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Abstract

Vascular smooth muscle cells (VSMCs) play a major role in the pathophysiology of
cardiovascular diseases. The advent of induced pluripotent stem cell (iPSC) technology and their
capability to differentiation into virtually every cell type in the human body make this field a ray
of hope for vascular regenerative therapy and for understanding disease mechanism. In this
review, we first discuss the recent iPSC technology and vascular smooth muscle development
from embryo and then examine different methodology to derive VSMCs from iPSCs and their
applications in regenerative therapy and disease modeling.

Introduction

The use of autologous cells is the benchmark for regenerative therapy in vascular diseases,
which includes both local transplantation of the vascular cells to injured organs and the
engineering of organs [1-3]. Vascular smooth muscle cells (VSMCs) with more than one
developmental origin are crucial for cardiac and vascular function. VSMCs have recently
been used for the treatment of cardiovascular diseases with limitations such as source and
amount of the cells [4]. VSMC:s proliferative potential decreases with increasing donor age
and thus finding a reliable source of cells remains an important problem [4, 5]. The seminal
finding by Shinya Yamanaka only 7 years ago that adult somatic adult cells could be
reprogrammed into stem cells by the ectopic expression of factors, including Oct3/4, Sox2,
KIf4 and c-Myc, has opened an exciting, new avenue for studying human disease and cell-
based therapies [6]. These induced pluripotent stem cells (iPSCs) look and behave
remarkably like embryonic stem cells and have the potential to differentiate into almost any
somatic cell type. This technique has opened up new possibilities for the application of stem
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cells in the treatment of many diseases because there are minimal ethical problems with the
availability of somatic cells. Thus, iPSCs represent an interesting alternative source for
VSMC derivation compared to embryonic stem cells. Also, the use of patient-specific
autologous cells minimizes transplantation and ethical problems. Importantly, iPSCs derived
VSMCs can be used for vascular disease modeling studies as iPSCs derived from a patient
will possess both the disease-causing mutation as well as the permissive genetic background
that in many cases is required for full expression of the disease phenotype [7].

Different strategies have been used to make functional and contractile VSMCs using iPSCs
and have been used for regenerative therapy and disease modeling in vascular medicine. The
focus of this review is especially on recent advancements in iPSC technology, the diverse
origin of VSMCs, and various methods to generate VSMCs from iPSCs and their potential
use in regenerative therapy and disease modeling.

Induced Pluripotent Stem Cell Technology

Regenerative therapy by replacing damaged or diseased vascular tissue can be an exciting
avenue to treat vascular diseases. The ability to generate a sufficient amount of VSMCs for
cellular therapy was greatly enhanced upon the discovery of iPSCs. First developed in 2006
by Takahashi and Yamanaka, iPSCs are cells that retain the pluripotent properties of ESCs
and are generated by reprogramming fibroblasts with the induction of Oct4, KlIf4, Sox2, and
c-Myc. [8-10]. In order for reprogramming to occur, fibroblast specific transcription factors
need to be downregulated and proliferation needs to be induced following adoption of
epithelial characteristics and ESC markers. Then pluripotency related genes are activated
that allows the somatic cells to reach pluripotent states [11]. Since the initial discovery,
many new technologies for iPSC derivation have been developed including deriving iPSCs
from various somatic cell types including blood, which would allow for more feasible
clinical application (Figure 1). The generation and use of iPSCs have become an attractive
strategy for potential clinical applications such as disease modeling, cell-based therapy, and
drug screening purposes due to their potential to differentiate into any cell type of interest
[8-10].

The initial methods for iPSC generation required the use of retroviruses to deliver the
reprogramming factors, but due to the risk of tumorigenesis and transgene reactivation, the
emphasis shifted toward generating transgene-free iPSCs using transient adenoviral
expression, episomal plasmids, and minicircle vectors [12—14]. Because these strategies
utilize the transient and non-integrating nature of these vectors, the risk of tumorigenicity is
greatly reduced compared to that of retro- or lentiviral vectors. However, the efficiency of
generation using these techniques is extremely low and would need to be improved if used
for clinical applications.

Other strategies to generate transgene-free iPSCs involve the expression of reprogramming
factors that can then be excised, thus preventing reactivation of the transgenes. One method
uses a single lentiviral cassette (STEMCCA) vector expressing the reprogramming factors,
which can then be excised based on the Cre/loxP excision system [15]. An alternative
excision approach uses piggyBac (PB) transposons, which involves transfecting somatic
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fibroblasts with doxycycline inducible transposon plasmids expressing c-Myc, KIf4, Oct4
and Sox2 [12]. These strategies are advantageous because they exhibit higher efficiencies of
reprogramming compared to that of the other transgene-free methods. Although the excision
of the transgenes is highly efficient, there is still some concern of leaky excision, which
would be a cause for concern for clinical grade use but can be improved upon. Another
strategy that developed was the use of a Sendai virus, a non-integrating RNA virus, to
deliver the reprogramming factors in a more practical and safer way [16-18].

