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Abstract

The pressing need for effective cell therapy for the heart has led to the investigation of suitable cell sources for tissue replacement.
In recent years, human pluripotent stem cell research expanded tremendously, in particular since the derivation of human-induced
pluripotent stem cells. In parallel, bioengineering technologies have led to novel approaches for in vitro cell culture. The combin-
ation of these two fields holds potential for in vitro generation of high-fidelity heart tissue, both for basic research and for thera-
peutic applications. However, this new multidisciplinary science is still at an early stage. Many questions need to be answered and
improvements need to be made before clinical applications become a reality. Here we discuss the current status of human stem
cell differentiation into cardiomyocytes and the combined use of bioengineering approaches for cardiac tissue formation and
maturation in developmental studies, disease modeling, drug testing, and regenerative medicine.
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Introduction

Heart disease is a major life-threatening condition world-
wide. A primary reason for the high incidence of cardiac
disease is that the regenerative capacity of adult myocar-
dium is very limited. Instead of regeneration, myocardial
infarction is followed by the formation of fibrous scar
tissue in the damaged area."” The need for a therapy has
triggered deep investigations to identify the proper cell
source and strategy for functional regeneration of the
heart. Cardiac stem cells, skeletal myoblasts, bone marrow
derived cells, and peripheral mononuclear cells have been
studied in animal models and in clinical trials, with limited
tissue regeneration.>*

Because of their unlimited capacity of self-renewal while
virtually retaining differentiation potency, human pluripo-
tent stem cells (hPSCs) may represent the most promising
cell type for cardiac cell replacement therapy. Over the last
decade, efforts have been made to develop methods for dir-
ected cardiac differentiation of hPSCs. Early studies’
demonstrated feasibility of cardiomyocyte (CM) differenti-
ation in vitro, while subsequent studies have led to the opti-
mization of staged differentiation protocols. Although
in vitro cardiac differentiation of PSCs has been improved
in many respects, the strategies currently available still have
limitations that need to be overcome before clinical trials.
These limitations can be summarized as: (1) high variability
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of cardiac differentiation efficiency and reproducibility
among different cell lines, (2) heterogeneity of the differen-
tiated cardiac cell population, (3) difficulties in the scale-up
to generate clinically relevant numbers of CMs, and (4)
immaturity of the cells.

Recent advances in the development of engineered cul-
ture devices offer advantages over standard cell culture sys-
tems.® Combination of canonical stem cell biology with
bioengineering tools might help overcome, or at least min-
imize, the aforementioned problems in cell derivation for
potential clinical applicability. The current tissue engineer-
ing systems are based on biomaterial scaffolds, designed to
serve as a cell culture niche, and bioreactors, designed to
provide precise control of the cell culture environment,
supply of nutrients and oxygen, and provision of physio-
logic regulatory factors. We discuss the impact of hPSC
research on in vitro cardiac differentiation, and the use of
new bioengineering approaches to improve cardiac cell cul-
ture and generate a faithful human heart tissue in a dish.

Cardiac development

Understanding heart development is fundamental for dir-
ecting cardiac specification and differentiation starting from
cells at a pluripotent state. Most of our knowledge of cardi-
omyogenesis comes from studies in the mouse model.
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The developmental process of gastrulation first gives rise to
the mesoderm.”® At embryonic day 5, mesoderm arises
with NODAL signaling in the proximal epiblast, maintain-
ing BMP4 (Bone Morphogenic Protein 4) expression in the
extra-embryonic ectoderm. Other signaling, including
Dkk1, Cerl, and Leftyl, is responsible for NODAL and
WNT (homologue of Drosophila Wingless gene) signaling
restriction to the posterior epiblast. Then, before the epithe-
lial-mesenchymal transition of the anterior primitive ecto-
derm, WNT induces the expression of mesendodermal
markers such as T (Brachyury), which together with Eomes
is then involved in the expression of MESP1,>™ described
as the principal regulator of cardiac specification.” In the
presence of DKK1, which inhibits the canonical WNT sig-
naling, MESP can activate the differentiation of the cardiac
progenitor cells."" Terminal CM differentiation is coordi-
nated by complex interactions of transcription factors
including Nkx2.5, Mef2C, Gata-4, and Tbx5.'>'3 1t has been
shown that WNT canonical signaling maintains the cardiac
progenitor cell pool while the NOTCH signaling controls
their differentiation.'>"?

