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Abstract

The discovery of human induced pluripotent stem cells (hiPSCs) might pave the way toward a
long-sought solution for obtaining sufficient numbers of autologous cells for tissue engineering.
Several methods exist for generating endothelial cells or perivascular cells from hiPSCs in vitro
for use in the building of vascular tissue. We discuss current developments in the generation of
vascular progenitor cells from hiPSCs and the assessment of their functional capacity in vivo,
opportunities and challenges for the clinical translation of engineered vascular tissue, and
modeling of vascular diseases using hiPSC-derived vascular progenitor cells.

The vascular system is vital to the care and feeding of every organ in the body, and
accordingly, vascular complications give rise to widespread diseases—from retinopathies to
coronary heart disease to peripheral vascular disease. Vascular pathologies theoretically
could be treated by replacing the diseased vasculature with newly engineered functional
blood vessels. The cellular components required to build stable blood vessels include
endothelial cells (ECs)—which line the inner surface of blood and lymphatic vessels—and
perivascular cells (PVVCs) or mural cells—which include pericytes and vascular smooth
muscle cells (vSMCs) (1). Pericytes are periendothelial in location, share a basement
membrane with the ECs, and are present in capillaries. Larger-caliber and contractile vessels
are surrounded by vSMCs (2, 3), which exhibit different phenotypes depending on vessel
specifications and organ site (1).

Stem cells have the potential to provide a limitless supply of proliferative progenitor cells
that can be used to differentiate into vascular cells in vivo and form a mature and durable
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network of blood vessels. However, adult stem cells have comparatively more limited
proliferative potential, diminished differentiation capacity, and increased senescence.
Human induced pluripotent stem cells (hiPSCs) offer a promising alternative (4). Indeed,
retroviral transduction of only four transcription factors reprograms terminally differentiated
cells of adult origin into a pluripotent (embryonic stem cell-like) state. hiPSCs can, in
principle, provide a rich source of nonimmunogenic allogeneic stem or progenitor cells
capable of differentiation and organization into functional tissue in a biologically relevant
microenvironment.

In addition to repairing diseased vasculature, the ability to create stable and functional blood
vessels from hiPSCs offers tremendous regenerative potential (Fig. 1). This includes the
engineering of other tissues that require a blood supply; the development of organs for
transplantation; and the ability to examine—in vivo, in a culture dish, or in three-
dimensional (3D) cultures—mechanisms that promote vascular pathologies and to test new
strategies for correcting abnormal vasculature. However, the key challenge for all of these
applications is the ability to derive adequate numbers of healthy progeny from hiPSC-
derived vascular progenitor cells that can form functional vessels in vivo. Here, we discuss
new developments in the generation of vascular progenitor cells from hiPSCs, their
functional capacity in vivo, and opportunities and challenges for clinical translation in
diseases with a vascular component, such as type 2 diabetes (T2D).

BRIEF HISTORY OF VASCULAR ENGINEERING
The pre-hiPSC era

Blood vessel formation occurs either from existing vessels (angiogenesis) or de novo by the
differentiation of endothelial stem/progenitor cells (vasculogenesis) (1, 5). Vascular tissue
engineering involves an intricately orchestrated series of cellular and molecular events that
engage vascular progenitor cells and nonvascular cells in a specialized micro-environment
(1). Two applications of vascular tissue engineering include (i) the generation of a vascular
graft or bypass using scaffolds seeded with bone marrow—derived mononuclear cells to treat
cardiovascular disease (6) and (ii) revascularization by stimulating angiogenesis using cell
transplantation in the setting of chronic limb ischemia (7). Important developments in
vascular tissue engineering include the exploration of various sources of vascular cells,
identification of biologically relevant animal models of human disease, development of
sophisticated techniques for in vivo visualization of engineered blood vessels, and the
deciphering of mechanistic insights into blood vessel development and pathophysiology (3,
8-10).