As an alternative to vector based approaches, researchers have also developed protein-based
and RNA based transgene free methods. In one method, recombinant forms of the
reprogramming proteins were used to reprogram fibroblasts [19]. RNA based transgene free
methods utilize the modification of mMRNA to deliver non-integrating reprogramming factors
and to prevent an immune response [20]. miRNAs were also used to induce pluripotency,
which led to double the efficiency of reprogramming [21]. Improving the efficiency of iPSC
generation would be useful for clinical applications where high numbers of VSMCs would
be needed for cellular and tissue replacement therapies.

Recent methods of iPSC generation also include the use of small molecules to replace the
delivery of reprogramming factors. For example, Pingping Hou et al. 2013 were able to
identify a combination of seven small molecule compounds, such as Forskolin, 2-Me-5HT,
and D4776, that facilitated reprogramming in mouse somatic cells with higher efficiency
than previous methods [22]. Inducing reprogramming with small molecules instead of viral
or vector-based methods would be an advantageous method for generating clinical grade
iPSCs. Using this method would reduce the risk of transgene activation or genome
integration and complications of the viral or vector based delivery methods for clinical grade
manufacturing purposes because small molecules can be easily handled and delivered. The
same group also discovered that there may be alternative ways to activate pluripotency by
activation of lineage specifiers, such as GATA3, GATAG, and Sox7, which carefully
manage the balance between differentiated and pluripotent states [23]. Based upon this
“seesaw model” of balancing pluripotency factors and lineage specifiers, researchers may be
able to find new ways of inducing pluripotency and improving the technology of iPSC
generation.

Since the first generation of iPSCs, the field has advanced significantly regarding
reprogramming efficiency and safety. Although viral vectors are still the most widely used
method for reprogramming, it is not yet clear which protocol is the best method due to trade-
offs in efficiency and feasibility. In one study, Goh et al. 2013, compared the efficiency of
reprogramming with different methods and found that the highest efficiency was achieved
with mRNA based method (1.89%), which was 20 fold higher than with the retroviral
(0.2%) and episomal plasmid (0.10%) methods [24]. More systematic evaluation needs to be
done to establish the best way of generating iPSCs. With new methods that allow for
transgene-free iPSCs and further improvement of generation, iPSCs can become a powerful
strategy for developing regenerative therapies for vascular diseases.
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Origins of VSMCs during the mammalian cardiovascular development

Early mammalian vascular development is regulated by endothelial cells (ECs), SMCs and
pericytes. ECs form vascular plexus by angiogenesis to remodel and expand the vascular
network, which subsequently attaches to the aorta and recruits mesenchymal cells to become
VSMCs through arteriogenesis [25]. VSMCs provide contractile function and structural
support to vascular blood vessels. In contrast to terminally differentiated cardiomyocytes in
the cardiac system, differentiated VSMC:s still retain considerable plasticity and can modify
their phenotype in response to vessel injury [26]. VSMCs arise from multiple independent
origins during development [7, 27]: most from various mesodermal lineages, a subset of
them originates from the neural crest, the secondary heart field (SHF) and the proepicardial
organ (PEO). Here, we provide a brief overview of the signaling pathways involved in the
induction of VSMC:s lining the walls of aorta and coronary arteries, which are crucial for
continued heart growth and fetus survival towards birth.

