reverses obesity-induced dysfunction of induced 
pluripotent stem cell-derived endothelial cells via a nitric oxide-dependent mechanism. European 
heart journal. 2014 First study to report that iPSC-derived EC from diet induced obese (DIO) 
mice display signs of endothelial dysfunction and infusion of the iPSC-derived EC fails to rescue 
blood flow in mice that have undergone ischemic injury to the hindlimb. However, pravastatin 
co-administration with iPSC-derived EC from DIO mice results in a significant improvement in 
reperfusion of the ischemic hindlimb. 

18. Masumoto H, Ikuno T, Takeda M, Fukushima H, Marui A, Katayama S, Shimizu T, Ikeda T, 
Okano T, Sakata R, Yamashita JK. Human ips cell-engineered cardiac tissue sheets with 
cardiomyocytes and vascular cells for cardiac regeneration. Scientific reports. 2014; 4(6716)

19. Skelton RJ, Costa M, Anderson DJ, Bruveris F, Finnin BW, Koutsis K, Arasaratnam D, White AJ, 
Rafii A, Ng ES, Elefanty AG, et al. Sirpa, vcam1 and cd34 identify discrete lineages during early 
human cardiovascular development. Stem cell research. 2014; 13(1):172–179. [PubMed: 
24968096] 

20. Orlova VV, Drabsch Y, Freund C, Petrus-Reurer S, van den Hil FE, Muenthaisong S, Dijke PT, 
Mummery CL. Functionality of endothelial cells and pericytes from human pluripotent stem cells 
demonstrated in cultured vascular plexus and zebrafish xenografts. Arteriosclerosis, thrombosis, 
and vascular biology. 2014; 34(1):177–186.

21. Park TS, Bhutto I, Zimmerlin L, Huo JS, Nagaria P, Miller D, Rufaihah AJ, Talbot C, Aguilar J, 
Grebe R, Merges C, et al. Vascular progenitors from cord blood-derived induced pluripotent stem 
cells possess augmented capacity for regenerating ischemic retinal vasculature. Circulation. 2014; 
129(3):359–372. [PubMed: 24163065] 

22. Reed DM, Foldes G, Gatheral T, Paschalaki KE, Lendvai Z, Bagyura Z, Nemeth T, Skopal J, 
Merkely B, Telcian AG, Gogsadze L, et al. Pathogen sensing pathways in human embryonic stem 

Yoder Page 8

Curr Opin Hematol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell derived-endothelial cells: Role of nod1 receptors. PloS one. 2014; 9(4):e91119. [PubMed: 
24690886] 

23. Reed DM, Foldes G, Kirkby NS, Ahmetaj-Shala B, Mataragka S, Mohamed NA, Francis C, Gara 
E, Harding SE, Mitchell JA. Morphology and vasoactive hormone profiles from endothelial cells 
derived from stem cells of different sources. Biochemical and biophysical research 
communications. 2014; 455(3–4):172–177. [PubMed: 25449267] 

24. Levenberg S, Ferreira LS, Chen-Konak L, Kraehenbuehl TP, Langer R. Isolation, differentiation 
and characterization of vascular cells derived from human embryonic stem cells. Nature protocols. 
2010; 5(6):1115–1126.

25. Metallo CM, Vodyanik MA, de Pablo JJ, Slukvin II, Palecek SP. The response of human 
embryonic stem cell-derived endothelial cells to shear stress. Biotechnology and bioengineering. 
2008; 100(4):830–837. [PubMed: 18306423] 

26. Sahara M, Hansson EM, Wernet O, Lui KO, Spater D, Chien KR. Manipulation of a vegf-notch 
signaling circuit drives formation of functional vascular endothelial progenitors from human 
pluripotent stem cells. Cell research. 2014; 24(7):820–841. [PubMed: 24810299] 

**27. Prasain N, Lee MR, Vemula S, Meador JL, Yoshimoto M, Ferkowicz MJ, Fett A, Gupta M, 
Rapp BM, Saadatzadeh MR, Ginsberg M, et al. Differentiation of human pluripotent stem cells to 
cells similar to cord-blood endothelial colony-forming cells. Nature biotechnology. 2014; 32(11):
1151–1157. First study to differentiate human ESC and iPSC into EC that display functional 
properties similar to umbilical cord blood endothelial colony forming cells (UCB-ECFC). The 
ESC- and iPSC-derived ECFC possess clonal proliferative potential and in vivo vessel forming 
ability and do not reach replicative senescence until passage 18. More than 100 million ECFC are 
generated in approximately 2 months for every single ESC or iPSC used to initiate the cultures. 

Yoder Page 9

Curr Opin Hematol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Key points

• Endothelial cells can be derived from murine and human ESC and iPSC

• ESC- and iPSC-derived endothelial cells display many features of primary 

endothelial cells

• A novel protocol to generate clinically relevant numbers of endothelial cells 

from human ESC and iPSC has been reported
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