The cardiac mesoderm progresses through major mor-
phological changes forming the different heart compart-
ments,® and further development toward the complete
formation of the myocardium involves the BMP, WNT, and
FGF (Fibroblast Growth Factor) pathways.'* Interestingly,
recent molecular analysis identified the BMP, FGF, activin/
NODAL, and WNTsignaling as the four key signaling mech-
anisms involved in the cardiac differentiation of induced
pluripotent stem cells (iPSCs) and need to be regulated in

a timely fashion," indicating a meaningful biomolecular
correlation between the natural heart development and the
in vitro cardiac differentiation of hPSCs.

Deriving CMs from PSCs

Stem cell biology has had a great impact on envisioning new
therapeutic modalities for the heart ever since the mouse
ESCs were first derived'® and even more after ESCs were
also derived from humans."” The significance of these stu-
dies is in the isolation of a defined stem cell type that can
indefinitely proliferate in vitro and at the same time is vir-
tually able to give rise to any tissue, hence representing an
ideal source for cell replacement therapy. Today, we are still
facing two major obstacles to the use of hESCs for clinical
therapy. First, human embryos are required for their deriv-
ation, raising ethical concerns. Because the clinical use of
ESCs is only possible in heterologous fashion, lifelong
immunosuppression of the patient would be necessary.
Almost 10 years after the derivation of hESCs, these limita-
tions have been largely overcome through another major
advance in stem cell science — generation of the iPSCs that
soon after being obtained from mouse'® were also derived
from human.'”* The iPSC discovery has profoundly chan-
ged our understanding of cell plasticity, has resolved most
issues associated with the use of hESCs, and opened the
possibility for personalized regenerative medicine by
autologous transplantation of patient-derived iPSCs.

CM differentiation of hPSCs can be achieved in different
cell culture settings, by controlling key steps of the differ-
entiation progression (Figure 1). Many different methods
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Figure 1 Available cell culture systems and molecular components of the key steps in hPSC cardiomyocyte differentiation. One of the oldest systems used is the
co-culture of the PSCs with the inducing endodermal cell line END-2. The EB format is based on a 3D aggregation system. The monolayer is widely used and many
different protocols have been established with this format. The reagents here reported are used in different combination (see also Table 1), dosage, and timing
depending on the specific protocol. (A color version of this figure is available in the online journal)
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Table 1 Established methods of hPSC differentiation into CMs

Differentiation format

Mesoderm (primitive streak/
mesendoderm) inducing
factors

Cardiac mesoderm/cardiac
precursor specification

References

EB

Spontaneous EB differentiation

Continuation in same culture

Kehat et al.®

Monolayer co-culture with END-2 cells
for several weeks
Monolayer co-culture with END-2 cells

for several weeks ascorbic acid

Spontaneous differentiation

FBS removal, insulin removal,

conditions

Continuation in same culture 1,21

conditions

Mummery et a

I.22

Continuation in same culture Passier et a

conditions

EB END-2 conditioned medium, Continuation in same culture Graichen et al.®®
SB203580 conditions

EB END-2 conditioned medium, Continuation in same culture Xu et al.?*
SB203580, prostaglandin 12 conditions?

EB EB suspension with Wnt3a, EB attachment, serum free Tran et al.?®
serum

EB Activin A, BMP4, bFGF VEGF, DKK1 Yang et al.?®

EB Activin A, BMP4, bFGF VEGF, DKK1, SB431542, Kattman et al.?’

dorsomorphin
EB Activin A, BMP4, bFGF IWR-1, IWP-3, XAV939/ Willems et al.?®

Forced aggregation Activin A, bFGF

Forced aggregation BMP4, bFGF
Monolayer, matrigel overlay at day -1 Matrigel overlay, Activin
BMP4, bFGF

Monolayer, matrigel overlay at day -1 Activin A/ BMP4, bFGF

Monolayer Activin A, BMP4
Monolayer CHIR99021

EB Activin A, BMP4
Monolayer CHIR99021 in CDM3

triilodotyronine
FBS Burridge et al.?®

RPMI+FBS or RPMI minus
insulin/RPMI +insulin

Burridge et al.*°

Basal medium/insulin Zhang et al.®"

DKK1 Uosaki et al.®?
Basal medium Laflamme et al.®®
IWP-2 or 4, Lian et al.®*
IWR-1 Karakikes et al.®®

Wnt-C59 in CDM3 Burridge et al.*®

for PSC differentiation into CMs have been investigated
(see Table 1 for an overview of some of the relevant meth-
ods). The first protocols adopted were developed using
hESCs and were based on the sole spontaneous differenti-
ation.” Cells were induced to differentiate in three-dimen-
sional (3D) structures—the embryoid bodies (EBs), or by
using an inducing component—the END-2 endodermal
cell line.*"** In both cases, the processes were relying on
poorly controllable paracrine effects, had relatively low dif-
ferentiation efficiencies, and a well-defined molecular
environment was lacking.

