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The vascular endothelium is present in all organs and blood vessels, facilitates the

exchange of nutrients and waste throughout different organ systems in the body, and

sets the tone for healthy vessel function. Mechanosensitive in nature, the endothelium

responds to the magnitude and temporal waveform of shear stress in the vessels.

Endothelial dysfunction can lead to atherosclerosis and other diseases. Modeling

endothelial function and dysfunction in organ systems in vitro, such as the blood–brain

barrier and tissue-engineered blood vessels, requires sourcing endothelial cells (ECs)

for these biomedical engineering applications. It can be difficult to source primary,

easily renewable ECs that possess the function or dysfunction in question. In contrast,

human pluripotent stem cells (hPSCs) can be sourced from donors of interest and

renewed almost indefinitely. In this review, we highlight how knowledge of vascular EC

development in vivo is used to differentiate induced pluripotent stem cells (iPSC) into ECs.

We then describe how iPSC-derived ECs are being used currently in in vitro models of

organ function and disease and in vivo applications.

Keywords: induced pluripotent stem cells, cell differentiation, vascular endothelium, vascular tissue engineering,

organoids

INTRODUCTION

Key functions of blood vessels are to transport oxygen, nutrients, hormones, and immune cells
to various tissues of the body, and to move waste products from tissues to the kidneys, liver, and
intestine formetabolism and removal. Endothelial cells (ECs) line the inner walls of all blood vessels
in contact with blood and regulate vessel tone, prevent thrombosis and leukocyte adhesion, and
regulate the transport of fluid and solutes between blood and tissues. Arteries and arterioles dilate
and constrict, redirecting blood to respond to changing metabolic demands. Immune cells travel
through the blood to sites of infection or tissue damage where they adhere to activated capillary
endothelium and transmigrate into the tissue to eliminate the infectious agent.

Large and medium size vessels consist of an endothelial layer in contact with blood and a medial
layer with smooth muscle cells and extracellular matrix. The microvasculature, which consists of
the smallest arterioles, capillaries, and venules, form a network that regulates local blood perfusion
and exchange between the bloodstream and the surrounding tissues (1, 2). Capillaries contain a
single layer of ECs surrounded by a basement membrane. Microvascular ECs actively regulate
nutrient transport and control organ development, homeostasis, and tissue regeneration (2).
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Oxygen and other non-polar small molecules diffuse through
most ECs into surrounding tissues and interstitial fluid. Large
molecules pass across the endothelial layer by transcytosis
between cells with incomplete barrier function or by
endocytosis (3).

ECs respond to cytokines or bacteria via upregulation of genes
involved in inflammation (4). For example, after exposure to
TNFα or chronic low and oscillating shear stress, ECs express
monocyte chemotactic protein, IL-1β, and adhesion molecules
for leukocytes, such as VCAM1, E-selectin and ICAM1 (5).
EC behavior also governs the microenvironment, regulating
growth factors necessary in organ development and tissue
regeneration and maintaining homeostasis in cases of reduced
blood flow or inflammation. Alterations in endothelial function
are involved in cardiovascular diseases such as atherosclerosis,
hypertension, diabetes (6), and potentially, various types of
dementia (7).

The mechanosensory nature of ECs allow them to respond
to the forces acting upon them by blood flow through vessels
(8). Laminar flow exerts a shear stress upon ECs that changes
its transcriptional profile. Away from arterial branches, the
shear stress waveform promotes signaling and gene expression
by the vascular endothelium that inhibit thrombosis and
inflammation. Conversely, in low and oscillating shear stress
environments, the endothelium releases vasoconstrictors such
as endothelin and promotes a pro-oxidative and inflammatory
phenotype (9).

The transporters present on endothelium and the types of
junctions formed between ECs vary among tissues, reflecting
the specific function of the endothelium. For example, in the
brain, microvascular ECs are connected with a continuous layer
of tight junctions that limit the transport of solutes (2). In
contrast, sinusoidal endothelium in the liver has a discontinuous
basement membrane for the free movement of water and larger
molecules (2).

Successful implantation and integration of engineered tissues
requires rapid formation of vasculature to provide nutrients and
prevent cell death (10, 11). In vitro, capillary networks can be
used to model the microvasculature and study metastasis.

Donor-derived ECs for regenerative medicine or in vitro
disease modeling can be obtained from adipose tissue,
endothelial precursors isolated from blood, or by differentiation
of induced pluripotent stem cells (iPSCs) derived from
fibroblasts or blood cells. Limitations of primary cells are
the finite number of cell divisions before senescence and
challenges isolating tissue-specific ECs. In contrast, iPSCs
remain proliferative over dozens of passages and protocols
to differentiate iPSCs to various tissue-specific ECs continue
to develop. An ongoing challenge is establishing the extent
to which iPSC-derived ECs reflect the function of mature
primary ECs.

This review provides a summary of the development of human
vascular endothelium in vivo relevant to differentiation of iPSCs
to ECs. We examine different approaches to generate ECs from
iPSCs and evaluate the extent of differentiation and maturation
of iPSC-derived ECs. Finally, we discuss applications of iPSC-
derived ECs.

FIGURE 1 | Summary of some important factors and pathways in EC

development. Wnt signaling is necessary for specification of mesoderm and

proper function in arterial ECs. FGF2, BMP4, and ETV2 are crucial for

mesoderm formation and EC specification. VEGF/VEGFR2 signaling further

specifies EC fate, with high and low concentrations leading to arterial or

venous EC specificity, respectively. VEGF signaling continues to mediates

downstream pathways and receptors that further direct arterial or venous EC

specificity.

OVERVIEW OF VASCULAR ENDOTHELIAL
DEVELOPMENT AND FUNCTION

Development From Mesoderm to Vascular
Endothelium
The developing mammalian embryo consists of the ectoderm,
mesoderm, and endoderm cell layers. The mesoderm layer gives
rise to various cell types including ECs, smooth muscle cells
(SMCs), and pericytes. ECs from the mesoderm first form an
immature tubular network called the primitive vascular plexus,
which matures into an orderly network of arteries, veins, and
capillaries (3, 12, 13). As the heart begins to beat, blood
flow through the vasculature remodels ECs to enhance their
functional properties, and SMCs and pericytes are recruited to
stabilize this vasculature. The formation of the lymphatic vessels
completes the full development of the circulatory system. Cross-
talk between ECs and neighboring tissues orders the specification
of endothelium in and around specific organs, depending on their
precise function for that organ system (13).

A vast network of signaling molecules, transcription factors,
and growth factors work together to direct stem cells toward
mesodermal specification and endothelial identity in vivo (3).
Here, we will highlight some of these, focusing on pathways
and molecules that are typically involved in EC differentiation
protocols (Figure 1).

Wnt signaling is crucial for mesoderm formation and EC
development. The canonical Wnt signaling pathway inactivates
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the complex that targets β-catenin for phosphorylation and
subsequent degradation (14, 15). β-catenin links the cytoplasmic
tails of EC-specific cadherins to the cytoskeleton. When a Wnt
factor binds its receptor, β-catenin translocates to the nucleus
and activates the transcription factors T-cell factor/lymphoid
enhancer factor (14, 15) which regulate mesoderm formation.
In addition, Wnt/β-catenin signaling is important for overall
vasculogenesis in embryonic development. This is linked to
Dll4/Notch signaling (discussed below), and Notch inhibition
causes an increase in venous EC specification (13, 16).

