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Cardiac tissue engineering aims to create functional tissue constructs that can reestablish the structure and
function of injured myocardium. Engineered constructs can also serve as high-fidelity models for studies of
cardiac development and disease. In a general case, the biological potential of the cell—the actual “tissue
engineer”—is mobilized by providing highly controllable three-dimensional environments that can mediate cell
differentiation and functional assembly. For cardiac regeneration, some of the key requirements that need to be
met are the selection of a human cell source, establishment of cardiac tissue matrix, electromechanical cell
coupling, robust and stable contractile function, and functional vascularization. We review here the potential
and challenges of cardiac tissue engineering for developing therapies that could prevent or reverse heart failure.

Introduction

TISSUE ENGINEERING could dramatically change our lives
and help us outlive the failure of our organs. It is be-
coming plausible that many of our tissues, if damaged by
injury or disease, could be replaced or regenerated by func-
tional biological grafts. Ideally, an engineered graft should
reestablish normal tissue structure and persistent function
across different size scales, functionally integrate with the
host tissue, and remodel in response to environmental fac-
tors, growth, and aging.

It is not easy to say where the true beginnings of the field
are: in the mythologies of ancient China and Greece, in the
first-ever tissue culture study performed by Ross Harrison in
1907, at the Lake Tahoe conference in 1988 when tissue en-
gineering was “officially” established, or in the 1990s that
mark the start of the fast growing stream of publications—
from only about a dozen in 1991 to thousands in 2008. The
original definition: “Tissue Engineering is the application of
principles and methods of engineering and life sciences to-
ward fundamental understanding of structure-function rela-
tionships in normal and pathological mammalian tissues and
the development of biological substitutes to restore, maintain,
or improve tissue function” still reflects the unifying concept
of the field. As tissue engineering is evolving, we are probably
just “at the end of the beginning” of a truly exciting journey.>>

The heart itself is a marvel of “engineering by nature,” an
organ of extreme structural and functional complexity, with
functions vital to survival. The heart wall is composed of
tightly packed myocytes and fibroblasts, with dense sup-
porting vasculature and collagen-based extracellular matrix

(ECM). Because of the high density and high metabolic
demand of the cells, myocardium consumes large amounts
of oxygen and cannot tolerate hypoxia. The myocytes—
contractile cells of the heart—form a three-dimensional (3D)
syncytium that enables propagation of electrical signals
across specialized intracellular junctions, to produce me-
chanical contractions that pump blood forward.*

Heart is also an organ that fails beyond repair, way too often,
because of the intrinsic inability of the damaged heart tissue to
regenerate after injury. Heart disease and stroke, the principal
components of cardiovascular disease, are the first and the
third leading cause of death in the United States, accounting for
nearly 40% of all deaths, more than all cancer combined.
Congenital heart defects, which occur in nearly 14 of every
1000 newborn children,® are the most common congenital de-
fects and the leading cause of death in the first year of life.

Upon myocardial infarction, a vigorous inflammatory re-
sponse is elicited, and dead cells are removed by macro-
phages. Over the subsequent weeks to months, fibroblasts
and endothelial cells migrate and form granulation tissue
that ultimately becomes a thick and stiff collagenous scar.
Scar formation reduces contractile function of the heart, and
leads to ventricle wall thinning and remodeling, and ulti-
mately to heart failure. Clearly, tissue engineering could be
most valuable for the reconstruction of malformed hearts in
children and the regeneration of failing hearts in adults.

The three key features of native myocardium: (i) high
density of myocytes and supporting cells, (ii) efficient oxygen
exchange between the cells and blood, and (iii) synchronous
contractions orchestrated by electrical signal propagation
form a set of design requirements for engineering cardiac
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tissue. The need to reestablish the unparalleled complexity of
injured heart tissue is a major challenge for the field of car-
diac tissue engineering. We review here some of the key
challenges that the cardiac tissue engineering field is facing,
and representative directions of the current research.

Key Challenges

For clinical utility, engineered cardiac tissue should consist
of autologous or immunetolerated, phenotypically stable
cardiac cell populations (myocytes, fibroblasts, vascular cells)
within a native-like tissue matrix (molecular composition,
structure, biomechanics). The size and thickness of an en-
gineered graft need to be of clinically relevant size, a re-
quirement that cannot be met without vascularization.
Electromechanical coupling of the cells with the host myo-
cardium with synchronous contractile activity and generation
of contractile force are all necessary for the reestablishment of
contractile function of the heart.