Recently established methods are based on the recapitu-
lation of key mechanisms of the heart development in the
embryo and involve temporal administration of specific
molecules regulating specific signaling cascades. In this
regard, the regulation of canonical WNT signaling is the
most widely accepted approach to controlled differenti-
ation into CMs. Following this concept, WNT3A, a WNT
signaling activator, was applied during the first two days of
differentiation of stem cells cultured in the EB format,?® in
order to mimic the early primitive streak/mesendoderm
induction. The same pathway was then inhibited at a later
stage with the small molecule IWR-1,%" to achieve the car-
diac mesoderm specification.

The laboratory of Dr Keller has developed a serum-free
protocol for cardiac differentiation of EBs derived from

hESCs and iPSCs at high efficiency and with deeper lineage
characterization along the differentiation progression from
the pluripotent state to beating differentiated cells.***” They
described an early KDR positive cardiovascular progenitor
cell population that can give rise to CMs as well as smooth
muscle and endothelial cell both in vitro and in vivo after
transplantation.?® They also identified the fine regulation of
the activin/NODAL and BMP signaling as crucial factors
for optimal cardiac mesoderm specification and efficient
CM differentiation.”” The process of cardiac differentiation
can be monitored by the flow cytometry analysis of a KDR/
PDGFRa positive population. The fine-tuning in downre-
gulation of the aforementioned mechanisms at the cardiac
mesoderm specification stage can be further improved with
the employment of small molecules such as SB431542 and
dorsomorphin (timing of administration between day 3 and
5). The concomitant use of the WNT inhibitor IWP-1
(between day 4 and 10) was also shown to improve the
overall efficiency of differentiation. The efficiency of CM
differentiation can be evaluated by the detection of the per-
centage of single cells positive for cardiac specific markers
such as cardiac Troponin T (CTNT). The optimized proto-
col allowed achieving efficiency higher than 60% in CTNT+
cells.

Another system, based on forced cell aggregation in the
EB format and the employment of bFGF and BMP4 without



activin A, further improved the differentiation efficiency up
to almost 90% of CMs.*® Another group, again using the EB
format with forced cell aggregation, proposed a protocol
involving activin A, BMP4, and also WNT3a, KITLG, and
VEGF in the first stage and resulting in similar efficiency.*®

Besides the END-2 co-culture protocol, which gives rise
to CMs with a mostly ventricular phenotype, all hPSC-CM
differentiation methods result in a mixed population of CM
subtypes including atrial, ventricular, and nodal.
Remarkably, a recent study proposing a new method for
EB-derived hPSC-CM demonstrates how the use of the
small molecule IWR-1, a canonical WNT signaling inhibitor,
can result in fully ventricular-like CMs while the employ-
ment of DKK1 during the exact same temporal window
results in almost 50% of ventricular-like, almost 50% of
atrial-like, and a very small portion of nodal-like CMs.*®

Although the 3D EB format reproduces some aspects of
the in vivo tissue architecture, it also poses several problems
related to cell culture preparation such as the control of cell
aggregation (both in terms of yield and size uniformity) and
the maintenance of the suspension culture. The monolayer
format is generally considered more reproducible and, in
principle, a more suitable approach for the scale-up for clin-
ical purposes. In addition, a 2D system guarantees a more
homogeneous exposure of the cultured cells to the soluble
environment and might thus contribute to reducing the dif-
ferences in quality and quantity of CM differentiation
between cell batches and between different cell lines.

In the last few years, many methods adopting the mono-
layer format have been developed. The first monolayer
method proposed was based on high-density PSCs adher-
ent on a Matrigel-coated surface in the Rosewell Park
Memorial Institute (RPMI) 1640 medium.** The protocol
included administration of a high dose of activin A, fol-
lowed by BMP4 for four days. This protocol resulted in
CM differentiation efficiencies of approximately 30%.
Improvements were obtained with a Matrigel overlay (the
so-called Matrigel sandwich) that facilitated epithelial-
mesenchymal transition before the addition of induction
media, removal of insulin, addition of bFGF with activin
A in the first stage, and addition of DKK1 in the second
stage.’”> A similar approach was employed using a
Matrigel overlay one day before the addition of differenti-
ation medium and maintaining it also during induction
with activin A, followed by a treatment with bFGF and
BMP4. This method resulted in CM differentiation efficien-
cies of up to 98% of CTNT positive cells.”!