Factors activating signaling pathways that orchestrate vasculo-genesis and angiogenesis
include vascular endothelial growth factor (VEGF) family members, basic fibroblast growth
factor (bFGF), platelet-derived growth factor-BB (PDGF-BB), semaphorin and Hedgehog
family ligands, the Notch family of cell surface receptors, and the Tie-2 receptor and its
angiopoietin ligands (11, 12). Thus, one approach is using the controlled release of
angiogenic growth factors in combination with extracellular matrix (ECM), biochemical,
and mechanical cues to stimulate the generation of new blood vessels from existing ones
(13).
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Another approach to generate new blood vessels is the implantation of tissue-engineered
vessel constructs that consist of ECs, either alone or with PVCs embedded in scaffolds made
of ECM components or synthetic polymers. Elegant mechanistic work has demonstrated that
PVCs facilitate the stability of blood vessels via crosstalk with ECs, a process that appears
to be mediated by PDGF-B and transforming growth factor—§ (TGF-) (14). However, the
precise mechanisms that facilitate stabilization of blood vessels and their integration into the
host circulation remain elusive. We have successfully generated durable vascular networks
in immunodeficient mice using type 1 collagen—fibronectin matrices that contain human
umbilical vein ECs (HUVECS) along with 10T1/2 mesenchymal stem/progenitor cells
derived from mouse embryo (15). This approach led to the formation of functional
microvascular networks that lasted for 1 year. To examine the formation and function of
engineered blood vessels in vivo, we imaged engineered vessels by intravital multiphoton
laser-scanning microscopy through chronic “transparent” windows in immunodeficient mice
(8,9, 15, 16). Detailed observations of the interface between an engineered vessel construct
and the host tissue revealed a new anastomosis mechanism, in which implanted ECs wrap
around nearby host vessels and cause reorganization of the vessel structure; this leads to
perfusion of the engineered vessels and displacement of the host endothelium (a process
termed “wrapping and tapping”) (17).

In an attempt to make the clinical translation of this vascular engineering method more
feasible, researchers used endothelial progenitor cells (EPCs) isolated from adult peripheral
blood in place of HUVECSs. However, EPC-derived blood vessels regressed within 3 weeks,
whereas the functional vasculature formed by HUVECs lasted for more than 4 months,
suggesting that “stemness” may play a key role in the generation of robust, functional
vessels. This observation could be attributed to a higher proliferative capacity or a greater
resistance to stress-induced apoptosis (enhanced survival capacity) of cord blood—derived
EPCs compared to peripheral blood EPCs (16). Replacement of murine 10T1/2 cells with
either bone marrow—derived or adipose tissue—derived human mesenchymal stem cells
(hMSCs) (18, 19) results in the MSCs differentiating into PVCs with a pericyte-like
phenotype that stabilizes vessels in the mouse models (18). Last, the derivation of vascular
progenitor cells from a potentially limitless source such as human embryonic stem cells
(hESCs) generated tremendous excitement for vascular tissue engineering (20, 21).
Functional blood vessels were created in mice by co-implanting hESC-ECs with 10T1/2
cells, and the resulting vascular networks lasted for at least 150 days (22). Although these
experiments provided a proof of principle for stem cell-derived tissue-engineered blood
vessels and hESCs remain the gold standard for pluripotency, the use of hESCs in the clinic
remains controversial.

Thus, despite substantial advances in vascular tissue engineering, important challenges
remain that have precluded successful application in the clinic. Cell therapy using EPCs has
not been successful in generating robust vascular networks in humans (23). Therapeutic
strategies that use proangiogenic cells for peripheral vascular disease (24) or ischemic heart
disease patients (25) have led to only modest functional improvement. Vascular cells that
are exposed to a hypoxic environment are known to be vulnerable to cell death in vivo.
Given the heterogeneity of ECs (26), functionally viable engineered blood vessels might
need a full complement, or specific types, of ECs to form different kinds of blood vessels,
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including capillaries, arteries, and venules. Also, the “one size fits all” approach might not
be appropriate when using PVCs, which could display different phenotypes depending on
anatomical location. For example, PVVC coverage of blood vessels in the brain is very tight
but is scant in skeletal muscle. Besides engineering the cellular components, it is equally
relevant to pay attention to the biological composition of the scaffold that forms the
microenvironment for ECPVC interaction and stability. Inherent EC dysfunction and
senescence of vascular cells with advanced aging is also likely to have an effect on the
quality of the new vessels (27, 28).

The hiPSC era

Since the development of Yamanaka and colleagues’ groundbreaking method for
reprogramming adult human fibroblasts into pluripotent stem cells (4), other methods have
been devised for producing hiPSC derivatives that are potentially safer for use in the clinic
(29-33). However, poor reprogramming efficiencies and an incomplete mechanistic
understanding of the barriers to reprogramming have impeded clinical translation. It was
recently demonstrated that totipotent mouse iPSCs generated in vivo are biologically more
similar to ESCs than are in vitro—generated iPSCs (34). The selected inhibition of a single
factor, Mbd3 (an epigenetic repressor), radically amplifies the reversion efficiency of primed
(toward a lineage specification) mouse pluripotent epiblasts (derived from the late-blastocyst
stage of embryo-genesis) back to naive (ground-state) pluripotency. Further, more than 98%
of mouse embryonic fibroblasts can be reprogrammed in a week's time when the traditional
four “Yamanaka” factors are combined with the genetic depletion of Mbd3 (35). These
reports have enhanced our understanding of reprogramming mechanisms in mouse and
human iPSCs (hiPSCs).