The utilization of advanced culture systems, new imaging
strategies to monitor the progression of cardiac regeneration,
and adequate animal models are among the critical tools for
deriving the right populations of cells and for engineering
constructs with capacity for cardiac regeneration. Beyond
these largely scientific challenges, there are requirements for
reproducible manufacturing of the grafts, and the regulatory
and public policy issues that will need to be addressed before
these therapies can be made available to patients.

Challenge #1: Selecting the right population
of human cells

For any current tissue engineering modalities that are
being investigated, injection of repair cells (with our without
biomaterial), implantation of a cell-based cardiac graft, or
mobilization of the host cells into the site of injury, the choice
of cells is central. All other components of the tissue-
engineered system—scaffold, culture environment, and de-
livery mode—essentially mediate the biological capacity of
the cell to drive regeneration. In either case, the regeneration
of cardiac muscle and supporting vascular compartment
depends on the type and developmental stage of the cells
and their capacity to drive the reestablishment of myocardial
structure and function at multiple hierarchical levels.

Given the inability of intrinsic repair mechanisms to re-
generate sufficient myocardium after ischemia, a great deal
of effort has been spent exploring the reparative capabilities
of a wide variety of exogenous stem and progenitor cells.
Explosive growth in the fields of vascular and develop-
mental biology has led to the characterization of multiple cell
types with potential for supporting angiogenesis, myogen-
esis, or both.> Figure 1 reviews the most explored human
cell types for cardiac regeneration.

One obvious requirement is that of immune tolerance of the
repair cells, and it should ideally be addressed by the choice of
an autologous cell source. Utilization of adult stem cells from
various sources has been motivated by the advantages of al-
leviating concerns about immune rejection or transmission of
disease. Although adult stem cells were first isolated from the
bone marrow, recent literature supports their presence in a
variety of extramedullary organs including adipose tissue,
dental pulp, circulating blood, amniotic fluid, and joint
synovium.'®'* Limitations of the adult stem cells investigated
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thus far include the capacity of mesenchymal stem cells
(MSCs) to induce vasculogenesis but not necessarily myo-
genesis, and the inability of skeletal myocytes for proper
electrical coupling with cardiac myocytes. The mobilization of
resident cardiac cells would provide an alternate path to
cardiac regeneration, with the caveat that obtaining sufficient
numbers of these cells remains a challenge.

Another obvious requirement is to provide sources of all
cardiac cell populations—both myocytes and the supporting
cardiac fibroblasts and vascular cells. Embryonic stem cells
(ESCs), the only source of cells that are intrinsically cardio-
genic and vasculogenic®'® and a natural choice because of
their omnipotency and essentially unlimited potential for
expansion in vitro, are not autologous. Also, the use of these
cells in undifferentiated state carries the risk of uncontrolled
differentiation. Recent exciting developments of induced
pluripotent stem (iPS) cells from various human tissues open
the possibility of creating autologous embryonic-like cells for
cardiac regeneration, with the caveat that the derivation of
iPS cells involves, at least at this time, genetic transformation.
The ongoing efforts to derive phenotypically stable cardiac
and vascular cell populations from human ESCs (hESCs), in
numbers sufficient for tissue engineering hold promise that
the advantages of these cells will be fully utilized.” We
propose that the “conditioning” of these cells, by biophysical
stimulation in 3D culture settings, may result in the stabili-
zation and maturation of cardiac and vascular progenitors.'®
For proper function, stem cells for heart regeneration need to
be provided with protection and support during their de-
livery and integration with the host."”

It is fair to say that several promising paths toward de-
riving the “right” cells for cardiac repair and the right tech-
nology to utilize their potential need to be pursued until one
or more of these options is translated into clinical practice.

Bone marrow—derived adult stem cells. The discovery of
circulating endothelial progenitor cells,'® their mobilization in
response to ischemia,'® and their isolation from human bone
marrow?’ have stimulated translational research of the use of
bone marrow-derived elements to regenerate ischemic myo-
cardium. The bone marrow compartment can be subdivided
into two interdependent spaces—the hematopoietic cell
compartment and the stroma containing MSCs. The hemato-
poietic compartment produces approximately 500 billion cells
per day that use the bone marrow vasculature as a conduit to
the systemic circulation.’** The stroma is composed of fi-
broblasts, adipocytes, nerves, and the bone marrow’s vascular
system that consists of a network of fenestrated, thin-walled
vessels supported by the surrounding hematopoietic cells.