All cardiac differentiation methods, both in 3D and
monolayer formats, are based on the use of cytokines for
the activation or inhibition of the specific signaling path-
ways. The cytokines, beside their high cost that affects scale-
up of cell differentiation protocols for clinical application,
can also cause batch-to-batch variability in the quality of
cell preparation. This in turn can hinder reproducibility of
cell differentiation protocols even for the same cell line. An
alternative approach, recently developed in the Palecek’s
laboratory, is based on a cytokine-free protocol, where the
activation and downregulation of the WNT signaling are
achieved by the sole use of small molecules.***’

All protocols for cardiac differentiation of human stem
cells in the monolayer format that have been developed
thus far require supplementation of B27 to differentiation
media, a compound originally designed for neuron cell cul-
tures.* Tt is not fully understood to what extent this com-
ponent is suitable for CM differentiation. Recent work in
Wu's laboratory shows that removal of the B27 supplement
and the use of only three basal components (l-ascorbic acid,
rice-derived recombinant human albumin, and the classic
RPMI 1640 medium) in combination with the small mol-
ecules result in CM differentiation efficiencies of over
85%. The cell preparation can be further enriched up to
95% of CMs by metabolic selection.>® Moreover, this proto-
col was proven to be effective in 11 different iPSC lines, a
remarkable number never reported before for any CM dif-
ferentiation method. This work represents a major step
toward eliminating line-to-line variability of cardiac differ-
entiation in human stem cells.

CM maturation

To date, several research groups have established and vali-
dated reliable and efficient protocols for the differentiation
of hPSC into CMs. However, the maturation of hPSC-CMs
remains a major issue yet to be fully resolved.
Postdifferentiation hPSC-CMs are inevitably immature,
and the cell phenotype resembles that of a fetal rather
than a postnatal cardiac cell. This becomes evident when
multiple characteristic traits of the immature and mature
CMs are compared. First, the morphological structure of
in vitro hPSC-CMs is quite different from that of adult
CMs. hPSC-CMs tend to have irregular shapes while the
adult CMs maintain their cylindrical structure.*' This dif-
ference is also reflected in the poor sarcomeric organization
of hPSC-CMs when compared to that of adult hCMs.***?
Another important indicator of CM maturation is the pres-
ence of T-tubules. Studies in rat CMs show that fetal cells
lack T-tubule structures, which are present and fully devel-
oped in the postnatal cells. Different reports show that
T-tubules are similarly rare or totally absent in hPSC-
CMs,*** and that calcium transients are ur1synclf11‘0r1ized.46
It has also been described how the metabolism of CMs goes
through major changes during development. In the early
phases, the metabolism of cardiac cells is mostly glycolytic,
while during the later development and terminal differen-
tiation, the mitochondrial oxidative capacity becomes
higher and the metabolism relies mostly on fatty acid
B-oxidation.*® A recent paper demonstrated how hiPSC-
CMs metabolic activity is mostly glycolytic, thus further
proving the low level of maturity of the differentiated
iPSC-CMs.*” Another structural difference is in the localiza-
tion of gap junction proteins. It is well known that in mature
cells they accumulate at the intercalated disks, while in
hPSC-CMs they tend to be evenly distributed at the circum-
ference, thus again more closely resembling the structure of
fetal cells.***’ Finally, mature cells have higher expression
levels of cardiac genes than hPSC-CMs. This is particularly
evident for sarcomeric proteins, ion transport proteins, and
calcium-related genes.”*”!
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The simplest, although not very practical, approach to
CM maturation in vitro is the long-term culture of the dif-
ferentiated cells. It has been observed that after 35 days in
culture hPSC-CMs display ultrastructural maturation and
exit the cell cycle.*’ After 90 days in culture CMs become
more electrophysiologically mature in terms of action
potential upstroke velocity, diastolic potential, and outward
rectifier potassium current.> A recent study showed that
after 120 days in culture CMs strongly increase their cell
size, sarcomere length, percentage of multinucleated CMs,
and anisotropy.” The simple prolongation of the time in
culture can remarkably increase the maturation level of
hPSC-CMs but has the undeniable downside of being
time consuming and expensive.

Cardiac development is a complex process, evolving
from an elaborated system of signaling molecules that
have to be tightly coordinated in a spatial and temporal
fashion (recently reviewed in the literature'>>*). In addition,
it must be considered that the heart is characterized by
interactions of different cell types the function of which is
orchestration by multiple signals such as molecular, elec-
trical, and mechanical.>* The design of an in vitro CM dif-
ferentiation system for pharmacological studies and tissue
replacement thus needs to take into account this complex
landscape. The engineering approaches reviewed in the fol-
lowing section were designed to study the regulatory cas-
cades and support the development of an effective system
for generating hPSC-CMs.