Non-canonical Wnt signaling pathways may play a role in EC
development. Inhibition of Wnt signaling leads to a significant
decrease in mesodermal cells expressing vascular endothelial
growth factor receptors (VEGFR) (17) which directs mesoderm
cells to ECs. Wnt inhibition significantly downregulates ETV2
expression—a potent and transiently expressed transcription
factor in EC development (17).

Fibroblast growth factor 2 (FGF2) isoforms activate multiple
FGF receptors to promote cell maintenance, growth and
migration (3, 18). FGF2 is necessary to maintain human
embryonic stem cells (hESCs) and iPSCs in their pluripotent
states by modulating downstream effectors of Wnt signaling
(19, 20). While FGF2 has a role in mesoderm induction and
patterning in non-human models, FGF2 does not directly
promote mesoderm formation in human stem cells in culture
(3, 21). Rather, FGF2 regulates angiogenesis in mature ECs,
leading them to form capillaries in vitro (18).

Bone morphogenic protein 4 (BMP4) is part of the TGF-β
superfamily of proteins and is crucial in directing human stem
cells to a mesodermal lineage while promoting EC generation
from the mesoderm (3, 22). BMP4 acts downstream of the
endoderm-derived regulator Indian hedgehog (IHH) to initiate
the formation of ECs and the vascular plexus from the mesoderm
(3, 21, 22). In human cells, BMP4 acts upstream of factors
responsible for arteriogenesis (3) and also initiates endodermal
release of FGF2 in human stem cells (3, 21). The addition of
BMP4 induces the mesoderm in vitro (3), and in the absence of
IHH, it is sufficient to induce EC lineage (3, 21, 22).

FGF2 and IHH act on adjacent endodermal cells to produce
vascular endothelial growth factor A (VEGF-A). FGF2 acts on
select mesodermal cells to express VEGFR2 (also called Flk-
1) (23), a receptor for VEGF in immature ECs (24). VEGF
plays a role in regulating cell proliferation, vasculogenesis, and
angiogenesis (24, 25). Signaling between VEGF and its receptor
is important for endothelial fate, and the balance between
the two also directs ECs to an arterial or vascular phenotype
(discussed below). VEGF promotes the proliferation of ECs
and the vasoactivity of vasculature through nitric oxide (NO)
production (25). In hESCs, BMP4 is necessary for VEGFR2
expression (26), and acts, together with the Wnt and Notch
pathways by activating the transcription factor ETV2, which
binds to the VEGFR2 promoter (17).

VEGF binding to VEGFR2 induces p38-MAPK signaling
which activates the promoter region of ETV2, a member of
the ETS (E26 transformation-specific) family of transcription
factors (27). ETV2 is highly expressed in the mesoderm and in
developing vascular ECs but is downregulated after EC maturity
(3, 28). ETV2 is important in mesoderm-to-EC development,

and is necessary and sufficient for vasculogenesis (3). Many
endothelial specific genes, including VEGF, contain motifs in
their regulatory regions that are recognized by ETS proteins
(29). ERG (ETS-related gene) regulates the expression of junction
proteins such as VE-cadherin and claudin-5, which maintain
the barrier function of the endothelium (29–31). ERG also
mediates Dll4 expression (29), which is important for arterial
specification (32).

Arterial/Venous Specification of Vascular
ECs
Due to the differing functions and environments of arteries
and veins, venous and arterial ECs exhibit specific phenotypes.
Before blood flow arises, arterial and venous endothelium are
established by expression of EphrinB2 and the receptor EphB4,
respectively (33, 34). EphrinB2-expressing angioblasts form the
main arterial vessels of the vascular plexus while EphB4 positive
cells assume a venous identity. Neuropilin 1 (Nrp1), a co-receptor
with VEGFR2, also plays a role in ordering the formation of
arteries and veins before blood flow. Progenitors near to the
nerves in developing embryos express Nrp1 which increases
VEGF signaling in these cells. Positive feedback leads to increased
Nrp1 expression in the presence of VEGF. The increased VEGF
signaling leads to arterial specification in these progenitors. Nrp1
is exclusively expressed in arterial ECs, with Nrp 2 expressed in
venous ECs.

EphrinB2 is upregulated by genes which respond to the
Notch pathway (33). High concentrations of VEGF lead to an
upregulation of EphrinB2 and arterial specification (33), while
low VEGF concentration allows upregulation of COUP-TF2,
suppressing Notch, and leading to an upregulation of EphB4
and venous EC specification (2). The ERK/MAPK and Pl3k/Akt
pathways, both mediated by Notch signaling, induce arterial
lineage and inhibit arterial markers, respectively. Dll4, also
uniquely expressed in arterial ECs, is upregulated by MAPK
and downregulated by Pl3k. Dll4 is also upregulated by the
arterial-specific Sox17.

Shear stress induced by flowing blood is important for
vascular remodeling and EC maturity. As the heart pumps blood
through the immature vascular network, fusion of vessels occurs
which increases vessel diameter. Blood flow also encourages EC
migration to lengthen and enlarge vessels (35). In vivo, adult
ECs lose this plasticity that encourages cell maturity under shear
stress. Applying shear stress to iPSC-derived ECs, which often
show an immature phenotype, results in an upregulation of
arterial markers such as EphrinB2 and Notch1 (33).

DIFFERENTIATION AND
CHARACTERIZATION OF VASCULAR ECs
FROM HUMAN STEM CELLS

The general approach to stem cell differentiation is to mimic
developmental processes in vitro to achieve a desired cell fate.
Stages of stem cell differentiation to ECs include lateral
mesoderm induction, followed by vascular endothelial
specification and selection (Figure 2). Three common
approaches to EC differentiation are: (1) 3D embryoid body
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FIGURE 2 | Current methods of iPSC culture and differentiation. Somatic cells are reprogrammed to iPSCs using 4 factors (Oct3/4, Sox2, c-Myc, and Klf4). iPSCs

can be cultured as a monolayer or as 3D embryoid bodies. Endothelial differentiation can be achieved through the addition of small molecules to promote mesoderm

then endothelial specification, or through genetic transcriptional activation or exogenous addition of ETV2.

(EB) formation of stem cells prior to EC specification, (2)
addition of key molecules to stem cells in 2D/monolayer culture,
and (3) genetic manipulation or exogenous expression of key
genes responsible for the signaling cascade that results in
EC fate. Table 1 summarizes the EC differentiation protocols
discussed below.

Embryoid Body Approach
In the EB approach, stem cells are plated as aggregates and
allowed to spontaneously differentiate in a similar fashion as
in embryonic development. This results in a heterogenous
population of aggregated cells and therefore low efficiency of
EC generation. To increase the yield of ECs derived from this
method, key molecules are added to the culture medium that
inducemesoderm and EC lineages. Typically, these 3D aggregates
are then dissociated, and ECs are selected and plated as a
monolayer for expansion (36, 37).