Hematopoietic cell compartment contains a multitude of
cell types at various stages of differentiation. Cells can be
harvested for transplantation either directly from a bone
marrow aspirate or indirectly through peripheral blood
mobilization. The latter method employs granulocyte colony-
stimulating factor (GCSF) to stimulate mobilization followed
by apheresis to isolate peripheral blood mononuclear cells
(PBMNCs) from the circulation. Density gradient separation
of whole marrow aspirates is typically used to isolate bone
marrow mononuclear cells (BMMNCs). Either method pro-
duces a heterogenous population of monocytes, hematopoi-
etic stem cells, endothelial precursors, and assorted other
cellular elements.?
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FIG.1. Cell sources for cardiac regeneration. A variety of both adult and embryonic sources have emerged as candidates for
cell therapy. Skeletal myoblasts, the first to be seen in the clinical setting, have been followed by bone marrow-derived
mesenchymal and hematopoetic stem cells, and recently adipose-derived stem cells. Of these nonmyogenic somatic cells, only
resident cardiac stem cells have been identified as endogenous myogenic progenitors, but their limited number eliminates
them as a reliable candidate in cell therapy. Embryonic stem cells, derived from the inner cell mass of the blastocyst, give rise
to all the three germ layers (endoderm, mesoderm, ectoderm) and their various cell populations. Successful derivation of
cardiovascular lineages from embryonic stem cells has presented them as the most attractive myogenic source for cell
therapy. Recent success with induced pluripotent stem (iPS) cells, genetically modified adult cells that display “embryonic-
like” pluripotency, have hinted at their potential to differentiate into cardiovascular lineages. iPS cells represent a promising
myogenic source of cardiac cells for heart therapy, eluding both ethical and immunogenic concerns, but raising questions
regarding chromosomal stability. Color images available online at www. liebertonline.com/ten.

BMMNCs and PBMNCs express surface markers that can
be used to isolate subpopulations of true vascular progenitor
cells. One such marker, CD34, originally used to identify
hematopoietic stem cells for the reconstitution of hemato-
poiesis after myeloablative therapy,” is also expressed by
endothelial progenitor cells both in the marrow and in the
circulating blood."®?° A second marker, AC133, corresponds
to an epitope on the transmembrane protein prominin-1 and
similarly can be used to isolate hematopoietic and endothe-
lial progenitor cells.**

Since the CD34% and AC133" populations represent a
minor fraction of total BMMNCs or PBMNCs, inserting an
isolation step increases the homogeneity but decreases the
absolute number of cells available for injection. In multiple
animal models of acute and chronic myocardial ischemia,
immunoselected cells from the mononuclear fraction or
subsets thereof have been shown to induce angiogenesis in
the infarct border zone, reduce myocyte apoptosis, and in-
hibit left ventricular remodeling and dilation.® Cell differ-
entiation into vascular structures and paracrine recruitment
of endogenous progenitors were both shown to play a role in
mononuclear and CD34™ mediated repair. Transdifferentia-

tion into cardiac myocytes is, however, a rare event with
these cell types,25 making them better suited for vasculo-
genesis than for myogenesis.

MSCs represent between 0.01% and 0.001% of all nucle-
ated cells in adult human bone marrow, but can be readily
expanded in culture.”® Unlike endothelial progenitors, which
for the most part are lineage restricted, MSCs readily form
bone, fat, cartilage, and possibly myocytes in vitro.”” In ad-
dition, a growing body of literature suggests that MSCs may
be able to evade immune detection due in part to the direct
inhibition of inflammation as well as a lack of cell-surface
costimulatory molecules.”® These immunomodulatory prop-
erties combined with the ability to rapidly expand MSCs in
culture raise the possibility of developing an off-the-shelf
product for myocardial revascularization.

Preclinical data using MSCs in the acute” and chronic
setting of cardiac ischemia have been promising and have
led to a recently completed phase-2 human trial (www.
osiristx.com/clinical_trials.php). Like their hematopoetic and
endothelial precursor counterparts, MSCs are capable of
stimulating angiogenesis and even arteriogenesis® after an
acute myocardial infarction. In addition, immunoselection
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before culture and expansion may allow for selection of a
more homogenous population of mesenchymal progenitor
cells.*! Regardless of whether MSCs do in fact transdiffer-
entiate into cardiac muscle® in vivo or simply fuse to existing
myocytes,” these events are sufficiently rare that significant
muscle mass has not been regenerated in preclinical models.