The neuro-ectodermally derived neural crest cells, regulated by bone morphogenetic protein
(BMP), Whnt, fibroblast growth factor (FGF), Notch and Retinoic acid (RA) signaling [28],
are critical for the maturation of the functional arterial pole of the heart. Cardiac neural crest
cells migrate through the pharyngeal arches and the anterior region of the SHF reaching the
outflow tract (OFT) (Figure 2B), where they play a major role in the process of OFT
remodeling [29]. The extensive remodeling results in the separation of the pulmonary trunk
and aorta which connect with the right and left ventricles, respectively, ensuring blood flow
to the lungs and body. Lineage tracing studies with neural crest specific Wntl-cre and PO-
cre reporter mice provide evidence that cardiac neural crest cells give rise to VSMCs of the
ascending aorta, the aortic arch and pulmonary trunk (Figure 2C, D) [29, 30]. However,
cardiac neural crest derived SMCs are not found in the descending aorta nor at the aortic or
pulmonary roots. Lineage tracing with Hoxb6-cre and Meox1-cre transgenic mice suggests
that SMCs in the descending aorta derive from the somites rather than the lateral plate
mesoderm [31] (Figure 2D). Multiple pathways, such as RA and Notch signaling, have been
implicated in the differentiation of cardiac neural crest derived VSMCs. Proper balance of
RA signaling and Thx1 expression controls both neural crest migration and VSMC
differentiation, its deregulation leads to malformation of the pharyngeal arch arteries
associated with the DiGeorge syndrome [32]. Studies of transgenic mice with inactivated
Notch signaling in the neural crest derivatives show that Notch plays a cell-autonomous role
in the differentiation of cardiac neural crest precursors into VSMCs, these mice exhibited
aortic arch patterning defects, pulmonary artery stenosis, and ventricular septal defects [33,
34]. Furthermore, VSMC differentiation is impaired in pharyngeal neural crest derivatives of
transgenic mice that either conditional gain or loss of Notch signaling in neural crest cells,
this suggests that proper levels of Notch signaling is critical for neural crest derived VSMC
differentiation [35]. Jagged1 is a direct target of Notch in smooth muscle and propagates
SMC differentiation during aortic arch artery development. Loss of Jagged1 in neural crest
impairs VSMC differentiation and leads to aortic arch artery defects [36].

The SHF arises from a medial population of progenitor cells along the anterior-posterior axis
of the pharyngeal mesoderm behind the cardiac crescent [37], it constitutes a major source
of cardiac progenitor cells as the primitive heart tube grows, and gives rise to the
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myocardium of the OFT and right ventricle [38]. In addition to providing myocardium to the
arterial pole of the heart, Waldo et al demonstrate, using lineage tracer and VSMC markers,
that SHF generates VSMCs at the base of the aorta and pulmonary trunk [39]. Similarly, cell
fate analysis with the Thx1 enhancer also confirms that VSMCs of the aortic/pulmonary
roots originate from SHF-derived Thx1-expressing cells [40] (Figure 2C, D).

VSMCs of the coronary arteries arise from the PEO and the epicardium (Figure 2).
Proepicardial cells from the PEO, a transitory mesenchymal structure that forms at the
posterior end of the heart tube (Figure 2B), migrate over the surface of the heart to form the
epicardium [41] (Figure 2C). In response to myocardium derived signals, a subset of
epicardial cells then enter the heart by epithelial to mesenchymal transformation (EMT),
where they form early coronary vessels and give rise to coronary SMCs [42—-44]. Lineage
tracing studies suggest that the PEO originates from the lateral plate mesoderm progenitors
that express Nkx2.5 and Isl1 [45], providing evidence for a cross-talk of signals between the
proepicardial and mesodermal lineages. Many signaling pathways that regulate epicardium,
coronary vessel and coronary SMC development have been identified, such as Wnt, Sonic
hedgehog (Shh), FGF, BMP, Notch and TGF-f [46]. A proper balance of FGF and BMP
signaling is crucial in determining the epicardial fate [47]. Shh acts as a downstream target
of FGF during coronary vasculogenesis, inhibition of Shh signaling in the epicardium of the
heart blocks coronary plexus formation [48]. Epicardial-specific deletion of f—catenin, a
direct downstream target of the canonical Wnt signaling, leads to impaired epicardial EMT
and loss of coronary arteries. This defect is caused by the lack of SMC recruitment,
indicating that epicardial cells from f—catenin mutant embryos are unable to differentiate
into SMCs [49]. Furthermore, Notch has been shown to regulate SMC differentiation in the
epicardium, systemic and coronary vasculature through cooperation with TGF-$1 [50, 51].

Lineage tracing studies demonstrate that VSMCs from different embryonic origins have
distinct functional properties. In chick embryos, TGF-p1 promotes cell proliferation of
neural crest derived SMCs with strong auto induction response, but inhibits the growth of
paraxial mesoderm derived SMCs [52]. Similarly, Angiotensin Il stimulates hyperplasia of
the neuroectodermal SMCs, but gives rise to hypertrophy of the paraxial mesodermal SMCs
[53]. Furthermore, studies in knockout mice show that neural crest derived SMCs require
myocardin-related transcription factor B (MRTF-B) for differentiation, while paraxial
mesodermal SMCs use myocardin [54, 55]. The functional differences of multiple origin-
specific VSMC subtypes suggest that VSMC lineage diversity may give rise to distinct
vascular diseases, and appropriate origin-specific VSMC subtype may be needed for optimal
vascular graft therapies. Recently, multiple origin—specific VSMC subtypes from
neuroectoderm, lateral plate mesoderm and paraxial mesoderm lineages have been generated
using ESCs and iPSCs [56]. This seminal work will help in providing significant insights
into the development of the vascular system and SMC related vascular disorders.