A crucial outstanding issue for the field is what conditions most favorably influence the
subsequent differentiation potential of hiPSCs—the cell of origin for hiPSCs (source), the
efficiency of the reprogramming protocol, or both. The memory of hiPSCs—that is, the gene
expression profile that reflects the cell's origin—diminishes over passages of the cells in
culture. However, Ohi et al. investigated the genome-wide gene expression profiles of a
variety of hiPSC lines and found that their somatic memory—even in the hiPSC lines
derived with nonviral, nonintegrating techniques—suggests that the hiPSCs retain the
demethylated (that is, activated) status of genes resident in the cells of origin (36). Thisis in
contrast to ESCs, in which such genes are typically methylated (that is, inactivated). Of
greater concern is that the active expression of certain genes in hiPSCs is also characteristic
of cancer cells; thus, clinical translation cannot proceed before a careful examination of the
genome and epigenome of hiPSC-derived cell lines.

These concerns notwithstanding, the first human clinical study using hiPSC-derived retinal
pigment epithelial cells was approved in July 2013 for injection into the eyes of six patients
diagnosed with age-related macular degeneration, a condition that leads to blindness (37).
This trial, which officially began in September 2014, is the first study in which human
patients were implanted with genetically matched skin cells that had been reprogrammed to
hiPSCs and then differentiated into retinal cells (37, 38). The expectation of such a study is
that the hiPSC-derived retinal cells will prevent ongoing destruction of eye photoreceptors.
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However, this approach is unlikely to repair vision that has already been lost. If successful,
the landscape for hiPSC derivatives for human translation will widen dramatically (37). The
“proof of concept” for retinal sheet transplantation therapy for advanced retinal degenerative
diseases has recently been demonstrated in mice (39).

The hope for hiPSC-derived tissue in regenerative medicine has been the ability to replace
tissues or organs that would otherwise require transplantation. Indeed, hiPSC-derived
hepatocytes, HUVECs, and MSCs have been used to engineer a functional vascularized liver
in mice (40). Crosstalk among a combination of cell types is required for generating a
functioning organoid that can recapitulate physiological function in vivo. In the liver
organoids, the HUVECs formed blood vessels and MSCs likely differentiated into PVVCs and
stabilized the nascent vasculature. Cerebral organoids (“mini-brains”) derived from hiPSCs
have been created in a culture dish and grow to their maximum size in 2 months (41). The
lack of a vasculature to deliver oxygen and nutrients to the core of the cerebral organoids
likely prevents further development.

MAKING VASCULAR ECs FROM hiPSCs

ECs have been derived from hiPSCs that originated from a variety of cell types; skin
fibroblasts (8, 42, 43), umbilical cord blood ECs (44, 45), bone marrow—derived CD34"
mononuclear cells (44, 46), neonatal lung fibroblasts (44), dental pulp—derived cells (47),
MSCs (43, 48), vSMCs (49), and lipoaspirates (50) have all been reprogrammed to hiPSCs
and subsequently differentiated into ECs. Diverse methods have been used to produce ECs
from hiPSCs in either 2D (8) or 3D (42, 43, 46, 49, 51) cultures under varying conditions,
such as with the transfection of various combinations of transcription factors and growth on
feeder or without feeder cells. Derivation of hiPSC-ECs involves the addition of cytokines
or pharmacological agents to the cell culture medium, such as bone morphogenetic protein—
4 (BMP-4), VEGF-A, bFGF, activin A, stem cell factor (SCF), FIt3, FIt3L, interleukin-3
(IL-3), IL-6, or a mitogen-activated protein kinase kinase (MEK) inhibitor to promote EC
differentiation. hiPSC-ECs are characterized with the use of flow cytometry and a variety of
cell surface selection markers [CD34, CD31, CD144/vascular endothelial-cadherin (VE-
cadherin), CD146, Tie-2 (an angiopoietin receptor), fms-related tyrosine kinase-1 (FLT1),
kinase insert domain receptor (KDR), and von Willebrand factor (vWF)] (tables S1 and S2).

Studies have detected similar gene expression profiles in hESC-ECs and hiPSC-ECs (52). A
high level of concordance of gene expression was also noted between gene expression
profiles of hiPSC-ECs derived from a single hiPSC line but with various differentiation
protocols (52). However, hiPSC-ECs derived from a variety of hiPSC cell lines using
distinct differentiation protocols display variability, in both in vivo and in vitro experiments,
in the functionality of vascular networks derived from these cells (8).

hiPSC-ECs derived using 2D culture techniques demonstrated in vivo formation of blood
vessels in mice when co-implanted with PVCs. However, hiPSC-ECs derived from 3D
embryoid bodies, which are aggregates of pluripotent stem cells, were unable to form blood
vessels in vivo. The mechanisms that underlie these differences in 2D and 3D procedures
have yet to be elucidated (8). Reprogramming techniques that have generated partial iPSCs
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that were then differentiated to ECs have demonstrated improved blood flow in mouse
models of hindlimb ischemia (53).

