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Abstract

The idea of extending the lifetime of our organs is as old as humankind, fueled by major advances
in organ transplantation, novel drugs, and medical devices. However, true regeneration of human
tissue has becoming increasingly plausible only in recent years. The human heart has always been
a focus of such efforts, given its notorious inability to repair itself following injury or disease. We
discuss here the emerging bioengineering approaches to regeneration of heart muscle as a
paradigm for regenerative medicine. Our focus is on biologically inspired strategies for heart
regeneration, knowledge gained thus far about how to make a “perfect” heart graft, and the
challenges that remain to be addressed for tissue-engineered heart regeneration to become a
clinical reality. We emphasize the need for interdisciplinary research and training, as recent
progress in the field is largely being made at the interfaces between cardiology, stem cell science,
and bioengineering.
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1. INTRODUCTION

The heart is an organ of unparalleled complexity, a marvel of “engineering by nature” with
contractile, conductive, and vascular systems working together to provide vital function.
Cardiac myocytes form a three-dimensional synctium that propagates electrical signals
across specialized intracellular junctions to produce mechanical contractions and pump the
blood forward (1). The heart is also an organ that fails beyond repair, as a result of the only
minimal ability of damaged heart tissue to regenerate following injury (2). Upon

myocar dial infarction, a patient can lose as much as 50 grams of muscle mass, as a result
of hypoxia that leads to the release of apoptotic factors and cell death. Heart disease and
stroke, the principal components of cardiovascular disease, are the first and the third,
respectively, leading causes of death in the United States accounting for nearly 40% of all
deaths, more than all of those attributed to cancer. Congenital heart defects, which occur in
nearly 14 of every 1000 newborn children (3), are the leading cause of death in the first year
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of life. The need to re-establish the structural and functional features of native heart tissue,
in a predictable way and on a long-term basis, is a major challenge for the field of cardiac
tissue engineering (4).

To put the bioengineering of cardiac tissue into perspective, it is instructive to look into the
historical development of the concepts and methods that form the basis of this burgeoning
new field (Figure 1). Transplantation of cells and organs has its origins in Greek mythology,
where we find the Chimera, a dangerous hybrid creature composed of the parts of different
animals, a vision that preceded the actual creation of chimeric mice consisting of two or
more genetically distinct cell types that are used in today’s research. There is evidence that
heart transplantation was tried as early as 300 AD, by the Chinese surgeon Huo T’0, who
used a homemade anesthetic (5). In 1905, Alexis Carrell made the first attempts to connect a
heart from one dog to the vasculature of another dog (5), leading to the first heart transplant
in dog by Shumway and ultimately to more than 75,000 heart transplants routinely done in
human patients (6). Major advances in surgery and immunosuppression (with the advent of
cyclosporins) have made possible successful heart transplantations, which remains the only
effective treatment for end-stage heart failure.

The parallel history in the advances within the study of cell and tissue cultures goes back to
the 1870s, when Julius Petri invented the glass dishes that he named after himself and the
technique of cell cloning, and to the first reported embryonic tissue culture in 1905 (7). In
the 1930s, Alexis Carrel and Charles Lindberg jointly developed a perfusion system for
keeping explanted adult tissues---including the heart---alive in culture for several weeks. In
The Culture of Organs Carrel and Lindberg state that “a new era has opened” with this
ability to study organs outside the body “in the fullness of their reality.” Another vital
advance came in the 1960s with the identification of families of growth factors that enabled
the maintenance of differentiated cells. Tissue engineering was “officially” established only
approximately 20 years ago, at a conference in Lake Tahoe, California, in 1988. Tissue
engineering was originally defined as “the application of principles and methods of
engineering and life sciences toward fundamental understanding of structure-function
relationships in normal and pathological mammalian tissues and the development of
biological substitutes to restore, maintain, or improve tissue function.” This definition still
reflects the unifying concept of the field that remains inseparable from the field of
regenerative medicine. The 1990s marked the beginning of rapid advances in tissue
engineering and regenerative medicine: The stream of publications grew from
approximately one dozen in 1991, including the first review of the field in 1993 (8), to more
than 36,000 by October 2010. Recent meetings, such as the National Institutes of Health
workshop “Tissue Engineering: The Next Generation” in 2005 and the Keystone
Symposium “Developmental Biology and Tissue Engineering” in 2007 have shown that
concepts central to developmental biology are becoming increasingly important to tissue
engineering and that interdisciplinary approaches are critical to move tissue engineering
from observational to mechanistic practices, and from serendipitous to rational approaches.

Over these past two decades, the generation of fully functional human tissue for treating
end-stage heart disease has been a central, elusive goal for engineers, stem cell scientists,
and physicians. Exponential advances in our ability to generate human cells capable of
driving organ regener ation, both of embryonic origin (hESCs) and induced pluripotent stem
cells (iPSCs), are now revolutionizing the experimental approaches leading to this goal, as
the fields of biomedical engineering, stem cell biology, and regenerative medicine begin to
converge. A new discipline termed stem cell bioengineering is on the haorizon, offering
unprecedented opportunities along with a set of new challenges toward clinical use of lab-
made biological “spare parts.” In this regard, a growing body of work at the interface of
cardiovascular tissue engineering, heart development, stem cell biology, cardiac pathology,
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and clinical transplantation serves as a paradigm for understanding the new directions for
this emerging field. The identification of a family of human multipotent heart progenitors
(9), the pathways that control their renewal, diversification, and differentiation (9-10), and
the ability to generate functional ventricular muscle tissue from PSCs (11-12) is beginning
to intersect with the fields of device technology, matrix biology, material science, and tissue
engineering. At the same time, we have witnessed breathtaking advances in cardiovascular
bioengineering with respect to the development of tissue scaffolds (13-23), bioreactor
systems (24-29), tissue-engineering technologies (30-34), imaging modalities (35-36), and
translation into animal models and human patients (37-38). With several highly meritorious
recent reviews on each of the individual areas (39-41), this article focuses on a critical
discussion of recent and ongoing work at the intersection of previously distinct fields of
cardiovascular stem cell biology and cardiac tissue engineering.