Engineering PSC-derived CMs

Advanced engineering technologies can be exploited in
order to increase the degree of control over the cell culture
environment and thus obtain functionally mature CMs in
an overall system that remains as faithful as possible to the
natural heart physiology.>*~>° Several studies conducted in
recent years (Figure 2, Table 2) include: the use of biomater-
ials for proper seeding,”® orientation and cell-cell and cell-
extracellular environment interaction,”””"”? bioreactors for
constant molecular and fluidic control of the cell culture

environment,””>”* and the engineered platforms for pro-
viding combinations of mechanical and electrical
stimuli.”>”>~7"7

A simple example of the use of biomaterials for hPSC
culture comes from the attempt to maintain pluripotency
of hPSC and improve their growth in culture, while mini-
mizing the amounts of culture media and the exposure to
animal-derived components. Matrigel, a gelatinous protein
mixture derived from a mouse cell line sarcoma, is the most
commonly used substrate for cell adhesion and, in combin-
ation with the defined culture medium mTeSR, was identi-
fied as the most effective substrate.”” Considerable efforts
have been devoted to the development of hPSC culture sys-
tems free of animal-derived components, such as mouse
embryonic fibroblasts, typically used as feeder cells, fetal
bovine serum, and extracellular matrix proteins of animal
source.”® Alternative approaches use human cell feeder
layers and medium supplemented with serum replace-
ments.”’ Purified extracellular matrix molecules such as
laminin, vitronectin, and collagen type I are also used as a

structural substrate, as well as hyaluronic acid (HA) and
calcium alginate hydrogels. Laminin and vitronectin sup-
ported the long-term expansion of hESCs in a defined cul-
ture medium both in the conventional monolayer culture
and on 3D polystyrene microspheres. The expanded cells
maintained high expression and karyotypic normality for
over 20 passages.** A thorough study in which Matrigel
was systematically replaced with defined medium supple-
ments and ECM proteins showed that recombinant vitro-
nectin was the optimal functional alternative for supporting
sustained self-renewal and pluripotency of three different
hESC lines.®" hESCs were also successfully cultured on a
type I collagen substrate without the need of feeders cells
and in a defined serum-free medium. The same study also
proved that hESCs could proliferate without bFGF supple-
ments if heparin was added.*” Vunjak-Novakovic’s labora-
tory proposed the use of a completely synthetic h3ydroge1
matrix, HA, to encapsulate and culture hESCs.%® When
encapsulated in 3D HA hydrogels cells preserved their
normal karyotype and maintained their full differentiation
capacity, which could be induced within the same hydrogel
by simply altering soluble factors in culture environment.
hESCs were also encapsulated in calcium alginate hydro-
gels and cultured for up to 260 days.** The authors proved
the absence of unwanted cell differentiation along with the
maintenance of cell pluripotency when exposed to a condi-
tioned environment. ECM-derived hydrogels, a novel class
of biomaterials, hold great promise for deriving hPSC-CM.
Vunjak-Novakovic’s laboratory, for example, used hydro-
gels composed of native heart ECM obtained from decellu-
larized heart and blended with collagen without the
addition of soluble cytokines. Such hydrogels were able to
induce hESC differentiation into CMs. Higher contents of
heart extracellular matrix resulted in further CM matur-
ation as evidenced by the presence of striation, increased
connexin 43 expression, and improved contractile proper-
ties.®” This study brings us to the next key necessity for
generating functional in vitro heart tissue: the achievement
of a physiological 3D architecture of the aggregated cells.
The most common approach is based on the suspension of
cells in hydrogels in dedicated molds, favoring the spon-
taneous aggregation of cells in a 3D fashion, and the stabil-
ization of the newly formed structure.®” When adding two
or more anchoring points to the molds, the forming tissue is
poised to develop mechanical tension between them, to
organize and align and thus push the maturation process
further. Bursac’s laboratory demonstrated that hESC-CMs
seeded around elliptical posts in a 3D fibrin hydrogel
system were aligned uniformly and highly organized.
They also showed higher conduction velocity, sarcomere
length, and contractile force, correlating with their
increased expression of genes involved in cardiac contract-
ile function and proving their advanced level of matur-
ation.®>*® Recent work demonstrated the maturation of
hESC-CMs encapsulated in resorbable gelatin hydrogels
that were stimulated with cyclic uniaxial stretch.”” When
compared to unstretched controls, the stimulated con-
structs had an increased percentage of CTNT-positive
cells, greater elongation, increased gap junction expression,
better contractility, improved calcium handling, and higher