A full complement of EC types can be derived from hiPSCs, which suggests that hiPSC-ECs
are functionally diverse and presumably similar to human ECs (26). Rufaihah et al. have
demonstrated that varying the exposure to soluble growth factors in differentiation protocols
for hiPSC leads to differentiation into ECs with arterial, venous, or lymphatic EC
characteristics (54). Culturing of cells in medium with high concentrations of VEGF yields
an arterial-EC phenotype, whereas low VEGF levels promote venous specification, and a
combination of high VEGF-C and angiopoietin-1 levels favors lymphatic differentiation.
hiPSC-ECs with an arterial phenotype form capillary networks more robustly in vivo as
compared with a heterogeneous hiPSC-EC population when seeded in subcutaneous
Matrigel plugs and implanted in severe combined immunodeficient (SCID) mice. These
results suggest that the arterial differentiation/specification of hiPSC-ECs might be
beneficial for therapeutic angiogenesis, whereas hiPSC—lymphatic ECs might be more
advantageous for the treatment of lymphedema (54). Indeed, immature EPCs also show
plasticity between arterial and venous phenotypes. An arterial phenotype in ECs is believed
to be induced by NOTCH signaling and shear stress and is facilitated by a high
concentration of VEGF in medium used for endothelial differentiation (55). Identification of
early vascular precursor cell surface markers such as CD87 (urokinase-type plasminogen
activator receptor) (56) might provide clues into endothelial specification during
development and offer access to vasculogenic clones of hiPSC-ECs (8).

MAKING PVCs FROM hiPSCs

PVCs such as pericytes and vSMCs are necessary for the stabilization and maturation of
blood vessels engineered from hiPSCs. To facilitate translation to the clinic, ECs and PVCs
could be derived from the same autologous hiPSCs. Related transition states in the form of
MSC intermediate cells exist between the different types of mural/PVVC progenitor cells and
functional vSMCs and pericytes engineered from hiPSCs (57). Pericytes are the
microvascular counterparts of vSMCs. Whereas pericytes exist only in a perivascular
location and attached to the longitudinal axis of capillaries with finger-like extensions,
VSMCs are positioned perpendicularly to the entire endothelial surface. The two cell types
are also differentiated by morphology and the expression of cytosolic and membrane-bound
markers (1, 2).

hiPSC-derived MSCs have been generated in vitro from neonatal or adult skin fibroblasts,
human vSMCs, neonatal lung fibroblasts, bone marrow-derived CD34" progenitor cells, and
hair keratinocytes (57, 58). With varying efficiency, the derivation and characterization of
hiPSC—mural cells make use of the addition of growth factors to cultures and flow
cytometry and a variety of selection markers, respectively. Selection markers used to
characterize hiPSC-derived MSCs include CD73, CD146, CD105, CD90, CD24, CD44,
CD54, NG2, PDGFR-, HSP90, and human leukocyte antigen (HLA) class I, whereas
hiPSC-derived SMCs and vSMCs are characterized with a-smooth muscle actin, calponin,
SM22, TCF15, MYH11, ACTA2, CNN1, and CSPG4. Magnetic bead sorting and the
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addition of cytokines to culture medium (BMP-4, DKK3, PD98059, FIt3, SCF, VEGF, IL-3,
and IL-6) promote the differentiation of hiPSC-derived mural cells (tables S1 and S2).

Several reports describe hiPSC-to-MSC derivation and successful inoculation of these
hiPSC-MSCs in rodent models of ischemia (59, 60). However, results obtained from human
bone marrow-derived MSCs indicate that the mechanisms by which MSCs participate in
revascularization remain unclear; it is possible that the therapeutic properties of MSCs result
at least in part from the secretion of paracrine factors (61, 62). More recently, exosomes
from hiPSC-derived MSCs were shown to have paracrine effects and to promote
angiogenesis and improve vascularization in a mouse hindlimb ischemia model (63).