2. CARDIAC DEVELOPMENT

2.1. Cardiac Progenitors

The recent discovery of a family of multipotent cardiac progenitors is one of the major
advances in our understanding of mammalian and human cardiogenesis (11). Nature gives
rise to the diversity of heart cell lineages, including cardiomyocytes, endothelial, and smooth
muscle cells, from a subset of multipotent cardiac progenitors at distinct locations in the
embryo [first and second heart fields (FHF and SHF, respectively), epicardium, and neural
crest] (42). To build a mammalian heart, these progenitors face the challenge of generating a
variety of muscle and nonmuscle cells that form distinct structures---the atrial and
ventricular muscle, valves, pacemaker and conduction systems, aortic and pulmonary
outflow tract, coronary arterial system, and the endocardium (43). Understanding how these
multipotent cardiac progenitors generate specific embryonic heart-cell lineages and form
different heart-tissue components serves as a biological template for stem cell engineering of
heart parts for cardiovascular regeneration. A growing body of evidence now points to the
convergence of cardiogenesis and cardiovascular regeneration, on the basis of the logic of
heart-cell diversification (44-47), scalability (9-10, 47-49), migration (50-52), grafting/
integration (53-55), maturation (56-57), coordination of vasculogenesis and myogenesis
(35, 55, 58-60), and durability (35, 52, 61-62) (Figure 2).

2.2. Cardiac Development: Early Events

Cardiac development is a dynamic yet tightly orchestrated process with specification of
various cardiac progenitors at different developmental stages in distinct embryonic
compartments. The first heart cells appear in the anterior splanchnic mesoderm, which gives
rise to the cardiac crescent known as the FHF, and migrate out to form the primitive heart
tube. Progenitors of the cardiac crescent further extend into the pharyngeal mesoderm,
which is known as SHF. At this stage, the heart tube consists of an inner endocardial layer
and an outer myocardial layer. Looping and differential growth of the heart tube ultimately
generate the multichambered heart (63). Lineage-tracing studies show that the FHF gives
rise to the left ventricle and atria, whereas the SHF gives rise to the right side of the heart
and outflow tract (64—66). The SHF constitutes a major source of cardiac progenitors, of
which the postnatal multipotent progenitor---marked by the expression of the LIM
homeodomain transcription factor Islet-1 (Isl1)---gives rise to more than two-thirds of the
heart cells. Most of the Isl1 derivatives are located on the right side of the heart, in the
conduction system, proximal coronary arterial tree, atrial and right ventricular chambers,
and outflow tract myocardium (64-67). Recently, by virtue of the Isl1-cre knockin mouse or
human embryonic stem cell (hESC) line, the Isl1* progenitors were isolated and
differentiated into the major three cell types of the heart: cardiomyocytes, smooth muscle,
and endothelial cells (9, 65). It is now possible to expand the Isl1* progenitors through
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upregulation of the Wnt/p-catenin signaling (9-10). Utilizing insights from murine and
human cardiogenesis, a primitive cell-fate map for multipotent heart progenitors has been
generated, tracing all the way to the formation of functional ventricular strips (Figure 3).
These results suggest the possibility of regenerating the heart by transplanting Isl1*
progenitors derived from human stem cells into patients with cardiovascular disease.

2.3. Emergence of Vasculature

The proepicardial organ also contributes to heart formation. Cells of the proepicardial organ
grow over the myocardium of the heart tube to form the outer layer of the epicardium. Some
of the epicardial cells undergo epithelial/mesenchymal transition and migrate into the heart
to form the coronary smooth muscle cells and cardiac fibroblasts (68). Moreover, cardiac
neural crest transits through the posterior pharyngeal arches and enters the anterior part of
the heart tube to form the outflow tract (69). Neural crest also takes part in valve formation
and septation, the latter contributing to separation of the myocardial base of the aorta and
pulmonary trunk. Coronary vessels also form during heart development, with complex
coordination between processes in the epicardium, sinus venosus, and myocardium (68, 70).
Historical experiments using the chick-quail chimeras documented that progenitors of the
coronary vasculature are derived from the proepicardium (71). In the mouse embryo, cells of
the subepicardial mesenchyme are thought to generate the coronary endothelial and coronary
smooth muscle cells in response to various epicardial and myocardial growth factors such as
FGFs, TGFB, VEGF, and PDGF (68). However, the idea that proepicardium is the origin of
coronary arteries has been recently challenged. Although proepicardium gives rise to
vascular smooth muscle cells, the apelin-lacZ knockin/lineage-tracing experiments have
shown that the majority of endothelial cells of the coronary arteries arise from the
endothelial sprouts of the sinus venosus with only a small contribution from the cardiac
endothelium (70). Sprouting venous endothelial cells dedifferentiate when they migrate into
the myocardium and then differentiate into arteries and capillaries, whereas cells at the
surface redifferentiate into veins.