Clinical trials with the injections of cell populations derived
from bone marrow have shown only marginal increases in
ejection fraction (0-5%).3*%" The observed benefits are likely
because of the paracrine factors secreted by these cells rather
than the formation of new cardiomyocytes replacing those
lost to ischemia. Notably, patients with larger infarcts bene-
fited from this therapy more than patients with smaller in-
farcts.?® The suggested role of bone marrow—derived cells as
sources of paracrine factors, delivered continuously (by the
grafted cells) or just once (if the cells are lost from the injury
site), is consistent with the observed induction of vasculari-
zation and with the fact that cardiac function improved even
when cell engraftment was minimal.®

Adipose-derived adult stem cells. Adipose tissue consists
of mature adipocytes and the stromal vascular fraction con-
taining vascular cells (endothelial, smooth muscle cells, and
circulating blood cells), in addition to a subpopulation of
multipotential stem cells termed adipose tissue-derived stem
cells (ASCs) that can be isolated from the stromal vascular
fraction by tissue culture plastic adhesion. Numerous reports
have demonstrated the angiogenic potential of ASCs' and, as
with MSCs, exposure to 5-azacytidine (5-AZT), has led to the
evidence of cardiomyocyte differentiation.* As with MSCs,
these differentiation events are, to date, rare and unpredict-
able, and therefore unsuitable for generating large amounts of
functional muscle. However, given the preponderance of ad-
ipose tissue and its relative ease of collection, ASCs represent
an excellent alternative source of vasculogenic progenitors.

Adult skeletal myoblasts. Skeletal myoblasts, precursor
cells of skeletal muscle known as satellite cells, are normally
found under the basal membrane of muscle fibers in a qui-
escent state. In response to injury, these cells have the po-
tential to reenter cell cycle, divide, and differentiate into
functional skeletal muscle. Skeletal myoblasts were the first
to enter the clinical arena of cell therapy in 2000 for several
reasons.® They have high proliferative potential, yielding
over a billion cells from a single biopsy, yet they are suffi-
ciently lineage restricted to eliminate the threat of tumori-
genicity.40 In addition, they are autologous and are highly
resistant to ischemia. Unlike bone marrow and adipose-
derived elements, skeletal myoblasts are directly myogenic
and contain a complete contractile apparatus.

Unfortunately, preclinical studies have called into ques-
tion the ability of skeletal myoblasts to couple directly with
myocardium. Early clinical data have shown an increased
risk of ventricular arrhythmias after implantation.*! Ex-
amination of human pathologic specimens indicated that
surviving myoblasts were often surrounded by fibrosis,*?
hindering their ability to contribute to the overall pump
function. Interestingly, overexpression of Cx-43 in skeletal
myocytes, by gene transfer, improved electrical coupling
between the infarct bed and the surrounding borderline zone
and healthy myocardium.*> Whether more sophisticated
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delivery techniques and/or cell culture and tissue engineer-
ing approaches can address these issues remains to be seen.

ESCs. Animal studies do not provide conclusive evi-
dence that the populations of cells derived from bone mar-
row have potential to form bona fide cardiomyocytes.®
Clinical studies in humans also show that the circulating cell
sources do not repopulate cardiomyocytes with appreciable
frequency.44 Further, whereas the majority of adult stem cells
studied to date are better suited for vasculogenesis than
myogenesis, ESCs can be guided to differentiate both path-
ways with relative ease.

A recent study that used serum-free conditions for high-
efficiency differentiation of hESCs demonstrated their
capacity to form bona fide cardiomyocytes and all other
subpopulations of cardiovascular cells.” Methods are now
becoming available to derive human cardiomyocytes from
ESCs in numbers sufficient for systematic studies of cell
differentiation and maturation in vitro and regenerative ca-
pacity in vivo.

In a rodent model of cardiac ischemia, the benefits of
implanting hESC-derived cardiomyocytes were better than
implanting nonmyocytes, although the latter also showed
improvement over injections of cell-free fluid.*” Integration
was only partial as human cardiomyocytes within the mouse
heart surrounded themselves by a fibrous tissue they se-
creted themselves. Because this isolation is not only physical
but also interferes with the electrical coupling, an under-
standing and control of the processes involved in matrix
secretion and integration with the host will be essential for
avoiding the risk of arrhythmia associated with incomplete
functional coupling of grafted cells.