0020, 2 11—(—

§ 80, & o8 ""] S04y 020y ng 0.18 0.04) I,

¥ 60 iu gnn T 015 ‘ | 0.0 0.03 0.015 i,

?w .:’D‘ oz 0.10 002 0010 " l

gpo 5o joo 0.08 0.08 noni 0.00s|.T l ]! I
o 3o § 0.0 0.00¢ 0.00 0.00 0.000 L

VLAY P AP S P
Figure 2 Bioengineered cell culture systems applied to PSC-derived cardiomyocytes. 1. Microtissues composed of CMs in ECM-derived hydrogels exhibit stress-
mediated alignment and patterned expression of sarcomeric filaments. (a) Mathematical modeling predicts stress (left) and sarcomeric expression (right) co-localization
in border regions, and (b) stress (top) and sarcomeric a-actinin expression (bottom) along the longitudinal axis. (c) Immunostaining for sarcomeric a-actinin (green)
confirms localization in border regions. (d) Immunostaining for sarcomeric a-actinin (green; upper) and cardiac troponin T (green; lower) confirms sarcomere protein
expression along the longitudinal axis. Nuclei are shown in blue.?” Reproduced with permission. 2. Microstructured human cardiac tissue patches. (a) Low magnifi-
cation of a cardiac tissue patch. (b, c) Staggered elliptical pores surrounded by densely packed and aligned cells. (d) hRESC-CMs are aligned and show high expression
of cardiac Troponin T (cTnT), myosin heavy chain (MHC), and sarcomeric a-actinin (SAA). Fibroblasts positive for vimentin (Vim) and smooth muscle cells (SM22a+) are
interspersed among hESC-CMs. N-cadherin shows evidence of mechanical coupling. (e) Representative optically mapped action potential traces in a two-week-old
cardiac patch at various pacing rates. Representative isochrone maps during 1 Hz point stimulation of a two-week-old cardiac patch (left) and monolayer (right).58
Reproduced with permission. 3. Mechanical stretching. (a) The stretching apparatus exerted non-contact electromagnetic forces, simultaneously displacing the
construct at both ends. (b) Cross-sectional hematoxylin and eosin staining (top) showed better dispersion of cells in stretched constructs, which also had greater
expression of cTnT and well-defined striations with Z-banding running longitudinally along the stretched hESC-CMs (bottom). (c) Line scanning of calcium imaging
across multiple cells revealed faster spontaneous contractions in stretched constructs. (d) Stretched constructs cycled calcium faster than controls. mRNA levels of
cardiac-specific ion channels (by quantitative real-time PCR) in flow-sorted CMs isolated from the constructs.®” Reproduced with permission. 4. Perfusion. (a)
Generation of perfusable cardiac biowires from neonatal rat cardiomyocytes in collagen type I-based gel compacting around a tubing template. SEM images dem-
onstrate that the cardiac tissue attached to the tubing surface, remodeled and formed an uniformly thick layer. Also shown is the circular morphology of the cross-
section of the perfusable cardiac biowire with expression of cardiac Troponin-T (cTnT). (b) Set-up of the perfusion device. The biowire was perfused with FITC-labeled
polystyrene beads. Solid lines illustrate the wall of the cell culture channel. FITC-labeled beads are indicated by arrows. Asterisks indicate the auto fluorescence from
the cardiomyocytes. (c) Effects of different regimes of electrical stimulation. Young’s modulus of cardiac biowires characterized by AFM reveals that the parallel-
stimulated biowires had improved mechanical properties compared to controls. Electrically stimulated perfused hESC-CMs biowires had lower excitation threshold
and higher maximum capture rate compared to the non-stimulated controls.®® Reproduced with permission. (A color version of this figure is available in the online
journal)
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expression level of relevant ion channel-associated genes.
Furthermore, implantation of these constructs resulted in
increased survival and engraftment of the transplanted
cells in the stretched samples.®”

Similar to hESC-CM, iPSC-CMs also were successfully
cultured in 3D hydrogel structures.®* Cells were assembled
in a 3D collagen hydrogel and exposed to uniaxial mechan-
ical stimulation that markedly improved CM alignment,
myofibrillogenesis, sarcomere formation, and cell hypertro-
phy. Interestingly, co-culture with endothelial cells resulted
in increased CM proliferation, while the further addition of

stromal cells favored the formation of vessel-like structures
and simultaneously incremented active force upon
increased resting length.