The discovery of specific heart progenitors in murine embryos has led to the identification
and empurification of their counterparts in ESCs and iPSCs from both murine and human
sources. Because these PSC lines can be expanded almost indefinitely on appropriate feeder
layer or defined matrix systems, they can serve as a valuable source of cells for engineering
of specific heart parts. In fact, beating cardiomyocytes can be differentiated spontaneously
from mouse or human ESCs/iPSCs, suggesting that cardiogenesis may be a default pathway
during development, once the issues of cell diversification, scalability, and durability
(discussed above) are addressed (Figure 2).

2.4. Recapitulation of Development by Embryonic Stem and Inducible Pluripotent Stem

Cells

Although it has been known for almost 25 years that beating cardiomyocytes can be isolated
from ESC lines (72), the impact of pluripotent model systems on cardiovascular therapeutics
and drug discovery has been minimal. The maturation of the cardiac lineages has been a
major issue, for reasons similar to those causing widely accepted limitations of the value of
hematopoietic cells derived from PSCs. Elimination of undifferentiated stem cells from
differentiated cardiomyocytes has been a major challenge, particularly if the cells are
envisioned for therapeutic endpoints. These obstacles could be overcome via the isolation of
a committed ventricular heart progenitor in the islet lineage that is capable of limited
expansion and subsequent conversion into a fully functional strip of ventricular muscle
(Figure 3). These studies could be extended to the generation of a ventricular muscle tissue
patch from human PSCs. Toward this goal, the efficiency of cardiac commitment could be
enhanced during directed differentiation using growth factors such as BMP4 and activin A
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(47). Alternatively, BMP-2 and inhibitors of basic fibroblast growth factor (48) could be
used for expansion of pure cardiomyocytes derived from hESCs. As is done with pancreatic
development, chemical screening can identify further regulatory molecules involved in the
commitment, renewal, differentiation, and maturation of specific cardiac progenitors (73).
Moreover, new approaches for purification and characterization of progenitors derived from
the FHF, which gives rise to the left ventricular chamber, could prove valuable for cell
therapy.

3. ENGINEERING A HEART PATCH

The ultimate goal of tissue-engineered heart regeneration is to (re-)establish normal structure
and function on hierarchical levels (4). At the centimeter scale, this overall goal translates
into the requirement for a thick and compact tissue that can be maintained only with
interstitial flow of culture medium (in vitro: using bioreactors) and blood perfusion (in vivo:
by connecting to the blood supply) owing to the high oxygen demand of cardiomyocytes
(27.6 nmol/mg protein/min) (74). At the millimeter scale, the structural anisotropy becomes
a key requirement, with myofibers aligned in parallel, and the changing spatial arrangement
along the thickness of the ventricle. Tight connections between structural properties and the
contractile behavior of cardiac muscle necessitate the application of electromechanical
stimulation during in vitro culture. At the micrometer scale, the key requirement is
vascularization, as the very high cell density in native myocardium (~108 cells/cm3) is
supported by rich vasculature with intercapillary distances of only ~20pum (75).
Establishment of a vascular tree perfused with blood at the time of implantation remains a
major challenge. At the nanometer scale, key requirements are related to the function of gap
junctions and cell membrane channels (necessary for the propagation of electrical signals) as
well as the sarcomeres inside the cells (necessary for establishing functional excitation-
contraction machinery). Different laboratories have approached these requirements in
various ways, each with some success, although the integration of multiple efforts into a
single and effective cardiac regeneration modality remains to be achieved. We briefly
review here the five most extensively used approaches to cardiac tissue engineering: (&)
cultivation of scaffold-free stackable cell sheets, (6) repopulation of decellularized native
tissue, (€) mechanical stimulation of cells in hydrogels, (d) cell cultivation on perfused
channeled scaffolds, () electrical stimulation of cells in porous scaffolds, and (# cell
delivery in injectable hydrogels (Figure 4).

3.1. Scaffold-Free Tissue Constructs

The simplest form of engineered cardiac tissue are scaffold-free cell sheets (33) that are
generated by culturing cells on temperature sensitive polymer surfaces and that allow
detachment of intact cell monolayers without the use of enzymes (Figure 44). When such
cell sheets are layered one upon another, the cells form junctions and gradually establish
signal propagation and contractile function. To enhance vascularization, endothelial layers
can be placed between the myocyte layers and implanted in a series of surgeries to allow
time for the establishment of blood perfusion. Many other groups adopted this technology
and tested it in various animal models (76). Another approach to scaffold-free tissue
engineering has been recently explored by the Murry group using ESC-derived
cardiomyocytes (77). Notably, cell aggregation alone was sufficient to generate
synchronously contracting cardiac tissue. Reporting that greater than 75% of the cells within
the graft were cardiomyocytes, with the remaining 25% most likely a mixture of cardiac
fibroblasts and endothelial cells, the Murry group demonstrated the feasibility of generating
synchronous cell aggregates in vitro (77). Further studies are needed to characterize the
mechanical integrity of scaffold-free grafts, their architecture, and cell coupling and, most
importantly, the ability of these scaffold-less structures to generate mechanical force.
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3.2. Repopulation of Decellularized Native Tissue