Dar et al. demonstrated that CD105*CD90*CD73*CD31~ multipotent clonogenic
mesodermal progenitor cells that arise spontaneously from embryoid bodies are positive for
pericyte markers CD146, NG2, and PDGFR-f but are negative for a-smooth muscle actin.
When cultured, these mesodermal precursor cells form cartilage, bone, fat, and skeletal
muscle cells and show vasculogenic potential in Matrigel plugs when co-implanted with
hESC-ECs or HUVECs. The embryoid body—derived PVCs promote both vascular and
muscle regeneration in mice (59). These findings have implications for the use of both ECs
and pericytes derived from hiPSCs in vascular tissue engineering and also suggest that the
hiPSC-PVCs derived from embryoid bodies might shed light on these elusive and often
neglected perivascular support cells.

Another key finding was the generation of vascularized liver buds formed by the co-
implantation of hiPSC-derived hepatocytes with (non-hiPSC) HUVECs and MSCs. The
development of the vascular network within the liver organoids within 2 days was attributed
to the subset of MSCs behaving like pericytes—that is, surrounding the HUVECs and
stabilizing blood vessels—as has been demonstrated in previous experiments (15, 40).

Comparative studies suggest that hiPSC-derived SMCs are similar to the human SMC,
sharing gene expression patterns, epigenetic modifications, and functional properties in
vitro. hiPSC-SMCs from human aortic vascular SMCs have been redifferentiated back to
SMCs and shown to be remarkably similar to the parenteral cells (64). hiPSC-SMCs derived
from three progenitor subtypes (lateral plate mesoderm, paraxial mesoderm, and
neuroectoderm) suggest that organ-specific SMCs exist and are an important resource for
understanding human vascular disease and development (65). Quicker generation of hiPSC-
PVCs has been enabled with transient reprogramming techniques (66). Furthermore, the
limited proliferative potential of human adult MSCs seems to be offset by a stepwise
approach to generate functional hiPSC-SMCs through a highly proliferative MSC progenitor
cell population (57). The hiPSC-SMCs can be directed to adopt either a synthetic or
contractile phenotype; the former displays high proliferation, migration, and ECM-protein
production, whereas the latter displays low proliferation, synthetic activity, expression of
myogenic proteins (such as a-smooth muscle actin and calponin), and a fibrillar
organization (67).
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FUNCTIONAL EVALUATION OF hiPSC-DERIVED VASCULAR CELLS

Although several methods exist to generate hiPSC-ECs in vitro, only a few studies have
performed functional evaluations of hiPSC-ECs in vivo, with follow-up typically not
extending beyond 1 month. hiPSC-ECs have promoted neovascularization in vivo in murine
models of hindlimb ischemia (68), myocardial infarction (47, 50), and retinal ischemia (69).
hiPSC-ECs have also been shown to reduce collagen deposition and, in combination with
hiPSC-derived SMCs, to enhance vascularization in a mouse model of scleroderma (70).
The functional response of hiPSC-ECs to proinflammatory stimuli has also been
demonstrated in vivo. hiPSC-ECs respond to biomechanical cues, thereby directing
differentiation into cells of the circulatory system and exhibiting an activated phenotype in
response to proinflammatory stimuli (43). The ability to modulate hiPSC-ECs to develop
athero-protective or athero-prone phenotypes has shown potential for drug screening to
identify compounds that prevent atherosclerotic plaques.

Ideally, hiPSC-engineered blood vessel precursors for use in the clinic should be HLA-
matched (Fig. 2). This could be achieved by generating both the ECs and PVVCs from
fibroblasts isolated from the same individual and then using both of these cells to form blood
vessels in vivo. Indeed, we and another group have demonstrated this approach using
different techniques (8, 44). Kusuma et al. derived early vascular cells (EVCs) from hiPSCs
that were capable of maturing into both ECs and PVCs and organizing into vascular
networks in hyaluronic acid-based hydrogels (44). VE-cadherin—positive (VE-Cad*) EVCs
actively form tube-like structures in vitro, and on day 3 in culture, NG2* pericyte-like cells
encircle the tubular structures. Vascular networks are identifiable within the hydrogel in
vitro using confocal microscopy. Two weeks after subcutaneous implantation of these vessel
constructs, survival and perfusion of these vessels in vivo were confirmed by histo-logical
observation (44). However, functionality and sustainability of these vessels in vivo remain
unknown.