An interesting alternative to the scaffold-based aggrega-
tion for the construction of a 3D cardiac tissue is
represented by the technology that uses temperature-
responsive polymer Poly N-isopropylacrylamide as sub-
strate for cell culture.®® With this technique, entire sheets
of monolayered iPSC-CMs can be detached from the culture
surface, fully preserving cell surface and extracellular com-
ponents, and raising the possibility of fabricating
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Table 2 Tissue engineering approaches applied on PSC-derived CMs

PSC type Tissue engineering system Effect Reference
hESCs, iPSCs Matrigel PSC growth on feeder-free adherent Hakala et al.®°
plate, suitable for monolayer
differentiation
hESCs Collagen-coated glass perfused with Increased smooth muscle actin and cell Figallo et al.®!
medium density
hESCs Native heart ECM-collagen Sarcomere striation, Cx43 increased Duan et al.??
expression
hESCs Fibrin hydrogels in elliptical posts Increased conduction velocity and Liau et al.%®
contractile force
hESCs Collagen hydrogel-uniaxial mechanical Improved CM alignment and Tulloch et al.®
stimulation, + endothelial cells, hypertrophy
+stromal cells
hESCs Collagen-coated polyacrylamide gel Gene expression profile similar to that of Jacot et al.®®
adult CMs
hESCs, iPSCs Polyacrylamide gel Increased mechanical force Hazeltine et al.%®
hESCs Absorbable gelatine sponges stimu- Increased elongation, contractility and Mihic et al.®”
lated with cyclic uniaxial stretch ion channel expression
iPSCs Biowire-electrical stimulation Improved CM alignment and striation Nunes et al.®
hESCs Thermosensitive PSC-CM cell sheet Potential system aiming at the fabrica- Matsuura et al.®®

technology

tion of 3D cardiovascular tissue

cardiovascular tissues by overlaying multiple sheets.®”®

Another interesting approach was developed in Murry’s
laboratory®” that involves spontaneous aggregation of
hESC-CM during suspension culture on a rotating orbital
shaker. Cells aggregated forming macroscopic disc-shaped
patches of beating tissue with a 300-600 um thickness.
Prevascularization of cell sheets was achieved by co-cultur-
ing hESC-CM with human endothelial cells, vascular mural
cells, and/or fibroblasts.®3®° In animal models, microves-
sels anastomosed with the host coronary circulation and
delivered blood to the grafts.®** Cell sheet technology
has been used to fabricate viable cardiac constructs from
both hESCs and hiPSCs for drug testing” and implantation.

It has also been hypothesized that the stiffness of extra-
cellular matrix is related to CM maturation. A major indi-
cator of this concept is the progressive accumulation of
collagenous extracellular matrix, and thus a proportionate
increase in stiffness, by CMs from the embryonic to the
postnatal stage.46 In mouse studies, the elastic modulus,
an indicator of the passive stiffness, has a threefold increase
from embryo to the newborn animal.”? Other studies with
polyacrylamide gels with varying elastic moduli showed
that hESC-CM morphology was affected in an analogous
manner to that of neonatal rat CMs.*® Following a similar
approach, it was recently shown that both hESC- and iPSC-
CMs generate more mechanical force when cultured on
hydrogels with higher stiffness.®®

The laboratory of Levchenko™ developed a nanofabri-
cated PEG hydrogel substratum able to reproduce the
nanostructure of the heart extracellular matrix with high
fidelity and showed that rat CMs seeded in this substrate
align and exhibit cell geometry, conduction velocity, and
connexin 43 much more similar to those in the native
heart when compared to the non-aligned CMs. It would

be interesting to check if this result can be reproduced
with iPSC-CMs.

Radisic’s laboratory developed a novel engineering plat-
form named Biowire, in which iPSC-CMs are placed in a
polydimethylsiloxane channel surrounding a surgical
suture in a collagen matrix. This resulted in cardiac cells
aligned in 3D and were presenting well-developed stri-
ations. Electrical stimulation also improves cardiac tissue
parameters, such as myofibril organization, conduction vel-
ocity, electrophysiological properties, and calcium
handling.®®

Another important aspect of CM maturation is cellular
cross-talk, a process in which non-myocyte cell types in the
myocardium play a pivotal role. For example, it has been
found that co-culture of non-CM cell populations is neces-
sary during hPSC differentiation for the activation of
important calcium handling proteins and ion channel pro-
teins such as HCN4.”* Interestingly, direct reprogramming
of fibroblasts by genetic activation of three key transcription
factors, Gata4, Mef2c, and Tbx5, although effective in achiev-
ing full differentiation, gives rise to immature hPSC-CMs.”
The same reprogramming performed in vivo generates CMs
with morphological and electrophysiological properties
similar to those in mature adult cells.”® This in turn indi-
cates the great importance of establishing a native-like
environment for cultured CMs and suggests that further
in-depth studies of the key paracrine signals will be neces-
sary to achieve complete in vitro maturation of hPSC-CMs.