ECs derived from iPSCs using the EB approach exhibit a
heterogenous outcome and low efficiency of EC formation. Lin
et al. set out to derive cardiomyocytes, smooth muscle cells, and
ECs using the EB approach to differentiation (38). EBs are first
induced with BMP4, bFGF, and activin A to guide them toward
a cardiovascular fate. For EC/SMC specification, EBs are treated
with VEGF and bFGF from day 4. Multipotent cardiovascular
progenitors are then sorted based on low KDR and negative c-kit
levels, dissociated, and cultured in a monolayer at day 6. By day 8,
CD31 is detected in cultured cells. Cells are treated continuously
with bFGF and VEGF until day 20. FACS sorting using CD31 as
a marker separated ECs from SMCs, with a yield of 20 and 70%
respectively. Tube formation on Matrigel and LDL endocytosis
confirmed functional properties of these iPSC EB-derived ECs.

Addition of Small Molecules to iPSCs in 2D
Monolayer
Initial attempts at EC differentiation utilized 2D co-culture
with murine stromal cells as a feeder layer for stem cells. This

undirected differentiation approach results in a heterogenous
population of cell types and low efficiency in generating ECs
(36). Current approaches involve a feeder-free stem cell culture
approach for EC differentiation (Figure 3). In general, stem cells
are first plated in a monolayer on a matrix coating such as
Matrigel. The cells are then exposed to key molecules necessary
to activate or repress transcription factors that direct the cells
to EC fate. The ECs are selected using sorting techniques
such as fluorescence activated cell sorting (FACS) or magnetic
cell sorting. They are then replated onto new dishes for
expansion (36).

Orlova et al. (39) developed a 10-day differentiation protocol
for ECs and pericytes from human iPSCs. Treating iPSCs
with BMP4, activin A, VEGF, and CHIR99021 (CHIR)—a
GSK3 inhibitor that activates Wnt signaling—induces mesoderm
specification. After 3 days, the media is replaced by vascular
specification media supplemented with VEGF and the chemical
TGF-β inhibitor SB431542. On day 10, ECs are selected by
FACS sorting using CD144 (also known as vascular endothelial
cadherin or VE-cadherin) and CD31 as markers.

Patsch et al. observed that treatment with CHIR and BMP4
induces a significant and transient increase inmesodermmarkers
in human pluripotent stem cells (hPSCs) such as T, MIXL

and EOMES and a decrease in the pluripotent markers OCT4

and SOX2 (40). Vascular endothelium is then induced by

treating iPSCs induced to mesoderm with VEGF-A and the

protein kinase A activator forskolin. ECs are selected using
CD144 as a marker. These cells are positive for SOX17 and EC

markers such as CD31, CD34, von Willebrand factor (vWF), and

PECAM1. Transcriptomic assays, barrier function, lipid uptake,

cytokine response, and tube formation, show their similarity to
primary ECs.

ECs can be generated from iPSCs after lateral plate mesoderm
development by first inducing the epiblast stage in iPSCs
using a combination of FGF2, retinoic acid (RA), CHIR, and
BMP4 (41). In this protocol, primitive streak induction is
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TABLE 1 | Summary of highlighted EC differentiation protocols.

EC differentiation approach Methodology summary Duration, days Reference

Embryoid body EB induction: BMP4, bFGF and Activin A. Selection of cardiovascular

progenitors: low KDR and negative cKIT expression. EC differentiation: ECs

induced with VEGF and bFGF.

EC selection: CD31

20 Lin et al. (38)

iPSC monolayer with addition of

small molecules

Mesoderm specification: BMP4, Activin A, VEGF and CHIR

Vascular specification: VEGF and TGF-β inhibitor

EC selection: CD144, CD31

10 Orlova et al. (39)

Mesoderm specification: BMP4, CHIR

Vascular specification: Forskolin, VEGF

EC selection: CD144

6 Patsch et al. (40)

Epiblast induction: FGF2, RA, BMP4, CHIR

Primitive streak induction: FGF2, BMP7, CHIR

Mesoderm specification: BMP7

Vascular specification: VEGF, IWR1

EC selection: CD144

4 Tsujimoto et al. (41)

iPSC monolayer with transcriptional

activation

EC specification: iPSCs transfected with ETV2 transcription factor 20–50% cells

express KDR, CD31, CD34

7 Elcheva et al. (42)

Mesoderm specification: CHIR. modRNA expressing ETV transfected into

mesoderm cells.

EC selection: CD144, CD31

4 Wang et al. (43)

A summary of the discussed protocols for iPSC differentiation to endothelial cells. Three approaches are highlighted; namely embryoid body, monolayer with addition of small molecules,

and transcriptional activation. Most protocols include a mesoderm specification step followed by vascular specification. Selection of successfully differentiated ECs often use CD144

(VE-cadherin) and CD31 as selection markers.

FIGURE 3 | Monolayer method of EC differentiation from iPSCs using small molecules. iPSCs transition to lateral mesoderm through addition of CHIR99021, BMP4,

and FGF2 for 3 days. Endothelial specification is induced for 3 to 5 days using VEGF-A, SB431542, and forskolin. Sorting for CD144+ and CD31+ cells generates a

pure differentiated EC population.

then obtained through prolonged treatment with CHIR, FGF2,
and BMP7, and withholding RA and BMP4. Lateral plate
mesoderm is then induced by prolonged BMP7 treatment, giving
rise to VEGFR2+ mesodermal cells. EC specification media,
consisting of serum-free Stempro-34 medium supplemented
with VEGF and the Wnt/β-catenin signaling inhibitor IWR1,
was added to these mesodermal cells. The efficiency was over
90% in CD144+ and VEGFR2+ iPSC-derived ECs with a
4-day protocol.

Selective Transcription Factor Expression
Another approach to differentiate iPSCs to ECs involves
addition of transcription factors either by gene editing or
exogenous expression of genes. Elcheva et al. (42) performed
a comprehensive screen and found 27 genes implicated in
formation of mesoderm and vascular progenitors. Of these, 14
genes induce morphological changes when virally transduced

into hPSCs. Of note, stem cells transduced with either ETV2
or ERG—both potent TFs in determining EC fate—displayed
morphology and phenotypes characteristic of ECs such as CD31
and CD34 expression, tube formation in response to VEGF,
and acetylated low-density lipoprotein (AcLDL) uptake. Co-
transduction with ETV2 and GATA2 resulted in hematopoietic
cells via an EC state. EC genes were upregulated on the second
day after co-transfection, with CD144 expression observable by
day 3. The difference between cells transduced with ETV2 alone
and those co-transfected with ETV2 and GATA2, comes after day
3 where hemogenic phenotypes become present in co-transduced
cells. This implies a role for ETV2 in inducing EC fate directly
and sets a precedent for ETV2 transduction as a means for
generating stem cell-derived ECs.