By using a platform “made by nature,” the Taylor group (23) demonstrated that
decellularized rat hearts can be reseeded with cardiomyocytes and endothelial cells,
resulting in the establishment of contractile activity (approximately 2% of normal) (Figure
4p). Decellularization of tissues, pioneered by the Badylak lab (78), removes all cells while
leaving the extracellular matrix (ECM) with largely preserved composition, architecture, and
mechanical properties. Such decellularized tissues provide a native-like environment for
cells to orient, attach, couple with each other, and form a tissue structure while remodeling
their environment. Medium perfusion through the heart’s vasculature used in the Taylor
approach takes advantage of the natural network and allows exchange of nutrients and, most
critically, oxygen throughout the depth of the tissue. Adaptations of this approach may
enable the creation of cardiac patches, using pieces of intact decellularized myocardium as a
scaffold. Further work in which decellularized tissues are emulsified and reconstituted as
extracellular-matrix gel may also prove beneficial.

3.3. Mechanical Stimulation of Cells in Hydrogels

The group of Eschenhagen and Zimmerman established a simple and effective system for
mechanical conditioning of cardiomyocytes encapsulated in ring-shaped hydrogels made of
a mixture of collagen and Matrigel (Figure 4¢). The functional improvements in cell
morphology and markedly increased mitochondrial density and force of contraction suggest
that mechanical stimulation can drive the constructs to a more mature cardiac muscle
structure (79). Notably, force generation in stimulated tissue constructs made using neonatal
rat cardiomyocytes approached that of native heart muscle (0.4-0.8 mN twitch force, 0.1-
0.3 mN tension) along with stable resting membrane potentials (=66 to —78 mV) and
characteristic cardiac waveform kinetics. In their 2006 study (37), the group implanted 1-4-
mm-thick, 15-mm-diameter tissue constructs into immunosuppressed rats, and at 28 days
post-op, they found significant (400-im-thick) engrafted muscle layers in the host tissue.
These grafts showed undelayed signal propagation without evidence of arrhythmia, which
resulted in significant ventricular wall thickening. Further work is needed to better
understand the role of mechanical stimulation and to optimize the regimes of mechanical
conditioning of cultured tissue constructs. At this time, we are still gleaning insights into
how cardiac cells sense and develop mechanical force as well as what the roles of physical
factors are in differentiation and maturation of cardiac cell lineages.

3.4. Cell Cultivation in Perfused Channeled Scaffolds

The Vunjak-Novakovic group has developed a “biomimetic” approach to engineer thick and
compact cardiac tissue constructs by providing convective-diffusive oxygen transport that is
critical for cell survival and function (32, 80). To mimic blood flow in the capillary network,
culture medium was perfused through a channeled scaffold seeded with cells at a
physiologic density. To mimic the role of hemoglobin and increase the oxygen contents in
culture medium, perfluorocarbon (an oxygen carrier) was added (32, 81). Perfusion of
culture medium containing perfluorocarbon enabled the maintenance of physiologic density
of viable and differentiated cells in millimeters-thick constructs. After only three days,
constructs contracted synchronously in response to electrical stimulation, while channels
remained open and the pressure drop was as low as 0.1 kPa/mm. Perfusion of medium
supplemented with perfluorocarbon improved the construct cellularity, the amounts and
distributions of cardiac markers (troponin I, Cx-43), and contractile behavior of cardiac
constructs. Notably, improved construct properties correlated with the enhanced supply of
oxygen to the cells, a finding consistent with the known dependency of cell viability in
engineered cardiac tissue on oxygen concentration (82).
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3.5. Electrical Stimulation of Cells in Porous Scaffolds

The Vunjak-Novakovic group also established electrical stimulation as a method for
enhancing functional assembly of cardiac cells into a synchronously contracting cardiac
patch (26). The method involves cultivation of hydrogel-encapsulated neonatal rat heart
cells (a mix of cardiac myocytes, endothelial cells, and fibroblasts) on porous collagen
scaffolds. Subsequently, electrical stimulation was extended to a variety of cell types
(including hESCs) (83) and scaffold materials (including synthetic elastomers) (4, 28). In all
cases, cells were first cultured without stimulation for three days, to allow synthesis and
assembly of gap junction and contractile proteins, and then subjected to a regimen of
electrical stimulation designed to induce synchronous macroscopic contractions. Electrical
stimulation markedly improved the structural organization and contractile properties of
engineered cardiac constructs, at all hierarchical levels: marker expression, cell
ultrastructure, tissue morphology, and amplitude of contractions. Additional studies (84)
investigated various stimulation paradigms that utilized electrical signals (AC or DC,
biphasic or monophasic) involved in development and healing. Further understanding
electrical regulation of cardiac development may be facilitated by recent developments of
microtechnologies that allow precise control of the cellular microenvironment (29).