Vascular Smooth Muscle Cells from iPSCs

The potential use of iPSCs derived VSMCs in regenerative medicine may depend on
efficient differentiation protocols (Figure 3). Various strategies that exist to induce in vitro
differentiation of iPSCs to VSMCs are derived from ESCs differentiation protocol and could

Biochem J. Author manuscript; available in PMC 2016 January 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dash et al.

Page 6

be categorized broadly into two culture methodologies: i) differentiation via embryoid
bodies (EBs); ii) monolayer culture of iPSCs on extracellular matrix (ECM) coatings and by
using of defined chemical conditions followed by culture manipulations[7, 57-60].

But before considering any method for differentiation of VSMCs from iPSCs, it is essential
to carefully define the characteristic of VSMCs such as specific cellular markers and their
functional characteristic such as their ability to modulate calcium transients and contract in
response to agonists [7]. The cellular markers generally expressed by mature VSMCs
include smooth muscle alpha actin, SM22q, calponin, smoothelin, and smooth muscle
myosin heavy chain. And also they exhibit a well-defined fibrous morphology especially in
mature VSMCs [7, 57].

EB differentiation methods

Differentiating via embryoid body method has an advantage of mimicking early embryonic
development. Ge et al., differentiated VSMCs from human iPSCs generated from human
fibroblast and VSMCs by following a protocol established by Xie et al. for hESCs [58, 61].
Briefly, in the first step human iPSCs were made into EBs and then cultured in suspension
for 6 days in a differentiation medium containing Dulbecco modified Eagle medium
supplemented with 10% FBS, 1% nonessential amino acids, 0.1 mmol/L -mercaptoethanol
and 1% L-glutamine. The EBs were then plated on 0.1% gelatin—coated culture dishes and
cultured with fresh differentiation medium. On day 6 the cells were dissociated and
transferred to matrigel-coated plates in SmMGM-2 media. After 1 week of culture on
matrigel-coated plates, cells were again transferred to 0.1% gelatin—coated culture dishes
and cultured with the 5% FBS differentiation medium for at least 5 days to complete the
differentiation. The VSMC like cells generated with this method showed calponin more than
95% [58]. This method is the simplest EB approach to derive VSMCs in high purity without
any need of FACS sorting. Thus, the cells derived have the potential to be used for disease
modelling and tissue engineering applications. The potential limitation is that the VSMCs
may have a mixed origin as the iPSCs were not induced into any specific lineage such as
mesoderm, ectoderm or endoderm. Prior to this study, Lee et al., described a similar method
but not that efficient one to differentiate iPSC into VSMCs [62]. In this method, unlike
earlier one, colonies with VSMC-like cell morphology were manually picked and examined
for the expression of VSMC-specific marker genes and positive cells were further expanded
[62]. In this study, for the first time they derived iPSCs cells from human aortic vascular
smooth muscle cells (HASMCs) and differentiated them back to VSMCs. Moreover, they
observed that iPSC-derived cells have similar molecular and in vitro functional
characteristics as those of HASMCs. This ground-breaking work further proved the use of
iPSCs as an autologous cell source for patient-specific cell therapy.

Furthermore, a combination of two or more different methodologies was used to derive
VSMCs [63]. In this method, Lin et al., reported making EBs out of human iPSCs and
pretreated with a combination of growth factors VEGFA/dickkopf homologue 1 or VEGF/
bFGF on day 4. And by day 6 they were dissociated and sorted for multipotent
cardiovascular progenitor cells (MCPs) with low KDR, c-kit-negative using flow cytometry.
These MCPs were then cultured as a monolayer for 14 days using combination of growth
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factors either VEGF/DKK1 or VEGF/bFGF. The CD166~ and CD31~ cells sorted from
batch VEGF/DKK1 and VEGF/bFGF respectively were cultured with SMGM2 medium to
generate VSMCs. Over 90% of SMA™* cells were obtained from that of CD166~ and CD31~
cell populations. Furthermore, these VSMCs showed similar contraction level to that of
HASMC when treated with carbachol [63]. Also, using the same approach two populations
of very important cardiovascular cells endothelial cells (ECs) and cardiomyocytes (CMs)
were derived. The CD166* and CD31* cells were cardiomyocytes and endothelial cells
respectively. Although this method needs FACS sorting to purify cardiovascular cells, the
method is highly reproducible to derive simultaneously three different types of
cardiovascular cells: ECs, VSMCs and CMs in high purity.