Recently, Wang et al. used chemically modified RNA
(modRNA) to endogenously express ETV2 during the
mesodermal stage of iPSC differentiation, resulting in highly
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efficient EC production (43). After inducing mesodermal
progenitors by the addition of CHIR, modRNA was transfected
intomesodermal cells via lipofection or electroporation to deliver
ETV2. Each step lasted 48 h and resulted in 95% efficiency of
CD144 and CD31 positive cells, which was consistent across
iPSC clones. They concluded that the robust and transient
expression of ETV2 was sufficient to generate ECs independent
of endogenous VEGFR2 and ETV2 expression. These ECs
function adequately in comparison with ECFCs and ECs
generated from a previous protocol (43).

An alternative approach to produce ECs involves
reprogramming of primary cells without going through the
pluripotent state. This is accomplished by expression of cell-type
specific transcription factors together with small molecules
and specific growth factors (44). The classic example involves
induction of a skeletal muscle phenotype by expression of
MYOD in fibroblasts (45). Of a number of transcription factors
expressed in ECs, expression of ETV2 was sufficient to induce
differentiation of human fibroblasts to ECs (46, 47). Two rounds
of ETV2 expression seemed sufficient to produce ECs with gene
expression profiles very similar to microvascular and venous
ECs (46).

Function and Characterization of
iPSC-Derived Vascular ECs
ECs derived from iPSCs must be properly characterized to ensure
the validity of the differentiation protocol and the functionality of
the resulting cells. Validation and functional assessment are done
in various ways, from immunostaining for EC-specific markers
to measuring the barrier function of the derived cells.

Selecting for EC-specific markers is one of the most
straightforward preliminary validation methods. CD144
establishes the integrity of EC-EC junctions (48). vWF is made
by ECs and secreted to facilitate thrombosis (49). CD31 is
a transmembrane glycoprotein which is concentrated at EC
junctions (50). CD31, CD144, and VEGFR2 are useful EC
markers and can be used in flow cytometry as well to detect and
sort ECs (40, 51). Staining for non-EC markers such as smooth
muscle actin (SMA) is done as a negative control and to show a
pure population of ECs void of SMCs. Uptake of acetylated LDL,
a modified form of LDL, is often used to characterize ECs after
isolation (52).

ECs exhibit specific behavior in co-culture with vascular
smooth muscle cells (VSMCs) that can be used to validate their
functionality. During EC differentiation of iPSCs, some cells
typically arise that exhibit VSMC phenotypes, as detected by
expression of SMA. It is common to use this fraction of cells
to induce a VSMC fate using factors different from those used
for EC differentiation (39, 40). ECs form an island with VSMCs
surrounding them, as well as vascular structures (39). ECs also
form vascular tubes when cultured on Matrigel (51). This type of
validation illustrates the potential for iPSC-derived ECs to mimic
the characteristic behavior of primary ECs and their interactions
with their environment.

In vivo validation is also done using xenografts and
imaging. Transplantation of iPSC derived ECs into zebrafish

embryos whose immune systems are not fully developed show
incorporation of the cells in the adult zebrafish’s vasculature (39).

TNFα signaling in ECs leads to the activation of reactive
oxygen species (ROS) and an increase in inflammation (53).
TNFα treatment of an EC monolayer can therefore serve as a
functional test by observing the inflammatory response of treated
ECs. ICAM1 is an inflammatory marker found upregulated in
aged blood vessels. ICAM1 upregulation upon TNFα treatment
gives an indication that the ECs are responding appropriately.

Validating the function of ECs also includes testing the barrier
capabilities of the monolayer using transendothelial electrical
resistance (TEER) or observing the permeability of the layer to
various molecules. The Lian et al. (51) study used TEER readings
and dextran transfer assays to determine EC function under
VEGF and o-ME treatment. VEGF treatment caused an increase
in TEER and a decrease in dextran permeability. The inverse was
true for o-ME treatment to the EC monolayer.

Differences are observed between iPSC-derived ECs and
primary ECs. RNA sequencing has shown that while iPSC-ECs
show differing expression patterns from stem cells (54), they also
do not cluster with primary ECs (55). Key endothelial markers
and flow-sensitive genes, such as NOS3, are expressed, but often
at lower levels than found in primary ECs (54). Metabolic genes
also have significantly different expression in iPS-derived ECs
compared to primary ECs (55). Pluripotent markers such as
Oct4 and Klf4 (54) have been detected in iPS-derived ECs which
signifies some immaturity. Immature mitochondria in iPSC-
derived ECs leads to a reduced glycocalyx, a polysaccharide layer
involved in protein-receptor interactions, which facilitates and
is regulated by shear sensing. Mature mitochondria and the
glycocalyx are restored by addition of cyclosporine (55). Despite
these differences, iPSC-ECs remain a great resource for research
since their functionality recapitulates primary ECs in vitro.

APPLICATIONS OF iPS-DERIVED
ENDOTHELIUM

Growing understanding of EC development, leading to the
refining of EC differentiation protocols from stem cells, enables
generation of ECs for applications in tissue engineering and
regenerative medicine (56). Here we present several applications
of iPSC-ECs with a particular focus on 3D in vitro modeling,
including microfluidic devices and organoid models (Figure 4).
We then discuss how these in vitro models are currently being
applied to disease modeling, drug screening, and personalized
medicine. Lastly, we will discuss the ongoing efforts to employ
iPSC-ECs for therapeutic applications.

3D in vitro Modeling
3D organ modeling systems represent promising approaches
to recapitulate human physiology in vitro. Organoids are self-
organizing, 3D cellular aggregates that mimic key features
of a specific human organ or tissue. Because iPSC-derived
organoids demonstrate an intrinsic capacity to self-assemble,
they can approximate in vivo developmental processes that give
rise to the organ of interest (57). Another modeling platform
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using iPSC-derived cell types, microfluidic organ-on-chips utilize
biocompatible materials and microfabrication technology to
replicate the microarchitecture and function of specific human
organs (58). Unlike 2D cultures of primary or immortalized
human cells which have limited biological function, organ-on-a-
chip technology better mimics the in vivo vascular environment.

Microvasculature
One of the key challenges in tissue engineering is that tissue
constructs thicker than 100–200µm must be vascularized in
order to ensure a sufficient supply of oxygen and nutrients at
core regions of the tissue (59). Toward this end, a number of
models are available to form microvascular networks in vitro.
One approach is to induce the self-assembly of microvascular
networks by providing ECs with various chemical, cellular,
or biophysical cues to simulate vasculogenesis. ECs and
supporting cells (e.g., pericytes, SMCs or fibroblasts) are initially
suspended in a scaffold material, which is then cast into a 3D
microfluidic chamber and solidified by gelation, polymerization,
or crosslinking. Interstitial flow is applied which stimulates ECs
to form perfused microvascular networks (60). Alternatively,
microvascular models can be formed by seeding ECs onto a
preformed supporting structure using 3D printing or channel
templates or by embedding cells into a hydrogel and subsequently
inducing sprouting via flow and chemical factors (i.e., VEGF,
hypoxia, nutrient deprivation) (60–62). All of these approaches
utilize similar cellular components.

Endothelial colony-forming cells, HUVECs, human dermal
microvascular ECs, and iPSC-derived ECs are most often
employed in microvasculature models (60). iPSC-ECs form
microvascular networks in 3D cultures (61, 62), although
limitations still exist in replicating in vivo cell and matrix
densities and the mechanical properties of native tissues (60).
Most models incorporate supporting cells including pericytes,
smooth muscle cells, and fibroblasts to improve barrier function,
remodel the extracellular matrix (ECM), induce angiogenesis,
and stabilize the capillary network (60).