3.6. Cell Delivery in Injectable Hydrogels

Current cell therapy for cardiovascular disease is largely based on injecting cell suspensions
into the heart, either by an intravenous route or by a catheter. Such delivery of the “naked
cells” into the ischemic environment of an injured heart, without the ability to form cell-
matrix junctions, seriously limits their survival and engraftment. The success of cell therapy
thus remains hindered by poor engraftment after intracoronary delivery and low survival rate
after intramyocardial injections (52). Clinical trials have revealed extremely low cell-
survival rates, for several different approaches to cell delivery: direct intracardiac injection
following open chest thoracotomy, intracoronary catheter-based delivery, percutaneous
intramyocardial injection via NOGA catheter systems, and intravenous infusion (85). The
minimal therapeutic effects may relate to this limitation and/or reflect a predominantly
paracrine action of the cells on promoting neoangiogenesis. Control of cell delivery to the
injured heart remains a major challenge at this time. One ongoing approach is to use a
hydrogel as a cell-delivery vehicle (86) (Figure 4 /. Potential advantages of such an
approach include providing a cell-friendly microenvironment to engrafted cells to prevent
anoikis and shield cells from the infarcted muscle. Also, hydrogels can be tailored to
polymerize (chemically, thermally, optically) and deliver cells by minimally invasive
catheter-based procedures with high accuracy of cell localization to the area of interest.

4. UNDERSTANDING THE HOST MICROENVIRONMENT

Although the precise mechanistic basis for the poor survival of transplanted cells is not
entirely clear, a growing body of evidence has suggested that the microenvironmental niche
plays a critical role in the maintenance of multipotency, renewal, and mobilization of
progenitors in a wide variety of organ systems (52, 87). Understanding the mechanisms by
which the microenvironment regulates the differentiation and maturation of transplanted
heart progenitor or stem cells is central to the optimization of protocols for cell-based
cardiovascular therapy (85, 88—89). Preclinical studies have suggested that hESC-derived
cardiomyocytes (hESC-CM) show poor engraftment and short-term survival in vivo (55).
The longest reported survival of hESC-CM after direct injection into murine myocardium
may not exceed 12 weeks ( 55). Taken together, several key barriers appear to relate to
ischemia/hypoxia, inflammatory signals, intracardiac fibrosis, graft rejection, and
vascularization (Figure 5).
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4.1. Ischemia and Hypoxia

Myocardial infarction, commonly caused by the blockage of a coronary artery following
atherosclerosis, is the leading cause of heart-muscle damage and ensuing heart failure, a
result of myocardial ischemia and the subsequent loss of viable cardiomyocytes. Because the
adult myocardium has only limited capability to regenerate (90), cell loss after myocardial
infarction is irreversible. On the basis of clinical and experimental studies of ischemic heart
injury, hypoxia in the host myocardium could be one of the critical factors contributing to
the poor engraftment and survival of multiple cell types, including hESC-CM. In humans,
new blood vessels form via angiogenesis (the sprouting of new vessels from the existing
vasculature), vasculogenesis (de novo formation of blood vessels from endogenous vascular
progenitors), or arteriogenesis (the outgrowth of pre-existing arterioles into smaller arteries)
(90). Although expansion of endogenous endothelial progenitor cells and neovasculogenesis
take place in response to myocardial ischemia, vascular injury, and trauma (85), native
angiogenesis is unable to meet the increased requirements of oxygen and nutrients in the
hypertrophied infarcted myocardium.

Hypoxia in the failing heart is increasingly recognized as an important barrier to efficient
cell grafting. In this regard, the therapeutic potential of hESC-EC for treatment of heart
failure in the setting of cardiac ischemia has been examined, by injecting one million hESC-
EC into the ischemic SCID murine heart following ligation of left anterior descending artery
(35). Two weeks after injection, significant improvement in terms of infarction size, cardiac
viability, and left ventricular function were observed in the hESC-EC-treated group
compared with the sham (saline injection) group. However, there was no significant
difference between the treatment group and control group by 4-8 weeks after injection.
Further cell-fate studies demonstrated that such a short-term effect was due to massive cell
death within the first few weeks, with less than 2% of injected hESC-EC having survived
after 4-8 weeks (35, 91). Importantly, cardiac improvement within the first two weeks could
be due to the indirect benefits from paracrine secretion of cytokines, chemokines, and other
growth factors by hESC-EC. These studies again suggest the need to better control cell
retention and viability to identify and study the factors leading to the functional benefits of
therapeutic cells.

4.2. Inflammation

Myocardial ischemia is accompanied by inflammation (7), as the injured myocardium is rich
in reactive oxygen species and toxic agents (92) that stimulate infiltration of neutrophils,
monocytes, and macrophages. The recruited immune cells can produce proteases and
proinflammatory cytokines such as IL-1, IL-6, IL-8, IL-12, IL-18, TNF-a, MIP 1, and MCP1
(88, 93-94). Monocytes can also damage the arterial wall by recruiting smooth muscle cells,
connective tissues, and T cells (7, 88). In addition, the high levels of reactive oxygen species
in the infarct zone trigger endothelial dysfunction, resulting in the remodeling of vessel
walls. Overall, transplantation of unprotected repair cells into such an inflamed and ischemic
myocardium results in significant cell death (93). Indeed, acute donor cell death after
transplanting various cell types, including fetal, neonatal, adult, and hESC-derived CM into
ischemic hearts has been reported (95-97). Laflamme et al. (47) demonstrated that the
addition of prosurvival factors was necessary for graft survival in the infarcted heart.
Suppressing specific inflammatory pathways or attenuating the over-reactive host
environment by expanding regulatory T cells (Treg) at a certain stage of heart failure may
also promote graft survival. The numbers of circulating Treg are reduced in patients with
chronic heart failure and the immunosuppressive function of these cells is compromised
(98). Adoptive transfer of Treg can also ameliorate angiotensin-Il-induced cardiac damage
with marked reduction of cardiac T cells and infiltrated macrophages (99). Therefore,
defective Treg may be a contributor to inflammatory activation in patients with
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cardiovascular disease and acute cell death following injection. Any therapeutic vaccination
that can expand Treg-directed regulation may thus prove effective at promoting graft
survival for cell therapy (100).