Monolayer differentiation methods

The EB method have been widely used for VSMC differentiation from hESCs and iPSCs
with limitations such as: i) growth factors may only be effective for the cells on the exterior
of EBs, ii) differentiation can be heterogeneous in EBs and iii) sorting by FACS reduces the
viability of recovered cells. These limitations lead to development of methodologies for
VSMC differentiation using monolayers of ECM proteins such as collagen IV and gelatin
instead of EBs [59, 60]. Human iPSCs were seeded at a concentration of 5 x 10% cells/cm?
onto plates previously coated with collagen IV. The hiPSCs were cultured for 6 days in a
differentiation medium containing alpha-MEM, 10% FBS, and 0.1 mM B-mercaptoethanol.
On Day 6, the differentiated cells were reseed on collagen 1V coated plates at a
concentration of 1.25 x 104 cells/cm? and supplemented with 10 ng/mL of platelet derived
growth factor-BB (PDGF-BB) and 1 ng/mL TGF-B1 for final VSMC differentiation with
98% of the cells positive for SMA, calponin, and SM22 and 50% positive for SMMHC. The
method described here can regulate the derivation of synthetic VSMCs and contractile
VSMCs by changing the concentration of serum and growth factors PDGFBB and TGF in
the differentiation medium. A high serum containing medium along with PDGFBB and
TGFp increased the production of synthetic VSMCs[60]. The synthetic VSMCs with
increased production of ECM hold promise for application in the field of tissue engineering.
On the other hand, medium without serum and PDGFBB helps in the synthesis of more
contractile VSMCs with higher expression of SMMHC and elastin. The contractile VSMCs,
when transplanted subcutaneously into nude mice, aligned themselves next to the host’s
growing functional vasculature, with occasional circumferential wrapping and vascular tube
narrowing [60].

Another similar method used a partially induced pluripotent stem cells (PiPS) to generate
VSMCs [59]. The human PiPS were seeded on collagen IV and cultured in differentiation
media for four days to generate a population of finally differentiated PiPS-SMCs with
42.5% for calponin and 38% for SM22. The PiPS-SMCs showed a full panel of SMC-
specific markers most importantly SMA, calponin and SM22 both at the mRNA and protein
level. Furthermore, PiPS-SMCs showed increased levels of elastin and collagen 1Al and
contracted with response to KCI. A mechanistic study performed on the differentiated cells
showed the role of dickkopf 3 gene on PiPS-SMC differentiation by transcriptionally
regulating SM22 by potentiation of Wnt signaling and interaction with Kremen1 [59]. This
method requires a significantly shorter duration from reprogramming to SMC generation
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compared to that of iPSCs and their differentiation into VSMCs. In addition, unlike iPSCs,
PiPS are not tumorigenic as they are derived by using a non-integrative method of
overexpression of the four reprogramming factors. Furthermore, pure populations of PiPS
can be obtained by a selection procedure. Thus, this method is a faster and simpler way to
produce VSMC:s for regenerative cell therapy.

Intermediate or transient cell populations like neural crest cells, cardiac progenitor cells and
mesenchymal stem cells (MSCs) have been essential in differentiating VSMCs from human
iPSCs. Menendez et al., showed that they can efficiently derive multipotent neural crest
stem cells (NCSCs) from human pluripotent stem cells in a chemically defined media and
using small molecules [64, 65]. By manipulating Wnt signaling and a Smad pathway they
directed the differentiation of human pluripotent stem cells to multipotent neural crest cells.
Furthermore, MSCs can be derived from these NCSCs and which in turn were differentiated
to VSMCs among others cells such as melanocytes, peripheral neurons, bone, cartilage and
fat cells [64, 65]. The method described here is highly efficient and cost effective one-step
direct differentiation of hiPSCs to NCSCs. The protocol helps in achieving pure population
of NCSCs without any need of cell sorting. Furthermore, a large scale derivation of NCSCs
can be achieved using this method. Thus, this method is a great tool for tissue engineering
and regenerative medicine applications.

Similar to NCSCs cardiovascular progenitor cells (CVPCs) derived from human pluripotent
stem cells, including hESCs and human iPSCs hold great promise for derivation of SMCs.
Cao et al., have developed a fastest and most efficient method so far to produce an early
population of CVPCs from hiPSCs using a chemically defined systems containing bone
morphogenetic protein 4 (BMP4), glycogen synthase kinase 3 (GSK3) inhibitor CHIR99021
and ascorbic acid [66]. The methodology works by modulating the key early developmental
pathways involved in human cardiovascular specification and CVPC self-renewal. The
CVPCs when stimulated with 10 ng/ml PDGF-BB and 2 ng/ml TGF-p1 for 12 days, they
differentiate into VSMCs. The differentiated VSMCs showed phenotype similar to HASMC
and expressed SMC specific markers such as a-SMA and SM-MHC. FACS sorting showed
96.7% of cell population with a-SMA [66]. Furthermore, the CVPCs have the ability to
differentiate into other cardiovascular cells such as CMs and ECs in high purity. The CVPCs
generated are non-tumorigenic and have the potential to expand for long term. This long
term expansion of these CVPCs is the most desirable trait for use in regenerative medicine.