Microvascular systems can be used to model cancer metastasis
in vitro. Tumor growth requires perfused vascular networks to
support increased metabolic demands, and tumor ECs secrete
factors which stimulate metastasis (63). As a result, many
therapeutic strategies focus on inhibiting angiogenesis. So far,
microvascular models have been used to create vascularized
microtumors and vascular beds for studying tumor cell
extravasation and metastasis (60) and tumor cell interactions
with immune cells (64).

Blood–Brain Barrier
The blood–brain barrier (BBB) consists of brain microvascular
ECs (BMVECs) that interact with pericytes and astrocytes to
tightly regulate the movement of ions, molecules, and cells
between the blood and the central nervous system (CNS). In
contrast to peripheral ECs, BMVECs are characterized by the
absence of fenestrae, a reduced level of pinocytic vesicles, and a
junctional complex formed by tight junctions (TJs) and adherens
junctions (AJs) (65). The TJs between BMVECs lead to high
endothelial transcellular electrical resistance and low paracellular

permeability (66). Because of this impermeable paracellular
barrier, the movement of hydrophilic and lipophilic molecules
is tightly controlled through regulated cellular transport systems
(67). A combination of physical barrier properties (TJs), efflux
transporters, and highly specific nutrient transporters allow
BMVECs to regulate CNS homeostasis. Alterations of the BBB
properties play a major role in the progression of various
neurological diseases. As such, there is a need for an in vitro
BBB model to elucidate the BBB’s role in the pathogenesis of
neurological diseases in addition to drug screening to assess the
efficacy of targeted drug therapies.

Various types of BBB models mimic the structure and
physiology of the BBB in vivo (68). In 2D-based microfluidic
models, ECs and glial/neuronal cells are cultured on a
porous membrane or hydrogel surface sandwiched between two
microchannels (“blood” side with media perfusion and “brain”
side with neural cells in contact with BMVEC). Within the
vascular channel, ECs are continuously exposed to fluid flow via
a peristaltic pump. Fluidic shear stress promotes the formation
of a tight barrier, increases cell proliferation, and increases the
levels of TJ and AJ proteins in ECs (69). For these reasons, flow-
induced shear stress is an essential component for recapitulating
in vivo BBB characteristics (68). Other groups have modeled the
BBB using a 3D hydrogel-based microfluidic chip. By embedding
perivascular and neural/glial cells in the hydrogel, this approach
better mimics the 3D microenvironment in which these cells
reside (68).

Given that the source of human BMVECs is limited, and
primary BMVECs possess a low yield and are prone to de-
differentiate in culture (70), iPSC-ECs pose an advantage over
primary cell types for BBBmodels. For one, iPSC-ECs are capable
of organizing into complex and perfusable vascular networks
(71) and exhibit many properties of the human BBB, including
ordered tight junctions, expression of nutrient transporters,
and polarized efflux transporter activity (72, 73). Additionally,
the permeability barrier of these human iPSC-BMVECs exhibit
TEER values at physiological levels (72, 74). Differentiation
protocols for iPSC-derived BMVECs include a 2-day BMVEC
specification stage following endothelial induction. Cells are
cultured in human endothelial serum-free medium (hESFM)
containing 1% platelet-poor plasma-derived serum, FGF2, and
RA (75, 76). The addition of RA during BMVEC specification is
a relatively recent advancement in iPSC-BMVEC differentiation
and substantially increases the differentiation efficiency and
passive barrier properties of iPSC-BMVECs (77). A limitation
is that the iPSC-derived BMVECs only exhibit appropriate
properties for a limited time.

Several groups have designed BBB models utilizing iPSC-
BMVECs, culturing with other various cell types to recapitulate
the BBB microvasculature. Campisi et al. developed a 3D
self-organized microfluidic model incorporating self-assembled
microvascular networks from human iPSC-BMVECs in contact
with human primary brain pericytes (PCs) and human primary
astrocytes (ACs) within a fibrin gel (71). This BBB model is
formed via vasculogenesis whereby perfusable microvascular
networks interact through paracrine, juxtracrine, andmechanical
signaling, thereby drawing upon the nature of BMVECs to
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interact with other neural cell types to recapitulate brain vascular
morphogenesis. Co-culturing the three cell types resulted in
more stable and shorter vessel branches, more circular cross-
sections, and smaller vessel diameters compared to culturing
with PCs or just iPSC-BMVECs. Consequently, they suggest
that PCs not only influence vascularization but also induce
the differentiation of iPSC-ECs into brain microvascular ECs,
while ACs contribute to BBB formation and integrity. While
this model demonstrated low permeability compared to other
models (78, 79), they were limited to assessing permeability using
a fluorescently labeled molecular permeability assay given that
fibrin gel creates challenges with incorporating electrodes for
high sensitivity TEER measurements.

iPSC-BMVECs co-cultured with iPSC-derived neural cells
showed similar dextran-FITC permeability as iPSC-BMVECs
co-cultured with primary astrocytes and pericytes, suggesting
that iPSC-derived neural cultures without pericytes are
sufficient to drive functional maturation of iPSC-BMVECs (75).
Moreover, the BBB chip exhibited physiologically relevant TEER
measurements as high as 1,500Ω cm2. However, the proposed
model could only maintain these high TEER levels for around
2 days. To resolve this limitation, Park et al. developed a 3D
microfluidic model consisting of iPSC-BMVECs differentiated
under hypoxic conditions, along with primary pericytes, and
astrocytes (72). Mimicking the hypoxic microenvironment of
the developing brain during differentiation of human iPSCs
into BMVECs resulted in more highly differentiated iPSC-
BMVECs with a more stable phenotype. The resulting BBB chip
exhibited physiologically relevant TEER values for 1 week in vitro
compared to chips containing iPSC-BMVECs established under
normoxic conditions, in which TEER values only remained
physiologically relevant for 2–3 days. Even more notably, the
BBB chip was able to mimic transporter-mediated drug efflux
with appropriate substrate specificity.

While iPSC-BMVECsmimic many phenotypic and functional
features of in vivo BMVECs, several differences between
iPSC-derived and in vivo BMVECs remain (77). The iPSC-
BMVECs express several epithelial markers and may not
possess a purely endothelial identity (75), emphasizing the
need for the optimization of iPSC-BMVEC differentiation
protocols. Moreover, the expression of some transporters often
falls below physiological levels (75), indicating a need for
further iPSC-BMVECmaturation or altered culturing conditions
(77). Moreover, while organ-on-chip technology has enabled
truer representations of the in vivo BBB, researchers are still
limited by their inability to completely recapitulate the brain
microenvironment, including ECM composition as well as the
small diameters, shear stresses, and complex vascular networks
observed in brain capillaries (68, 77). However, with further
innovations in iPSC technology, biomaterials, and microfluidics,
3D BBB models should prove invaluable in the study of
neurodegenerative diseases and drug discovery.