4.3. Intracardiac Fibrosis

Hypoxia and ischemia following myocardial infarction led to immediate cardiomyocyte
apoptosis and replacement of the dying cardiac myocytes with fibrotic tissue. During the
initial inflammatory phase, macrophages and other immune cells secrete cytokines and other
growth factors to recruit smooth muscle cells into the infarcted myocardium. The fibroblasts
and smooth muscle cells then transform into myofibroblasts and contribute to production of
the ECM and scar contraction (54). Fibrotic tissues also form around the graft following
transplantation of hESC-CM into infarcted hearts (55), and both donor hESC-CM and the
host fibroblasts contribute to excessive ECM secretion of collagen I, 1V, XVIII, and
fibronectin, leading to the separation of the graft from host myocardium and
electrophysiological uncoupling. When hESC-CM were transplanted into
electrophysiologically silenced guinea pig and swine hearts, they acted as biological
pacemakers for the recipient myocardium (101-102), indicating that the donor hESC-CM
can indeed functionally couple to host cardiomyocytes. It thus appears that excessive ECM
secretion could increase the risk of arrhythmia (103). Among various mediators of ECM
homeostasis, transforming growth factor-p1 (TGF-p 1), connective tissue growth factor,
platelet-derived growth factor, endothelin I, and angiotensin 1l play important roles in
promoting cardiac fibrosis (104). Understanding how to attenuate ECM secretion from
infarcted myocardium could not only reduce the risk of patients developing heart failure, but
may also prevent electrophysiological uncoupling of hRESC-CM from the host myocardium.

4.4. Promoting Graft Survival via Vasculogenesis

During mammalian development, cardiac myogenesis is closely coordinated with coronary
vasculogenesis. Studies of heart regeneration in zebrafish have documented that
angiogenesis precedes augmentation of cardiac myogenesis. In terms of three-dimensional
tissue engineering, however, vasculogenesis remains a major barrier. In a similar manner,
cell engraftment and survival after transplantation is also challenged by ischemia,
inflammation-associated oxidative stress, release of cytotoxic cytokines, and apoptosis (52).
Recent studies have explored the utility of vascular cells derived from hESC (35, 58, 105)
and the enhancement of engraftment and survival of hESC/iPSC-derived CM after cardiac
transplantation. In separate studies, cell-free biopolymer scaffolds were shown to support
cardiac regeneration. For example, hyaluronan hydrogels improved ejection function,
reduced infarct size, and increased vasculogenesis in experimental model systems (106),
whereas a porcine-derived myocardial matrix enabled endothelium and myocyte migration
and increased arteriole density (107). Biopolymer scaffolds also protected the transplanted
cells from apoptosis (108). Importantly, biomaterials can be designed to incorporate growth
factors regulating the differentiation, angiogenesis, engraftment, and survival of transplanted
cells. Similarly, pretreatment of ESC-CM with heat-shock proteins and prosurvival factors
improved graft survival and function in a rat model of myocardial ischemia-reperfusion
injury (47). A better understanding of the paracrine pathways of vascular regeneration and
cardiac performance would prove useful (52, 109). Identification of paracrine factors from
transplanted cells and injured myocardium by secretome analyses and bioinformatics
represent other potentially valuable approaches. Combinatorial analysis of vasculogenic
factors and subsets of progenitor cells may help coordinate cardiac myogenesis and
vasculogenesis in an engineered heart patch and hydrogel-delivered repair cells.
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5. MAKING A “PERFECT” GRAFT

A clinically useful tissue-engineered graft needs to be designed to perform many different
tasks: re-establish normal structure and function of injured myocardium across different size
scales; functionally integrate with the host tissue; and remodel in response to environmental
factors, growth, and aging (Figure 6). The three key features of native myocardium: (&) very
high density of myocytes and supporting cells, () efficient oxygen exchange between the
cells and blood, and (¢) synchronous contractions orchestrated by electrical signal
propagation have provided us with a set of design requirements for engineering cardiac
tissue.

5.1. Key Requirements

In spite of the enormous biological complexity of the heart, some success has been achieved
with engineering cardiac-like pieces of tissue, using several different approaches (Section 3).
Nonetheless, key hurdles to the clinical utility of cardiac tissue engineering are still related
to cell selection, localization, and maturation; adaptation of electromechanical function of
the graft to that of the host; establishment of vascularization with blood flow; structural and
functional integration; and translation into large animal models and eventually human
patients. A “perfect” graft would balance these multiple requirements, to provide robust
functionality on a long-term basis along with the capacity for vascularization, remodeling,
and integration with the host tissue. Lessons learned from heart development tell us that the
biophysical signals are present throughout most of the maturation as well as structural and
functional development of the heart, which is the first functional organ in the human body,
as it starts to beat and pump blood only three weeks into gestation. Therefore, given that
most of the heart development and maturation progresses with the presence of
hydrodynamic shear in blood vessels and with electrical and mechanical signals
orchestrating cell communication, synchronous contractions, and the pumping of blood, it is
logical that similar biophysical signals could drive the maturation and functional
development of engineered cardiac grafts (32). An obvious question is how much is enough
in terms of directing the functional cell assembly in vitro, prior to implantation, and how
much of the maturation and functional development can possibly be left in the body.