A multistage and robust 2D differentiation protocol of VSMC was developed using MSCs as
the intermediate cells [67]. The VSMCs were generated from human iPSC via an
intermediate stage of MSCs by using soluble signals and extracellular matrix molecules. The
MSCs were highly proliferative and expressed VSMC-related genes such as aSMA, CNN1,
CALD1, SM22. The MSCs when treated with a combination of TGFf1 (10 ng/mL) and
heparin (30 mg/mL) for 5 days. The combination TGFp1/heparin treatment showed the
highest expression of the late VSMC differentiation marker, myosin heavy chain along with
aSMA, calponin, and caldesmon. This multistage strategy of differentiation from hiPSC to
MSCs and MSCs to VSMC:s allowed for expansion of an intermediate cell population,
before induction of terminal differentiation into the contractile VSMCs [67].
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Another such protocol where human iPSC-MSCs were used to derive VSMCs was by Zhang
et al. [68]. They cultured iPSC-SMCs in EGM-2 medium with sphingosylphosphorylcholine
(5 mM) and TGFp1 (2 ng/ml) for 3 weeks. 50%-60% of the differentiated cell population
expressed aSMA, calponin 1, and SMMH. They also displayed spindle-like morphology
and showed contraction with the treatment of carbachol [68].

CD34" progenitor cells are also potential source of VSMCs. Park et al have shown a
promising method to efficiently produce CD34 positive progenitor cells from human iPSCs
by combined modulation of two signaling pathways: mitogen-activated protein kinase
(MAPK) extracellular signal-regulated protein kinase (MEK)/extracellular signal-regulated
kinase (ERK) signaling and bone morphogenic protein-4 (BMP4) signaling [69]. The
multistage protocol first derive cells of mesoderm lineage by treating hiPSCs with PD98059
(an inhibitor of MEK/ERK pathway) and BMP4. These cell populations were further treated
with VEGF-A and bFGF for 6 days to derive CD34" cells. 20% or more of the cell
population are CD34 positive. The hiPSC-derived CD34* cells when cultured in in EGM-2
medium supplemented with PDGFBB and bFGF for 15 to 21 days, they were differentiated
to VSMCs with spindle-like morphologies and expressed aSMA and calponin. The
functional assay using carbachol showed contraction of these cells [69]. Moreover, when
these cells were implanted in ischemic mouse hind limbs, they helped in enhanced blood
perfusion and limb salvage.

There are limited studies so far that show lineage specific derivation of VSMCs [7].
Recently Cheung et al., described a protocol to differentiate human pluripotent stem cells
into developmental origin—specific SMC subtypes from neuroectoderm, lateral plate
mesoderm and paraxial mesoderm lineages [56]. These intermediate cell populations were
derived using a chemically define medium and specific factors contributing towards lineage
specification. Neuroectoderm cell populations were derived from hiPSCs by culturing in a
chemically defined medium supplemented with SB431542 (10 uM) + FGF2 (12 ng/ml) for 7
days. Lateral plate and paraxial mesoderm lineages were derived from early mesoderm using
a CDM/FGF2/BMP4 and CDM/FGF2/LY 294002 respectively. These intermediate
populations were further differentiated toward VSMCs in CDM+PDGF-BB (10 ng/ml) +
TGF-B1 (2 ng/ml) for at least 12 days. The VSMCs coexpressed more than 80% myosin
heavy chain 11 and aSMA. They also exhibited contractile ability when treated with
carbachol and angiotensin 11 and helped in blood vessel formation in vivo. Moreover, the
different SMC subtypes derived using this method showed SMC fate commitments and
responded uniquely when exposed to cytokines. The method showed the ability to produce
large scale of SMC subtypes which can be used in applications such as disease modeling
with the appropriate origin-specific SMCs generated from patient-derived iPSCs and
patient-matched SMCs for the construction of TEBVS. [56].

VSMC Disease Modeling using iPSCs

The major challenges in studying pathophysiology are: 1) difficulty in obtaining human
patient tissue sample; 2) surgical specimens usually obtained represent end-stage disease,
making it difficult to identify the initiators of disease or to delineate cause and effect; 3) use
of genetically modified mouse models help to some extent with limitations such as species-
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specific differences in metabolic and biochemical activity, and underlying differences in
chromosomal and genomic organization; and 4) especially many vascular diseases have a
characteristic distribution or location despite systemic risk factors such as hypertension,
lipid levels, or diabetes, which has in the main been attributed to anatomical and
hemodynamic factors [7].