Liver
ECs provide the potential to support liver organogenesis
and improve tissue functionality (56). iPSC-derived hepatic
endoderm cultured in the presence of human umbilical vein

endothelial cells (HUVECs) and mesenchymal stem cells
form a 3D vascularized liver organoid that supports further
hepatic differentiation (80). When evaluating the functional
maturation of iPSC-derived liver bud (LB) transplants in
mice compared with that of human primary adult hepatocytes
(AH), the iPSC-LBs maintain higher levels of serum albumin
production over a 45-day period. Moreover, transplanted
human iPSC-derived mature hepatocyte-like cells produce
significantly less albumin than either iPSC-LBs or human
AH, suggesting the importance of the formation of 3D
vascularized tissue for successful maturation and engraftment.
The maturation of these liver organoids is regulated by the
paracrine signals produced by mesenchymal stem cells and
HUVECs, which promote hepatic differentiation in iPSC-
derived human endoderm (81). Single-cell RNA sequencing to
reconstruct hepatocyte lineage progression during organogenesis
indicates that hepatic cell maturation is improved in the presence
of HUVECs (82).

The lack of complex in vitro liver models including
mature human hepatocytes remains a major hurdle for the
pharmaceutical industry to provide low-cost drug and liver
toxicity testing (83).The development of these models in
vitro often necessitates the incorporation of hepatic stellate
cells (HSCs) and liver sinusoidal endothelial cells (LSECs).
As mentioned previously, LSECs differ from classical ECs in
that they lack an organized basement membrane and have
fenestrae organized in sieve plates (84). Additionally, compared
to vascular ECs, they exhibit reduced levels of expression of
CD34, CD31 (PECAM1), and vWF and elevated expression
of LYVE1, CD14, CD32B (FCGR2B), CD36, CD54, STAB1,
STAB2, CLEC1B, and factor VIII (FVIII) (85). Maintenance
of these cells in vitro remains challenging as primary LSECs
tend to rapidly lose some of their specific properties, including
the expression of LSEC markers and the presence of fenestrae
(84). In this regard, iPSCs are now being considered as
an alternative source of these cells. However, while iPSCs
have been differentiated toward an LSEC phenotype (83, 85),
information about the LSEC signature and its transcriptional
determinants remains incomplete (84). Looking to further
extend the characterization of iPSC-derived LSECs, Danoy
et al. performed whole transcriptome analysis with nanoCAGE
and compiled the regulatory network involving the relevant
transcriptional factors and their target genes and related signaling
pathways (83). Likewise, de Haan et al. established a 30-
gene LSEC signature, including seven genes encoding TFs,
by comparing isolated LSECs with ECs from the brain and
heart. They also tested the individual and combined effect of
LSEC TFs on LSEC gene expression, morphology, and function
(84). Thus, the development of more complex in vitro hepatic
multi-cellular tissues is largely dependent on uncovering the
developmental origins of LSECs and the pathways that control
their specification and maturation (85). In an effort to address
some of the challenges of current liver models, including variable
performance and high manufacturing costs, Lucendo-Villarin
et al. (86) developed an automated and economical platform to
produce 3D liver spheroids by combining hepatic progenitors
with ECs and stellate cells. The resulting system, which can be
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employed for disease modeling and small molecule screening,
represents an advancement towards what will one day hopefully
become large-scale manufacturing of functional 3D human liver
tissue for in vitro and clinical applications.

Kidney
iPSC-derived kidney organoids offer a tool to study human
kidney development and disease. However, significant
barriers remain for these organoids, one of which is lack
of vascularization. While blood flow stimulates kidney
vascularization (87), most glomeruli within kidney organoids
are avascular in vitro (88), highlighting the limitations of
current in vivo culture methods (89). As one exception, Homan
et al. demonstrated a method to culture kidney organoids
under flow on a microfluidic device, which promoted the
formation of vascular networks with perfusable lumens inside
the organoids and expanded the endogenous pool of endothelial
colony-forming cells (90).

The formation of vascular networks in kidney organoids is
enhanced following transplantation under the kidney capsule of
immunodeficient mice (89, 91, 92). Following transplantation,
the mouse vasculature connects to pre-existing vasculature in
the human kidney organoids to enable functional glomerular
perfusion (92). At this point, the necessity of incorporating ECs
in kidney organoids before transplantation remains unclear. A
large part of this uncertainty stems from a lack of understanding
of the contribution of donor and host-derived ECs within
transplanted kidney organoids. Most ECs in the glomeruli post-
implantation are derived from the host animals and there is
partial integration of iPSC-derived ECs upon transplantation
(93, 94). As a result, further studies are needed to elucidate
whether ECs need to be derived from human iPSCs, and whether
kidney-specific ECs or non-tissue specific ECs suffice (88).

However, in models of the kidney proximal tubule (PT), a
key component of the nephron that is particularly susceptible
to nephrotoxicity (95), microfluidic and tissue engineering
platforms have advantages over kidney organoids. Organoids
are limited in size without adequate vascularization (57),
and unlike microfluidic models, they lack defined inlet and
outlets, making it difficult to collect and analyze their perfusate
(96). Though technically challenging, kidney segment-specific
platforms bypass these limitations and can serve as useful
tools for disease modeling and drug screening. To date, both
microfluidic (95, 97) and bioprinted PT models (96, 98) have
been developed. These models aim to recapitulate the tubular-
vascular exchange by seeding PT and primary ECs on either side
of a synthetic membrane. No published work, to our knowledge,
has yet described a kidney-on-a-chip model with iPSC-ECs.

Blood Vessel Organoids
Apart from microphysiological systems, blood vessel organoids
provide another approach to study vascular diseases. Though
similar in their aim to recapitulate the vasculature in vitro,
vascular microphysiological systems and blood vessel organoids
are conceptually different. A vascular microphysiological system
consists of a microfabricated device with microfluidic channels
that enables close contact between different cell types and
physical and biochemical stimuli, such as flow and pressure.

Vascular organoids, on the other hand, consist of self-
organizing 3D vascular networks which better reflect the inherent
complexity of the cellular environment (99). Human blood vessel
organoids can be generated through the directed differentiation
of iPSCs to self-assembled human blood vessel organoids,
bypassing the need for cell sorting during the differentiation
process (100). These miniaturized blood vessel organoids closely
resemble human capillaries with a lumen, CD31+ endothelial
lining, PDGFR+ pericyte coverage, and basement membrane.
Once generated, the blood vessel organoids were used to
model diabetic vasculopathy. Following transplantation into
immunocompromised mice, the organoids gain access to the
mouse vasculature to form a stable, fully human vasculature
consisting of arteries, capillaries, and veins. In regard to future
applications, blood vessel organoids could prove particularly
valuable in conjunction with vascularized kidney organoids to
study interorgan communication in diabetic conditions (101).
Additionally, they can be used to assess vascular toxicity as
well as model rare, genetic vascular diseases (102). In contrast
to microfluidic models of microvascular networks, blood vessel
organoids offer the unique advantage of recapitulating key steps
of in vivo blood vessel development. As a result, several key
components of successful blood vessel growth can be examined,
including endothelial differentiation and sprouting into vascular
networks, pericyte differentiation and recruitment, and the
formation of a basement membrane (102).