Summary and future perspectives

Important advances have been made in both stem cell biol-
ogy and cardiac tissue engineering over the last decade.
However, despite the promising results and the great poten-
tial, many open questions remain.



In terms of clinical application, the safety of hPSC needs
to be addressed. Culture systems must ensure the complete
removal of undifferentiated cells in the cell pool prepared
for transplantation, in order to avoid potential tumorigenic
effect.””® As discussed in this paper, another important
issue is the presence of animal-derived components in the
culture substrates and differentiation cocktails, which
might carry undetected pathogens. Although some of the
proposed alternatives to common cultures help approach
the golden standard of animal-free conditions, they
cannot be considered fully defined. An evident limitation
would be the batch-to-batch variability of the components
used. An “ideal” method would combine animal product-
free culture, chemically defined matrix, and serum free
medium.”®

The hiPSCs carry possible immune response potentials
because of the genetic or epigenetic modifications required
for their generation. The actual immunogenicity of iPSCs
has not been fully defined even in the autologous settings.
Syngeneic transplantation of undifferentiated iPSCs for
teratoma formation resulted in T cell infiltration, even
when the cells were generated with the episomal vector.”
A different study showed no rejection after syngeneic trans-
plantation of differentiated iPSCs and only minor immuno-
genic response after transplantation of undifferentiated
cells.' Further studies will be necessary to make the
future clinical application of iPSCs safe and effective.

Up until now, hESCs and hiPSCs were the only two hPSC
types experimentally available. The laboratory of Mitalipov
recently found that somatic cell nuclei can be repro-
grammed by nuclear transfer into oocytes in humans,
thus generating the so-called nuclear transfer pluripotent
stem cells (NT-PSCs).'"" This finding was then confirmed
by Egli’s laboratory that reprogrammed nuclei of cells from
type 1-diabetes patients using the same strategy.'> NT-
PSCs will probably be soon commonly used in research
laboratories and in the near future might represent an alter-
nate powerful tool for cell therapy of many tissues, includ-
ing heart.

Many protocols showed that high efficiency of CM
derivation from hPSCs is now possible. Although several
published methods claim the reduction or elimination of
inter-line variability, high reproducibility and standard-
ization of efficient CM differentiation from different cell
lines is still a challenge. It is undeniable that even the
most established protocols can lose their effectiveness
when adopted by other research laboratories and applied
to different lines or the same lines at different passage
numbers. Moreover, the scaling up of CM production to
billions of cells, as required for cell replacement thera-
pies, together with their integration with the most suit-
able bioengineering platforms, will need to be achieved.
Some efforts have been already made in the CM differ-
entiation approaches'® and, more in general, the
removal of expensive reagents and progressive minimiza-
tion of the size of culture systems are contributing to
lowering the costs and therefore increasing the feasibility
of the clinical therapy.

In the last year, a remarkable preclinical study showed
that hESC-CMs can extensively remuscularize infracted

heart in monkey'™ and electromechanically couple with

the host tissue. In addition, the study shows that there
was neither tumor formation nor fatal ventricular arrhyth-
mias and that clinical scale production of hPSC-CM is pos-
sible,'** making a major advance toward their applicability
in patients. However, the low replica number used due to
the high cost of this animal model makes it difficult to
achieve statistical signiﬁcamce.104 Moreover, the size of the
injury in this model of ischemia was smaller than the
infarcts of patients that would benefit from this type of
therapy and that therefore might possibly suffer more
severe arrhythmias.'® Larger studies will be necessary to
assess the actual efficacy and safety of this promising thera-
peutic system.

Approaches at multiple levels are still needed to ensure
control of different synergic cues for an efficient reproduc-
tion of the natural developmental maturation to achieve full
functionality of the cardiac tissue for basic and applicative
research purposes. Further interdisciplinary efforts of cell
biologists and bioengineers are critically important for fur-
ther improvements that will make clinical trials of stem cell-
based heart regeneration a realistic possibility.
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