Early in vivo studies have indicated the ability of these
cells to integrate electrically with the native myocardium;'>*¢
however, a number of barriers remain for clinical translation.
First, the use of undifferentiated ESCs is, not surprisingly,
associated with teratoma formation.*” Second, implantation
into humans may require immunosuppression. It is possible
that terminal cell differentiation before implantation may
eliminate the risk of teratoma formation. However, regula-
tory agencies will likely require an abundance of preclinical
data before approving implantation for cardiovascular ap-
plications. The utilization of hESCs for heart regeneration
will require further progress toward (i) avoiding the forma-
tion of teratomas (also a risk factor for iPS cells), (ii) avoiding
the immune response of the host, (iii) development of cell
culture protocols that minimize the use of any animal
products, and (iv) improved control over retention, survival,
and function of implanted cells.

iPS cells. iPS cells are an emerging technology that may
address some of the immunologic concerns associated with
the use of ESCs. By introducing a set of transcription factors
linked to pluripotency, terminally differentiated cells such as
dermal fibroblasts and mesenchymal stem can be repro-
grammed to behave like ESCs.** This allows for the crea-
tion and expansion of patient-specific cell lines that could be
used for autologous reimplantation as well as to study
patient-specific disease states in vitro. The need for retroviral
vectors during reprogramming as well as karyotypic ab-
normalities associated with the process may limit clinical
application. The generation of iPS cells by virus-independent
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protein transduction mechanisms is under development.”’

Notably, the efficacy of all the current iPS derivation proto-
cols is rather low. Nevertheless, iPS cells represent a novel
myogenic alternative to standard hESC culture or nuclear
transfer-based techniques.

Resident cardiac stem cells. A number of groups have
worked toward isolating resident cardiac stem cells from the
developing or adult heart with varying degrees of success.
Chien and colleagues have identified a subpopulation of
isletl-positive cells in the developing heart that give rise to
both vascular structures and predominantly right-sided
myocytes.”? Although extensively characterized, these islet1-
positive cells also need to be expanded to produce clinically
relevant numbers. Marban and colleagues have utilized a
different approach to generate cardiospheres from en-
domyocardial biopsies. Cardiosphere-derived cells express a
mixture of stem and contractile proteins and have been shown
to engraft in a mouse infarct model.>® Again, reliable pro-
duction of cells in sufficient quantities remains a challenge.

In summary, the prospect of delivering cells to repopulate
the heart and restore its function has resulted in many clin-
ical trials, with varied results. Cell therapies currently under
investigation (Fig. 1) involve delivery of precursor cells (both
embryonic and adult), in hope that the implanted cells will
proliferate, differentiate, and functionally couple in vivo, or
act as “factories of factors” recruiting native progenitor
cells.**

Current clinical trials use mostly nonmyogenic cell sources
that contribute to vascularization but do not give rise to new
cardiomyocytes.® hESC-derived cardiomyocytes have been
considered the only source of exogenous myogenic cells
for cardiac muscle replacement.”>"° Just very recently the
iPS cells, derived by reprogramming of adult human somatic
cells, are emerging as another source of cells with the
capacity to form muscle progenitors.***° While muscle re-
placement may restore the whole heart syncytium, non-
myogenic cells contribute to vasculogenesis and activate host
repopulation of ischemic tissue through paracrine effects.
Both the adult and embryonic cell types are thus of interest
for developing therapeutic options that would result in
macroscopic and long-term improvements in heart function
and restore functionally coupled myocardial mass.

Challenge #2: Establishing cardiac-like tissue matrix

Cells respond to their environment, and one of the key
regulatory components of cell behavior in each of the possible
scenarios of heart regeneration—in vitro cultivation of en-
gineered constructs, cell delivery into the heart, implantation
of engineered constructs over the injury site—is the ECM.

For “normal” function, the repair cells need a normal
matrix, with the cardiac-like molecular composition, struc-
ture, and mechanical properties. A preformed matrix can be
used as a scaffold to seed the cells and create cardiac tissue
constructs in vitro, or the cells can be induced to form their
own matrix, or the two approaches can be combined. One
can start from the decellularized matrix of the heart, popu-
late it with cardiogenic cells, and induce functional assembly
of the cells in vitro.”’