Our recent work demonstrated the ability to form hiPSC-engineered blood vessels that
remain healthy and stable in vivo for 280 days in a cranial window model and for 30 days in
dorsal skinfold chambers in SCID mice (8). The EPCs were derived from hiPSCs using a
triple combination of selection markers [CD34, neuropilin-1 (NP-1), and KDR] and an
efficient 2D culture system for hiPSC-EPC expansion. Noninvasive longitudinal in vivo
microscopy was used to measure parameters such as permeability to bovine serum albumin
and velocity and flow of red blood cells (RBCs), as well as to confirm the function of blood
vessels in vivo (Fig. 1 and movies S1 and S2). The RBC velocities in the engineered blood
vessels are comparable to normal endogenous host vessels (1.36 + 0.3 mm/s) and
demonstrate a higher permeability compared to endogenous vessels, suggesting that the
engineered vessel network is functional (delivers oxygen and nutrients) and thus might
support engineered tissues. However, the vessel wall might not have matured fully in these
constructs. Together, these experiments reveal that durable hiPSC-derived blood vessels
could be formed from endothelial and mesenchymal precursor cell types isolated from the
same hiPSC line (8). Recently, another report showed that when hiPSCs are differentiated to
ECs, the VE-Cad* cells that are also CD31*CD34*CD14~KDRM3" exhibit high angiogenic
and clonogenic proliferation abilities among the EC lineage (71).
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CLINICAL TRANSLATION

Worldwide, there are currently 4857 clinical trials registered at clinical-trials.gov that
involve stem cells, with more than half of these in the United States (Fig. 3). Of these, 420
clinical trials use stem cells for the treatment of peripheral vascular disease, and 144 use
stem cells to treat diabetes. There are 21 clinical trials listed in clinicaltrials.gov that have
used or are using hESC-derived products, primarily for eye disorders such as macular
degeneration. Notably, currently, there are 32 trials listed in clinicaltrials.gov that involve
hiPSCs, predominantly in the United States (n = 24); the rest are being carried out in France
(n=13), Israel (n=2), Spain (n = 1), UK (n = 1), and Slovenia (n = 1). These studies include
characterization of hiPSC-derived cells from cardiovascular disease, neurological disease,
retinal degenerative diseases, and immunodeficiency disorders. Currently, there are no
clinical trials that have used hiPSC-derived products for alleviating vascular disease such as
peripheral limb ischemia or coronary heart disease. However, there is an increasing body of
literature that describes basic research with hiPSC-derived ECs and PVCs being tested in
vitro and in in vivo functional studies in mice (tables S2 and S3).

The potential applications of hiPSC-derived vascular cells are broad and include engineering
blood vessels in coronary heart disease, alleviating critical limb ischemia in peripheral artery
disease, and examining the basis of diabetic vascular disease such as peripheral ischemia
and retinopathy. Heart disease and stroke remain outstanding causes of cardiovascular
disease burden in the United States. Coronary heart disease accounted for one in six deaths
in 2009. The total burden of cardiovascular disease and stroke cost $312.6 billion in 2011.
This is startling when one considers that in 2008, the total cost of all benign and malignant
neoplasms was estimated at $228 billion (72). In 2010, stroke was the fourth leading cause
of death in the United States, and worldwide, stroke is the second common cause of death
after heart disease and is responsible for 1/10 of all deaths (73). Thus, the potential benefit
of engineering stable and functional vascular tissue is enormous.

MODELS AND MECHANISMS

Diabetic vascular disease

India is second to China in global prevalence of T2D, followed by the United States. In
2011, more than 371 million people worldwide suffered from T2D, and more than $471
billion was spent on health care for diabetic patients. By 2030, 552 million are expected to
have T2D worldwide, and 0.7% of these will develop retinopathy and become blind
(www.idf.org/diabetesatlas/5e/Update2012). Of the 63 million Indians with diabetes, it is
alarming to note that a third of T2D patients already have microvascular complications at
presentation, and in developing countries, T2D vascular complications commonly result in
diabetic foot ulcers and nontraumatic limb amputations (74). hiPSC-derived vascular
progenitor cells that assist with revascularization of ischemic tissue could save limbs (Fig.
2). However, in these vascular diseases, the host endothelium is often dysfunctional (75),
and it is possible that the hiPSC-derived cells from a diseased patient carry such memory.
Conversely, the resetting of the epigenetic landscape as a consequence of reprogramming
might yield hiPSC-derived vascular progeny that differ from their parent cell—a property
that has been demonstrated in mice (76).
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Diabetic hiPSCs have been derived mainly for the differentiation or proposed differentiation
to pancreatic p cells (77). From a developmental perspective, however, it is known that the
endothelium is instructive in providing signals that determine morphogenesis and cell
differentiation of the liver and pancreas (78). The value of obtaining diabetic hiPSC-derived
vascular cells would be most robust in examining monogenic diabetes, such as type 1
diabetes (T1D) or maturity-onset diabetes of the young (MODY) (79). We have been
successful in isolating hiPSC-derived ECs and PVVCs from T1D and MODY cases (8).
Whereas the T1D-iPS—engineered blood vessels remained functional in mice for 4 months,
the MODY -iPS-ECs failed to form functional blood vessels in vivo, despite demonstrating
bona fide endothelial tube—forming potential in vitro in Matrigel (8).