Vascular SMCs play a key role in vascular disease and because they have diverse embryonic
origin, hiPSC-SMCs will have potential in using for disease modeling as patient derived
iPSCs, when modeling genetic diseases is that the resultant VSMCs not only contain the
disease causing mutation but also have the permissive genetic background required in many
cases for full expression of the disease [7, 58, 68]. Recently, we generated human hiPSC
lines from patients with supravalvular aortic stenosis (SVAS) and Williams-Beuren
syndrome (WBS). Vascular SMCs derived from these two iPSC lines were not mature
enough with a fewer amount of organized networks of SMA filament bundles. Furthermore,
these VSMCs showed higher proliferation rate compared to control iPSC-SMCs. The
diseased phenotype of VSMCs from both the iPSC lines was rescued either by adding
recombinant elastin protein or enhancing of small GTPase RhoA signaling. Another Study
was on Hutchinson-Gilford progeria (HGP) syndrome [68]. HGP syndrome is caused by a
Lamin A mutation, which leads to accumulation of the mutant protein progerin and which in
turn increased DNA damage. HGP iPSCs, were used to derive VSMCs among other cells
and found to be among the most severely affected cell types [68]. Zhang et al., found
progerin to bind to the DNA-dependent protein Kinase catalytic subunit in the HGP iPSC-
SMCs, which reduced the nuclear holoenzyme and resulted in decreased SMC proliferation
[68]. Although these two studies demonstrate how iPSC-based in vitro models may be used
to generate new insights into the molecular mechanisms underlying their respective diseases,
many aspects of the molecular pathology still need to be clarified in both of these
conditions. Furthermore, in vitro disease models created using hiPSCs can significantly
improve the never-ending search for new pharmacological cures by means of drug
screening.

In conclusion, iPSC-derived VSMCs offer a unique and alternative system to study vascular
disease in a human context than genetically modified animal models as well as an abundant
source of VSMCs. Furthermore, it gives an opportunity possibly to study disease at the
beginning rather than the later stages.

Regenerative Therapy

Transplantation of vascular cells has tremendous potential for vascular regeneration either
by restoring blood flow to ischemic tissues or implanting a tissue engineered blood vessel
[70, 71]. So far no clinical trials have been performed using these cells due to a concern for
potential tumorigenicity abilities of these cells [72—74]. There are very few preclinical
studies that have been reported so far using iPSC-SMCs. Hibino et al., made a cell sheet out
of differentiated mouse iPS cells with mix a population of ECs and VSMCs [75]. The sheets
were seeded onto a biodegradable scaffold composed of PGA-P (CL/LA) with a diameter of
0.8mm and were implanted as interposition grafts in the inferior vena cava of female
SCID/bg mice. All mice survived without thrombosis, aneurysm formation, graft rupture or
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calcification. Histological evaluation of the grafts demonstrated endothelialization with
VWEF and an inner layer with SMA and calponin positive cells at 10 weeks [75].

Tissue engineered blood vessels (TEBVS) hold promise as tools for surgical replacement of
the affected vessels in patients with peripheral arterial and coronary arterial diseases. One of
the approaches is the use of autologous cells to generate these TEBVs [76-78]. The
limitations of this approach are high production cost and most importantly long wait time of
up to nine months. To circumvent these limitations allogeneic cells have been used to
generate TEBVs [79, 80]. Dahl et al., described a method where they cultured allogeneic
VSMCs obtained from cadaveric donors on rapidly degradable polyglycolic acid (PGA)
tubular scaffolds to generate TEBVs within 2 months. TEBVs were then decellularised to
remove antigenic, allogeneic cells from the graft, thereby allowing the use of stored
allogeneic cells to produce TEBVs that are nonimmunogenic and can be used in any
recipient [80]. iPSC technology has revolutionized the field of TEBVs by having the ability
to produce patient specific VSMCs in large scale. Recently, Karamiriti et al., derived large
scale VSMCs from PiPSCs in a shorter duration [59]. These PiPS-SMCs when seeded onto a
decellularised vascular graft repopulated the graft and ultimately giving rise to a functional
tissue-engineered vessels when combined with previously established PiPS-endothelial cells,
leading to increased survival of severe combined immunodeficiency mice after
transplantation of the vessel as a vascular graft [59].