5.2. Cell Selection, Conditioning, and Localization

Cells are the only “tissue engineers,” as tissue repair does not occur without the cells, either
mobilized endogenously or supplied by transplantation of a cardiac graft. It is fair to say that
we actually do not engineer tissues, but rather create the environments for the cells to
differentiate, couple, and assemble into tissues. To this end, it is critical that the engineered
environments can predictably mediate cellular differentiation, maturation, structural
specification, and functional assembly. The regeneration of cardiac muscle and supporting
vascular compartment depends on the type and developmental stage of the cell populations
and their capacity to drive the re-establishment of myocardial structure and function at
multiple hierarchical levels. A traditional strategy of cardiac tissue engineering is to generate
a functional graft for surgical implantation that may instantly add to the contractile function
of the treated heart. From this perspective, potential myogenic cell sources include resident
cardiac stem cells, ESCs, and, most recently, iPSCs (4, 61, 110). However, questions remain
as to the ideal maturity level for implanted cells as well as the ideal types and ratios of cells
to implant. A variety of adult-cell and embryonic-cell sources have emerged as candidates
for cell therapy on the basis of their potential for supporting angiogenesis, myogenesis, or
both. Some of the most actively studied cell types include bone marrow—derived
mesenchymal and hematopoietic stem cells, adipose-derived stem cells, ESCs, iPSCs, and
resident cardiac progenitors (85, 89, 110). A “perfect” graft may or may not need to provide
exogenous cells. For example, both cellular and acellular patches can contribute to enhanced
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angiogenesis and preservation of the remaining resident cardiac tissue at the infarct zone
after myocardial infarction by delivering angiogenic and cardioprotective factors and
chemo-attractants (24). Bone marrow—derived cells, even with minimal engraftment, can
serve as sources of paracrine factors, delivered continuously (by the grafted cells) or just
once (if the cells are lost from the injury site). However, paracrine signaling had much
greater effects on revascularization than on building new muscle mass (111).

5.3. Coordination of Electromechanical Function

Presuming the implantation of an engineered heart patch, electromechanical coupling of the
cells with the host myocardium with synchronous contractile activity and generation of
contractile force is certainly essential to re-establish contractile function in the heart.
Propagation velocities will need to match those in the native heart along with characteristic
anisotropic conduction velocities in the direction of propagation with respect to the
transverse direction (112). Therefore, spontaneous cell contractions should be abolished, and
the construct should respond to the electrical signals in the heart as native tissues does and
develop significant contractile forces contributing to the functionality of the repaired heart.
In addition to the challenges of establishing the electromechanical coupling, accurate
assessment and monitoring of the integration between engineered constructs and host
myocardium is critical. Histological identification of proteins involved in establishing cell
contacts cannot be considered as evidence of coupling (112). Also, even in cases where
undelayed impulse propagation can be demonstrated (e.g., using optical mapping), it is
difficult to exclude the possibility that signal propagation is based on electronic contact (37).
Given the potential risk for arrhythmogenesis, electrical isolation of the engineered tissue
needs to be considered, shifting the task of electrical coordination of contraction from
spontaneous electrical activity to pacemaker technology that can insure coordination with
host cardiac rhythm.

5.4. Vascularization and Integration

The size and, most critically, the thickness requirements for engineered cardiac tissue grafts
imply the necessity of functional integration between the graft and host tissues—both
electromechanical and vascular. Tissue-engineering studies show that cardiac myocytes in
nonperfused cardiac constructs can survive only within a <100-pm-thick surface layer, i.e.,
within the penetration depth of oxygen (82). Oxygen availability in the immediate cell
microenvironment is the single most important factor limiting the thickness of healthy and
viable cardiac tissue that can be engineered in vitro and survive in vivo. It is debatable,
however, to what extent vascularization needs to be provided before implantation, for
example, by providing channels (32), that can also be lined with vascular cells or by
engineering primitive blood vessels (34, 113). Furthermore, it is not entirely clear which
aspects of vascularization are most needed early on: structural design that favors the
infiltration of host cells and the connection to vascular supply (channels, highly porous
structures), coculture of vascular and cardiac cells that is important for paracrine signaling
(113-114), or induction of vascularization by immobilization of angiogenic growth factors
into scaffolds (115). Although a definite solution for vascularization is still not on the
horizon, clues to new approaches may be provided from knowledge of cardiac development.
For example, early during embryogenesis, the mammalian heart is largely avascular (116)
and the blood vessels form simultaneously with heart development to establish the
impressive vascular density in the adult heart (75). This suggests additional strategies that
involve the implantation of strands of cardiac muscle small enough to remain viable in
nonperfused culture and avascular environments (34) or serial implantations of an increasing
number of thin cell sheets (38) done to enhance vascularization.
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5.5. Animal Models of Tissue-Engineered Heart Regeneration