T2D-hiPSC lines derived from elderly patients are capable of generating insulin-producing 8
cells. In contrast, there are no published data, to date, that demonstrate the derivation of
vascular progenitor cells from diabetic hiPSCs. The derivation of T2D-hiPSC-ECs and T2D-
hiPSC-PVCs might reveal a robust phenotype, which, even in the absence of a well-defined
genetic background, might lead to mechanistic insights into vascular dysfunction in T2D. It
is reasonable to speculate that data from the evaluation of hiPSC-engineered blood vessels
from healthy controls and T1D and MODY patients (8) could be applied to the investigation
of T2D-hiPSC vasculature.

Other vascular diseases

hiPSC-derived vascular cells have been investigated from rare vascular diseases with known
genetic mutations (table S3). hiPSCs from the premature aging disease Hutchinson-Gilford
progeria syndrome (HGPS) were differentiated into five lineages: neural progenitor,
endothelial, fibroblasts, vSMCs, and MSCs (80). Survival of HGPS-hiPSC-vSMCs was
reduced under hypoxic conditions, and HGPS-hiPSC-MSCs were unable to prevent necrosis
in a murine hindlimb ischemia model, as compared with healthy MSCs. Fibroblasts derived
from patients with Williams-Beuren syndrome (WBS) who displayed pulmonary and aortic
stenosis were successfully differentiated to SMCs. These WBS-hiPSC-SMCs recapitulated
the disease phenotype in vitro by demonstrating high proliferation and immature phenotype
with low expression of differentiated SMC markers. The WBS-hiPSC-SMC phenotype was
rescued with the use of rapamycin, which inhibits smooth muscle proliferation through the
mammalian target of rapamycin (mTOR) pathway (80). This result supports the testing of
rapamycin in treatment of individuals with WBS and represents an example of the use of
hiPSCs for modeling of diseases associated with smooth muscle proliferation and for the
discovery of treatment modalities to be tried in the clinic (81). In attempts to model disease
in a dish, hiPSC-SMCs were derived from patients with supravalvular aortic stenosis (82);
hiPSC-differentiated cardiomyocytes were derived from patients with the LEOPARD
syndrome (83); and hiPSC-ECs were derived from patients with the moyamoya disease
(idiopathic cerebrovascular disease) (84).

Besides using hiPSCs to model vascular disease, hiPSC-ECs have been useful in generating
an in vitro blood-brain barrier (BBB) model (85). The BBB is composed of specialized ECs
known as brain micro-vascular ECs as well as PVCs and astrocytes—star-shaped glial cells
found in the brain and spinal cord. The inaccessibility of these cell types from humans has
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resulted in studies of the BBB from rodents, cows, and pigs. A robust BBB of human origin
was created for the first time with the use of hiPSC derivatives. When hiPSCs were co-
differentiated into neural cell and EC lineages, the resulting hiPSC-ECs acquired BBB
properties such as the expression of tight junction proteins, glucose transporter, and P-
glycoprotein. These hiPSC-ECs demonstrate extremely high transendothelial electrical
resistance, low molecular permeability, and polarized transporter activity in response to
astrocytes in a coculture. This work offers a meaningful platform with which to examine
developmental aspects of BBB formation and more clinically relevant issues such as
opportunities to promote BBB repair after stroke or to restrain the recruitment of blood
vessels by aggressive brain tumors. The in vitro BBB model may also permit the assessment
of drug delivery.

TRANSLATIONAL CHALLENGES

Only 7 years have passed since Yamanaka and colleagues demonstrated, in a landmark
study, that it is possible to reprogram adult somatic cells back to an embryonic stem cell-
like state. This discovery inspired the hope that hiPSC-derived cells could be used in the
clinic to treat myriad diseases (38, 40). However, many challenges remain, especially with
respect to the engineering of 3D tissues using hiPSCs (Fig. 2). Providing a vascular supply
to newly generated tissues remains one of the most challenging barriers in building solid
organs.

The state of organ transplantation in the United States is dire: One patient is listed for
transplant every 11 min, and 130 join this list every day. Although 75 patients receive a
transplant every day, 19 die because organs are not available
(www.thenationalnetworkoforgandonors.org/statistics.html). hiPSC-derived vascular cells
have broad application for regenerative medicine, because blood vessels are essential for any
functional organs—as recently shown in the generation of functional livers in mice by co-
implanting hepatocytes, MSCs, and vascular ECs (83). The expectation is that newly
created, genetically matched organs will reduce the need for organ transplants in the future.
But first, scientists much deal with such challenges as the variability of hiPSC lines and the
long-term safety issues involved in the use of these cells, which are being addressed by
researchers around the world. Animal models using hiPSC-derived retinal pigment epithelial
cells showed negligible tumorigenic potential (86). However, this issue remains an
important one for current and future hiPSC clinical trial testing. Also needed are better ways
of engineering organ-specific ECs, because these cells are heterogeneous, in terms of both
cellular content (arterial, venular, or lymphatic) and function, depending on anatomical
location (fenestrated versus nonfenestrated) (26). Therefore, engineering specific type of
ECs or organ-specific ECs is biologically relevant and important for clinical application.