Another study showed making a vascular graft using mouse iPSC-SMCs on three-
dimensional (3D) macro-porous nanofibrous (NF) poly(L-lactide) (PLLA) scaffolds in vitro.
Upon subcutaneous implantation, the implanted cells maintained the VSMC phenotype [81].
Recently, we have generated TEBVs using hiPSC-SMCs (Unpublished). Briefly, the cells
were seeded on PGA scaffolds and were cultured for 8 weeks in a static condition. The
harvested blood vessels showed a very thick and homogeneous deposition of collagen
matrix. The TEBV had enough strength to be implanted in a nude rat. Also, we have
fabricated tissue engineered vascular rings using these hiPSC-SMCs (Unpublished). The
hiPSC-SMC rings showed more universal tensile strength than the control primary SMCs
derived rings. The rings when joined together in the future might form a tube and could
further be optimized for implantation.

One of the concern before regenerative medicine using ESC- or iPSC-derived cells is the
possible tumorigenic side effects of ESC- or iPSC-derived vascular progenitors. However,
new technologies to generate ‘integration-free’ iPSCs may address these concerns to some
degree. Also, a recent article showed another novel approach of overcoming tumor or
teratoma formation induced by iPSCs [82]. They showed that treatment of hiPSC derived
mixed population of cells with small molecules such as chemical inhibitors (quercetin or
YM155) of antiapoptotic factor survivin could selectively eliminate undifferentiated iPSCs
with teratoma or tumor forming potentiality [82].

Conclusions

iPSCs could be an unlimited source for VSMCs. This review has focused on the key steps of
iPSC technology and VSMCs generation. We have attempted to describe the recent progress
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in different methods to derive VSMCs from iPSCs and so far their application for
regenerative therapy and disease modeling. Improvement in both in vitro cell culture
systems and in vivo translational studies to optimize the potential and function of iPSC
derived VSMCs could enable translation from experimental and pre-clinical studies to
human clinical therapies.
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Figure 1.

Schematic showing generation of human induced pluripotent stem cells from somatic cells
of a healthy or diseased individual. The somatic cells can be directly reprogrammed into
hiPSC by insertion common iPSC reprogramming factors via various methods: viral
transduction, plasmid, minicircle and transposon transduction, protein and microRNA
transduction methods and small molecules mediated transduction. The hiPSCs thus obtained
have the potential to differentiate into any cell type of the human body via multiple lineages:

ectoderm, endoderm and mesoderm.

Biochem J. Author manuscript; available in PMC 2016 January 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Dash et al. Page 18

Epicardium /

VS

aAo

dAo

Figure2.
Embryonic origins of VSMCs in the developing cardiovascular system. A) First heart field

(FHF, red) and secondary heart field (SHF, green) contribute to the formation of the linear
primitive heart tube. B) As the heart tube begins to loop, FHF mainly contributes to early
left ventricular myocardium (red), whereas SHF contributes to the myocardium of the
outflow tract (OFT, dark green), early right ventricle (RV, dark green) and part of arterial
pole (AP) vascular endothelial cells (light green). Cardiac neural crest (CNC, yellow) cells
migrate to the arterial pole (AP) for OFT remodeling, whereas the proepicardial organ (PEO,
blue) forms around the venous pole (\VVP) for the development of the epicardium and
coronary vessels. C) The looped mature heart with correctly separated ventricles and atria
derived from both heart fields. PEO gives rise to the epicardial cells (blue) that cover the
outer layer of the heart. SHF (dark green) contributes to VSMCs at the root of the aorta (Ao)
and pulmonary trunk (PT), whereas cardiac neural crest (yellow) contributes to VSMCs in
the ascending aorta, aortic arch and pulmonary trunk. RA, right atrium; LA, left atrium; RV,
right ventricle; LV, left ventricle; IVS, interventricular septum. D) VSMCs in the ascending
aorta (aAo) and aortic arch arise from cardiac neural crest (yellow), whereas SMCs in the
descending aorta (dAo) derive from somites (grey). In addition, SMCs in the aortic root
originate from SHF (dark green), while coronary arterial (CA) SMCs arise from the PEO
(blue).
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Figure3

Schematic showing different methods to derive VSMCs and their regenerative applications.
(A) The figure explains two major methods: 1) EB and 2) Monolayer to derive VSMCs. The
EBs were initially plated on a gelatin coated plate and cultured in a differentiated medium
containing FBS and finally differentiated using commercially available smooth muscle
medium (SmGM). FACS have been used to sort VSMCs in some methods. In the monolayer
method the iPSCs culture on ECM coated plated and further differentiated either using a
chemically defined medium containing growth factors (GFs) or a differentiation medium
with FBS and GFs. These cells were further sorted using FACS to get pure VSMCs. (B) The
figure shows various regenerative applications of VSMCs derived from human iPSCs:
disease modeling and drug screening and tissue engineering applications.
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