Disease Modeling
Human iPSCs are an attractive source for disease modeling
as they can easily be expanded and cultured prior to
EC differentiation and can often be obtained through the
programming of somatic cells from human subjects. Notably,
iPSC-ECs can also be used to create patient-specific disease
models, enabling a platform for precision medicine. Disease
models can be generated using patient-specific cells that account
for differences due to genetic diversity, sex, ethnicity, and age
(103). Such an approach could allow for the development of
optimized, personalized drug regimens for patients as well as
prognostic disease models. iPSC disease models are particularly
useful for rare genetic disorders where the donor pool is limited,
or for patient populations typically unfit for standard clinical trial
designs. With the use of gene editing techniques such as CRISPR-
Cas9, iPSCs can be used to study how specific gene mutations
affect tissue functionality and can provide new insights into the
progression of diseases and mechanisms of drug action (103).

The pathogenesis of vascular diseases is typically associated
with the alteration of vascular ECs and SMCs, making cells
of the vessel wall attractive targets for pathogenesis and drug
response studies. Disease-specific iPSC-ECs have been generated
to model several vascular disorders, including pulmonary arterial
hypertension, Moyamoya disease, fibrodysplasia ossificans
progressiva, Huntington’s disease, Kawasaki disease, type I
diabetes mellitus, atrial or ventricular septal defects, pulmonary
valve stenosis, cardiomyopathy, calcified aortic valve disease,
and hemophilia A as previously summarized (36). Most of these
diseases have a genetic basis and are therefore less challenging
to model in vitro than diseases that are more heterogeneous
in cause. In these studies, disease models were used to study
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the effects of specific mutations on EC phenotype in order to
elucidate the role of EC dysfunction in overall disease pathology.
For example, iPSC-ECs were generated to study the BMPR2
(bone morphogenetic protein receptor type II) mutation that
causes pulmonary arterial hypertension (PAH) and PAH-specific
iPSC-ECs exhibited decreased tube formation, LDL uptake (104),
adhesion, migration, and survival (105). iPSC-ECs from patients
withMoyamoya disease carrying the RNF213mutation exhibited
reduced angiogenic activity (106). Such studies demonstrate
how iPSC-ECs can be used to explore the underlying molecular
mechanisms of CVD. In addition to functional assays, disease-
specific iPSC-ECs have been examined by RNA-sequencing.
Transcriptome analysis of BMVECs in BBB dysfunction in
Huntington’s disease identified a set of BMVEC genes that
could impact normal and diseased BBB function (107). These
studies highlight how iPSC-ECs can serve as useful surrogates to
uncover novel features of disease pathologies, thereby paving the
way for the development of new therapies.

Recently, Atchison et al. developed a tissue-engineered blood
vessel (TEBV) platform for disease modeling of Hutchinson-
Gilford Progeria Syndrome (HGPS) (108), a rare genetic
condition which produces a truncated form of lamin A called
progerin. Progerin accumulation, which occurs primarily in
vascular SMCs but also adventitial fibroblasts and ECs, results in
accelerated aging and premature atherosclerosis. To investigate
the effects of progerin on ECs, Atchison et al. (108) developed
TEBVs using SMCs and ECs derived from the same HGPS iPSC
line. They observed that in 2D culture, HGPS ECs exhibited
reduced responsiveness to flow as well as altered levels of NOS3,
which regulates nitric oxide production. In 3D conditions, they
found that regardless of whether healthy or diseased SMCs were
incorporated into the TEBV constructs, there was still a decrease
in vasodilation in TEBVS that incorporated HGPS ECs. Finally,
they found that HGPS ECs produced the adhesion proteins
VCAM1 and E-selectin regardless of the SMC donor. The results
of this study indicate a role for the endothelium in HGPS
while providing a unique model system to investigate HGPS
aging pathologies.

A patient-specific iPSC model was recently developed by
Kelleher et al. for CADASIL (cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy),
a rare genetic small vessel disease that causes stroke and
vascular dementia (109). The disease is characterized by SMC
degeneration and accumulation of NOTCH3 extracellular
domain proteins. Moreover, abnormal ECs and reduced
vasodilation in the arteries of CADASIL patients indicate EC
involvement in CADASIL. Kelleher et al. hypothesized that the
communication between ECs and mural cells (MCs; pericytes
and SMCs) through the Notch signaling pathway was disrupted
by the NOTCH3 mutation present in CADASIL. iPSCs derived
from CADASIL patients were differentiated into ECs and MCs
to generate a patient-specific model. Yet CADASIL iPSC-MCs
failed to stabilize angiogenic capillary tubule structures and
support iPSC-EC survival. Additionally, these diseased iPSC-
MCs had a reduced expression of PDGFRb (platelet-derived
growth factor receptor b), a key pericyte marker, and reduced
expression and secretion of VEGF. This disease model provides
a potential tool for investigating the mechanisms underpinning

CADASIL and vascular dementia as well as a potential drug
screening platform.

In patients with diabetes, endothelial dysfunction appears to
be a consistent outcome, yet the relationship between diabetes
and endothelial function is still unclear (110). This is particularly
true with respect to the pathological activation of calpain,
an intracellular cysteine protease, whose over-activation causes
EC dysfunction and inflammatory responses in patients with
diabetes mellitus. Ong et al. developed a model of diabetic
endotheliopathy utilizing iPSC-ECs in order to understand
how the changes to autophagy and mitochondrial dynamics
caused by hyperglycemia leads to EC dysfunction (110). iPSC-
ECs exposed to hyperglycemia exhibited reduced autophagy,
increased mitochondria fragmentation, and increased calpain
activity. However, calpain inhibition reversed these effects and
resulted in improved vascular integrity.

A recent study investigated how the blood–brain barrier
(BBB) was altered in familial Alzheimer disease (AD) (111).
Oikari et al. derived brain endothelial cells (iBECs) from iPSCs
of patients carrying the AD PSEN1 mutation in order to study
the differences between AD and healthy ECs. They found that
AD-iBECs exhibit altered tight and adherens junction protein
expression as well as efflux properties, supporting the idea of an
impaired BBB in AD.

Drug Screening
With the imminent arrival of personalized medicine, iPSCs offer
an attractive platform for high-throughput drug and toxicity
screening. Drug development is often an inefficient, resource-
intensive process with the cost required to complete the entire
drug development process estimated to be over $2.5 billion
(112). Neurotoxicity, hepatotoxicity, and cardiovascular toxicity
all represent major causes of the failure of drugs in clinical
trials and post market withdrawal (57). Currently, most drug
studies rely on simple human cell cultures or animal models.
However, performing drug screening on primary patient-derived
cells has proven to be challenging due to their limited availability
and batch-to-batch variability (113). Moreover, the limitations of
animal models due to species-specific differences in physiology,
metabolism, and genetics can result in inaccurate (false-positive
or false-negative) readouts in preclinical drug safety or efficacy
studies and ultimately lead to drug failure during clinical
trials (57, 103). iPSC technology coupled with organ-on-a-
chip (OOC) platforms, could present a more accurate, efficient,
and sophisticated method of drug development. iPSC-OOCs
can be used in preclinical drug screening to confirm both the
absence of toxicity and the efficacy of treating targeted pathways.
Consequently, iPSC-OOCs can inform decisions about which
drug’s development should be advanced and which should be
halted (103).

iPSC-ECs specifically provide the ability to study the
endothelium’s response to drug. In 2D, iPSC-ECs have been
studied in the context of statins, a class of HMG-CoA
reductase inhibitors, which evoke KLF2 expression and a non-
thrombogenic and anti-inflammatory phenotype (114). iPSC-
ECs have been used to evaluate the toxicity of chemotherapeutic
compounds such as tyrosine kinase inhibitors, which elicit
cardiac and endothelial toxicity (57, 115). Additionally, Vazao
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et al. (116) used iPSC-ECs to screen for drugs that affect vascular
embryonic development.