Although advanced technologies for three-dimensional culture helped establish the
correspondence between in vitro and in vivo studies, several important challenges remain.
The choice of animal models is a major one. The rodent models, most frequently used for a
variety of practical reasons (for example, the use of human cells in immunocompromised
animals, large sample sizes, studies of mechanisms using knockouts, to mention just a few)
are not well suited for the studies of electromechanical coupling and the risk of arrhythmia
because of the major differences in the electrical properties between the rodent and human
cells (79). In addition, there are several problems associated with implanting human cells
into nude rodents, including the mismatch of intrinsic beating rates (55) and the size of
infract and engineered tissue that impact transport and signaling. The lack of human-like
inflammatory response and its associated role in mediating angiogenesis, recruitment of host
cells, and the overall process of regeneration has been identified as an additional important
deficiency of rodent models (117). The reality is that there is no perfect animal model for
studies of cardiac regeneration, as problems with scale are not necessarily alleviated in
autologous studies done in large animals, owing to differences in electrical properties
between porcine, canine, sheep, and human hearts.

6. SUMMARY

We live in a time of rapid advances toward heart regeneration that are largely driven by
collaborative efforts at the interfaces between bioengineering, biological, and medical
sciences. Through these collaborations, we are able to pose new questions and to develop
new knowledge and tools to tackle these questions. New concepts are being derived through
increasingly effective communications between scientific, engineering, and clinical
disciplines, which had been progressing independently for a long time. Stem cell biology is
transitioning into regenerative medicine, following a path reminiscent of the transition
between immunology and transplantation biology. Notably, the approaches to heart
regeneration are increasingly moving from being empirical and serendipitous to being
biologically inspired and quantitative, again mostly as a result of interdisciplinary research.
Although we still do not know which of the approaches will eventually be advanced to an
effective clinical therapy, the work being done using controllable bioengineering models of
cardiac regeneration is expected to bring some of the answers. Advances in controlling
immune tolerance suggest that it may not be necessary to use personalized stem cells and
that we may obviate the quality-control issues arising from the high variability of iPSC lines
and develop an off-the-shelf heart “patch.” Physician scientists working hand in hand with
engineers and stem cell scientists are likely to play a key role in developing the new
paradigm for heart regeneration that is looming on the horizon. In this article, we aim to
establish a “case study” for the field of regenerative medicine using cardiovascular
regeneration as a model.

1. Summary pointsWe are at the beginning of a promising journey in the development
of biologically inspired, clinically sound bioengineering approaches to heart
regeneration.

2. Heart disease and stroke, the principal components of cardiovascular disease, are
the first and the third, respectively, leading causes of death in the United States,
accounting for nearly 40% of all deaths, more than all cancer deaths combined.

3. Cells are the only “tissue engineers”: We design only the environments for
endogenous or exogenous cells to form functional tissues.

4. “Biomimetic” environments are essential for unlocking the full biological potential
of cells. For cardiac tissue, such an environment involves multiple lineages of
cardiac and vascular cells, three-dimensional tissue-like matrix (scaffold), and
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cascades of molecular and physical (hydrodynamic, electrical, mechanical)
regulatory factors

5. Understanding the heart environment during early development, normal function,
and injury is critical for developing effective bioengineering strategies.

6. The approaches to heart regeneration are moving from being empirical and
serendipitous to being biologically inspired and quantitative, largely due to
collaborative efforts between the clinicians, scientists, and engineers.

7. Interdisciplinary research and training a new generation of scientists-bioengineers-
clinicians are critical to drive further progress.

1 future issuesCardiac regeneration using bioengineering strategies needs to be
directed.
2 Myogenesis and arteriogenesis during culture and in injured heart need to be

coordinated.

3 Stem cell diversification, differentiation, and maturation need to be controlled to
establish reproducible derivation of cardiogenic and vasculogenic cells.

4 The need for immediate function (which requires a mature graft) needs to be
reconciled with electromechanical and vascular integration (which requires a
developing graft).

Key Terms and Definitions

Bioreactor culture system for cells on a biomaterial scaffold designed to
provide environmental control, exchange of nutrients and
metabolites between the cells and culture medium, and physical

signaling
hESCs human embryonic stem cells
Induced cells derived from adult human fibroblasts
pluripotent stem
cells (iPSCs)
Myocardial a condition that follows interruption of blood flow into a part of the
infarction heart muscle and results in the terminal loss of cardiomyocytes
Regeneration re-establishment of normal structure and function of a tissue, as
opposed to repair that is the immediate response to injury
Scaffold biomaterial serving as a template for cell attachment and tissue
formation in culture or a delivery vehicle for the transplanted cells
Tissue the application of principles and methods toward the development
engineering of biological substitutes to restore, maintain, or improve tissue and

organ function
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2005

NIH workshop entitiled “Tissue
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to developmental biology are
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tissue engineering
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Some of the milestones leading to current bioengineering approaches to heart regeneration.
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Stepwise approaches to contemporary challenges in cardiovascular medicine.
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Figure 3.
Pathways to regeneration of heart muscle and blood vessels.
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Representative approaches to tissue engineering of heart muscle.
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Strategies for tackling major barriers to cardiac regeneration.
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Figure6.

Bi%engineering of a clinically useful “patch for a broken heart” is still a puzzle we need to
solve. Some of the key pieces include regulating endogenous regeneration; deriving
phenotypically mature cardiovascular cells, vascular, and electromechanical integration with
the host; optimizing the patch properties and time of implantation; and achieving a durable
improvement of heart function (please also see the list of challenges).
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