Another strategy is to custom design a synthetic bioma-
terial to mimic the hierarchical structure and mechanical
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properties of the heart matrix (e.g., using channeled, highly
porous elastomers with elastic moduli matching those of the
native heart matrix, with or without added hydrogel com-
ponent) and use it as a scaffold for the formation of a con-
tractile cardiac patch.”® Alternatively, cardiac cells can be
cultured in a hydrogel and allowed to produce and assemble
their own matrix.>® Finally, cells can be delivered into the
heart, using a hydrogel to localize the cells at the site of
injury and condition their environment,®! and allowed to
elaborate their matrix while coupling with the host tissue.

Two features are shared by all these approaches: the entire
milieu of the ECM is important (molecular composition, hi-
erarchical structure, and biomechanics), and the cells need to
remodel the initial matrix and to gradually replace it with its
own matrix (the process enhanced by the high density of
cardiac cell populations).

Challenges include the selection between a simple hy-
drogel and a cardiac tissue matrix of high fidelity, and be-
tween native and synthetic materials, determination of how
much matrix needs to be reconstituted in vitro, and scaffold
designs that support cell coupling and assembly (functional
groups, low stiffness) and vascularization (arrays of chan-
nels).

Native tissue matrix as well as the scaffolding material
serve as a structural and informational “template” for cell
attachment and tissue formation, and provide numerous
chemical and biophysical cues that fundamentally determine
cell behavior. In a native tissue, the ECM contains proteins,
such as collagens, polysaccharides, and water, and has a
structure that is dependent on the location and function of
the tissue. Factors such as ECM mechanics and cell shape
play a role in stem-cell differentiation and can be engineered
into synthetic matrices for directed differentiation.

Mimicking the structure and stiffness of native tissue ma-
trix. Biomaterial scaffolds, designed to serve as a substitute
of the native matrix, are available to tissue engineers in many
different forms.®® Some of the most common categories are
porous, fibrous, and hydrogel scaffolds—like the many dif-
ferent tissue structures they are made to resemble.®’ For ex-
ample, porous scaffolds provide macroscopic voids for the
migration and infiltration of cells. In contrast, fibrous scaf-
folds can be fabricated on a scale that mimics the hierarchy of
the native ECM and used to control cellular alignment.®®

The fabrication technique can produce structures that ex-
hibit a wide range of mechanical properties with elastic
moduli from the Pa to the GPa range. Human MSCs were
shown to exhibit lineage specification depending on the sub-
strate mechanics, which correlated with the in vivo matrix
elasticity (8-17 kPa for muscle) in the absence of any additional
inducing actors.®® The stem cells are thought to “pull” on the
matrix and generate signals and responses based on this force.

Notably, the stiffness of infarcted myocardial tissue
changes with time from soft to rigid, as the collagenous scar
forms. Therefore, the responses of implanted or recruited
cells in the infarcted heart will depend on the stiffness of the
infarct bed, which in turn depends on time postinfarction.'*
Presumably, the changing stiffness of the infarct bed, along
with multiple biochemical factors associated with the pro-
gression of myocardial remodeling, is one of the critical
factors of the recovery of the contractile functionality of
the ventricle by transplanted cells. Studies of cardiac tissue
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development on scaffolds with controllable stiffnesses will be
instrumental in developing strategies for the regeneration of
infarcted heart.

Native or synthetic material? A second decision in scaf-
fold selection is the choice between natural and synthetic
materials.** Natural materials are able to provide signals to
cells by mechanisms such as surface receptor interactions, by
uptake, and by degradation by cell-instructive enzymes.
However, natural scaffolds may be difficult to process with-
out disrupting a potentially important hierarchical structure.
Also, hydrogels formed from natural materials generally have
poor mechanical properties and may also have a potential for
immune response depending on the source of the material.
Synthetic biomaterials have a wide range of properties that
may be obtained and customized with respect to mechanics,
chemistry, and degradation, but may be limited in functional
cellular interactions unless they are modified with adhesion
peptides or designed to release biological molecules.