More recently, a 3D tumor-on-a-chip model was developed
to assess the cardiotoxicity of the anticancer drugs doxorubicin
and oxaliplatin (117). The model, which consisted of tumor cell
spheroids, iPS-derived cardiomyocytes (iPS-CMs), and iPSC-ECs
evaluated the effect of these drugs on the spontaneous beat rate
and conduction velocity of iPS-derived cardiac tissue. Consistent
with in vivo observations, doxorubicin reduced the spontaneous
beat rate and maximum capture rate at or near the drug’s
inhibition concentration (IC50), whereas oxaliplatin-induced
toxicity occurred at concentrations significantly higher than the
IC50. This study also illustrates how co-culture with multiple cell
types through OOCs can prove valuable for evaluating drugs that
can produce both cardiac and endothelial toxicity.

Of late, drug screening of engineered tissues is valuable in
tackling the COVID-19 pandemic. A recent study showed that
human blood vessel organoids and kidney organoids can be
readily infected by SARS-CoV-2, but early-stage infection can
be inhibited by clinical-grade human recombinant soluble ACE2
(hrsACE2) (118). This data suggests that soluble recombinant
human ACE2, which has already been tested in phase 1 and phase
2 clinical trials, may prove to be a viable option in blocking the
effects of the SARS-CoV-2 virus.

Therapeutic Applications
iPSC-ECs were initially produced as a means of investigating
their potential as a cell-based therapy for the treatment of

vascular diseases. Many cases of CVD, including coronary
and peripheral heart disease, diabetes mellitus, and stroke, are
characterized by ischemia, a reduction of oxygenated blood
supplied to tissues, leading to necrosis (59, 119). Cell-based
therapies aim to rebuild vasculature by promoting angiogenesis
and vasculogenesis in ischemic tissues. iPSC-ECs, which form
functional blood vessels after transplantation in animal models
(120), constitute a potential source of autologous cells for
such therapies. For example, iPSC-ECs have been administered
intramuscularly in murine hindlimb ischemia models and have
been found to enhance wound angiogenesis and limb perfusion
(121). However, direct injection of iPSC-ECs typically has a low
rate of in vivo cell survival and poor cell function (122). One
strategy used to overcome these limitations is to suspend ECs
in hydrogels or synthetic biomaterial scaffolds before injection
(122, 123).

In addition to providing perfusion in ischemic tissues, iPSC-
ECs can also be used to generate microvascular networks
within tissue grafts. Recent approaches can be divided into
two basic strategies as detailed extensively by Song et al.
(124): (1) angiogenic sprouting or vasculogenic self-assembly
and (2) fabrication of pre-designed structures that are then
endothelialized (124). To date, both approaches have been used
to vascularize engineered tissues, including liver (82, 125), skin
(126) and skeletal muscle (127).

There has also been interest in utilizing iPSC-ECs in the
development of larger tissue-engineered blood vessels for various
cardiovascular applications, such as bypass grafting, as well

FIGURE 4 | Applications of iPSC-derived ECs. Patient somatic cells are reprogrammed to iPSCs. For genetic diseases, gene editing can be used to correct genetic

mutations. ECs differentiated from iPSCs can be used for disease modeling, cell therapies, drug screening, and vascular grafts.
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as arteriovenous grafts for hemodialysis access. Commercial
synthetic grafts suffer from low patency and high failure rates,
prompting interest in developing small-diameter vascular grafts
that resist thrombosis, inflammation, and aneurysm formation
(128). While one study has utilized iPSC-ECs and iPSC-SMCs
to generate bilayered vascular grafts (129), whether or not
iPSCs will be adopted in larger-scale TEBVs for therapeutic
purposes remains to be seen. One barrier to employing iPSC-
based tissue-engineered vascular grafts is the extensive time
needed for iPSC expansion and differentiation, which greatly
limits clinical feasibility. One alternative solution has been to
seed biodegradable scaffolds withmesenchymal stem cells, which,
unlike iPSCs, can be harvested and cultured on a clinically
relevant time scale. Krawiec et al. (130, 131) developed a
method to rapidly isolate a fraction of stromal cells from healthy
and diabetic donors with stem cell-like behavior to populate
vascular grafts. These adipose stem cell-derived grafts were able
to remodel in vivo and stained positive for vWF and α-SMA
demonstrating the presence of an endothelium and smooth
muscle cells. While these results are promising, future studies,
including those that investigate the long-term outcomes of this
technology in more clinically relevant models, are necessary
before stem-cell based tissue-engineered vascular grafts become
a clinical reality.

CONCLUSION AND FUTURE DIRECTIONS

ECs play a critical role in maintaining vascular homeostasis
and controlling the blood supply. These cells regulate vascular
tone, structure, and inflammation, and their dysfunction plays
a key role in instigating atherosclerosis. While primary ECs
have limited plasticity and proliferative capacity, iPSCs offer
a potentially unlimited source to generate ECs for a wide
variety of applications including microphysiological systems,
organoids, disease modeling, and cell therapies. Several groups
have developedmultiple methods to differentiate ECs from iPSCs
by mimicking the developmental process of lateral mesoderm to
endothelial specification. This can be accomplished by generating
EBs, applying precisely timed small molecule treatments to cells
cultured in a monolayer, or modulating genetic transcriptional

activation in iPSCs. iPSC-ECs display various characteristics
consistent with primary ECs including EC marker expression,
lipid uptake, barrier function, and tube formation. These cells
have already been used in high throughput drug and toxicity
screening, modeling human vascular diseases, vascularizing
organoids, and creating tissue-specific in vitro models including
BBB, liver, kidney, and blood vessels.

Several important challenges remain to be addressed in
future studies. The ability of iPSC-ECs to improve organoid
vascularization and whether tissue specificity is needed for
this application remains to be discovered. Further, while they
share functional similarities, iPSC-ECs and primary ECs still
differ significantly in their gene expression. For example,
iPSC-BMVECs share phenotypic and functional features with
in vivo BMVECs making them valuable tools in creating
BBB models, but they also express epithelial markers and
reduced expression of some BMVEC transporters. Much
progress is needed in improving the maturation of iPSC-ECs
and in developing tissue-specific iPSC-ECs for 3D in vitro
modeling. Future studies may elucidate what key regulators
have not been identified that can improve iPSC-EC phenotype
and determine the level of maturity necessary for iPSC-
EC applications.
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