Several other outstanding issues must be addressed before hiPSC-derived vascular
progenitor cells find application in the clinic. Pinpointing the appropriate vasculogenic
clones in and deciphering the molecular mechanisms that confer vasculogenic potential on
hiPSCs are necessary before we begin to develop methods for scaling up to large numbers of
hiPSC vascular progeny. For example, the selection of triple-positive CD34*KDR*NP1* EC
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precursors from a population of vascularized hiPSCs provides highly vasculogenic cells that
form functional blood vessels in vivo when co-implanted with PVCs (Fig. 1) (8).

We also must consider the variability of hiPSC lines, such as the cell of origin and the
reprogramming techniques used. These factors will influence the success of hiPSC vascular
derivatives in regenerative medicine. Further, is the timing of vascular insult critical in
vascular therapy using hiPSC-derived vascular cells (similar to spinal cord injury, in which
immediate cell therapy is necessary to elicit a response)? When translating mouse systems to
humans, efforts to scale up hiPSC-derived vascular cells will likely require bioreactors,
facilities for clinical-grade production, biocompatible scaffolds, and release devices to track
the immune response in vivo. Another issue is the ability to obtain homogeneous
populations of cells derived from hiPSCs. Cost-effective therapy using hiPSC derivatives
remains a critical issue, because manufacturing costs can be often prohibitive. The
possibility that hiPSC derivatives might “drift” to an immature or cancerous phenotype in
vivo also remains a cause for concern (86). Recent reports of tumors detected after treatment
with stem cells reinforce the need for vigilant and prolonged follow-up (87).

Above all, in the rush to produce safe and biologically relevant hiPSC-derived vascular
progeny, the concern is that the host endothelium is often dysfunctional in vascular disease,
and it is possible that the hiPSC-derived cells carry such memory. To overcome this
problem, researchers require a mechanistic understanding of healthy EC generation. As of
today, the only clinical trial in progress uses retinal pigment epithelium to treat age-related
macular degeneration. Other proposed clinical trials involving hiPSC derivatives include
platelets and genetically corrected keratinocytes to treat epidermolysis bullosa. Other
possible trials with hiPSCs include oligodendrocyte precursor cells, dopaminergic neurons,
retinal ganglion cells, keratinocytes, and hematopoietic grafts (38). The hope is that hiPSC-
derived vascular progenitor cells, too, will find a place in clinical trials to alleviate vascular
insufficiency. Until this happens, hiPSC-derived vascular cells serve as an exceptional
source to examine diseased human cells in a dish.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The ability to build functional blood vessels nears clinical translation, but important

hurdles remain.

One-sentence summary
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Fig. 1. Form and function
A multiphoton laser scanning microscopy image of iPSC-derived, engineered functional

blood vessels observed through a cranial window in SCID mice is shown. hiPSC-derived
ECs (green) co-implanted with perivascular 10T1/2 cells (red). RBCs labeled with DiD
farred dye (blue). [CREDIT: REPRODUCED FROM (8) WITH PERMISSION]
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Fig. 2. Models and medicine
Potential applications of hiPSC-derived blood vessels: Disease models and regenerative

medicine. Skin fibroblasts are collected from patients with various vascular complications
(top). The patient-derived cells and a cocktail of reprogramming factors (OCT4, SOX2,
KLF-4, and C-MYC, the “Yamanaka factors™) are used to derive hiPSCs (top to center).
Two different types of vascular cells, ECs and PVCs, are differentiated from these hiPSCs,
and then tissue-engineered vessel constructs are created (center). Vessel constructs are
implanted into various animal models and evaluated (bottom). If the hiPSC-derived,
engineered vessels maintain the abnormalities observed in the patients’ blood vessels, then
the engineered vessels provide sophisticated in vitro and in vivo vascular disease models
that would facilitate our understanding of patho-physiology and perhaps suggest treatment
strategies for the various diseases (right). On the other hand, if these hiPSC-derived vessel
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constructs generate normal vessels, then this engineered vessel approach can be used for
revascularization of patients (left).
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Fig. 3. Stem cell-related clinical trials around the world
This figure was generated with data available from clinicaltrials.gov.
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