Incorporation of regulatory molecules. Scaffolds can also
be used for controllable delivery of cytokines or other regu-
latory factors to cells in a construct. A dextran-based hydrogel
with immobilized arg-gly-asp (RGD) peptides and micro-
encapsulated vascular endothelial growth factor was shown
to markedly increase the fraction of encapsulated hESCs ex-
pressing vascular endothelial growth factor receptor KDR/
Flk-1- up to 20-fold compared with spontaneously differen-
tiated embryoid bodies.®®> By patterning bioactive molecules
onto scaffolds or delivering controlled gradients via bioreac-
tors, one can have spatial control over cell differentiation and
ultimately design 3D cardiac constructs for in vitro and in vivo
use.

Biomaterials for cell delivery into the heart. The past
decade’s burst in cell therapy clinical trials has resulted in a
multitude of reports ranging from high expectations to
modest questioning of the efficacy of cell therapy for car-
diovascular disease. The perception is, however, that cell
therapy would greatly benefit from improvements in the
techniques of cell delivery and an improved understanding
of mechanisms driving heart repair. A lack of standardiza-
tion across clinical trials—because of variable cell sources
and preparations, delivery methods, target patient popula-
tion, time points, and functional readouts—has only added
to the inherent variability, making a comprehensive cross-
study comparison rather difficult. To move forward, we need
to develop new technologies that can address the challenges
and limitations of the current preclinical trials.

Cell injection: The administration of cell suspensions in
fluid via a syringe or catheter—results in massive attrition
after injection, by processes that occur almost immediately,
and irrespective of cell type or formulation, delivery mode,
and disease state. These processes occur before the vascular
supply can be established and integration with the host cells
can occur. The capacity of the heart to retain implanted cells
for even 24h is rather small,*® and local barriers of cell sur-
vival and function beyond this time point are substantial.
Survival of “naked” cells in the hostile environment of an
acute or chronic infarct is a major challenge.

Several possibilities have been identified for improving
cell engraftment and maximizing the potential of cells to
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mediate heart regeneration. One reported approach identi-
fied the addition of prosurvival factors into the cell suspen-
sion as a method to substantially improve the survival of
transplanted cardiomyocytes.” A solution for improved cell
retention, just starting to be explored in the lab settings, is the
use of catheter-based hydrogel cell delivery, which builds on
existing delivery methods used in the clinic. Hydrogels, de-
livered as a fluid phase suspension via catheter, slowly po-
lymerize during the trajectory to the target tissue,
polymerizing and entrapping cells in situ. With already ex-
tensive use and demonstrated safety of catheter-based cell
delivery,67 the addition of a delivery vehicle offers a possi-
bility for improving engraftment.

Hydrogels offer additional distinct advantages of custo-
mization using growth factors to specifically enhance the
vasculogenic or myogenic capacity of encapsulated cells,*®
while physically shielding cells from the harsh ischemic en-
vironment, as they mediate repair. Although this option
provides for a near-term solution to improve cell retention in
the heart, it can be further advanced to mediate the effects of
the microenvironment in situ.

Cells or engineered tissue? The last few years have seen
increased focus on cell transplantation modalities that would
enable quantitative studies of cell differentiation and cou-
pling, and help determine regenerative capacity of various
cell types and preparations. Most cells, and stem cells in
particular, require protection during their delivery into the
infarct bed.'” The clinical potential of stem cell-based thera-
pies could be realized by providing support for these cells
during and after implantation, in a way that promotes cell
survival, differentiation, and the establishment of functional
connections with the host tissue. Figure 2 schematically
presents three principal approaches to cell delivery to the
heart currently under investigation: (i) injection or infusion of
cell suspension, (ii) injection of cell suspension in a hydrogel
that polymerizes in situ, and (iii) implantation of a cardiac
tissue “patch” over the infarct bed. The disease or injury in
question will probably determine whether injection of cells or
grafting tissue-engineered constructs is the preferred choice.

When considering a tissue engineering strategy for pa-
tients with terminal heart failure, at least two scenarios can
be envisioned. A simpler one is to place a patch of en-
gineered heart muscle over the injury site. A more elaborated
one is to excise nonfunctioning myocardium and replace it
with an engineered heart muscle construct. The latter ap-
proach requires high mechanical stability of the patch to
withstand systolic pressure and this may be quite difficult to
achieve. Thus, adding tissue-engineered patches to the heart
rather than replacing diseased parts is likely the more real-
istic perspective at this point.

Challenge #3: Construct size and the need
for vascularization

For clinical utility, an engineered cardiac patch should
have an area of 10-50 cm? and a thickness of several milli-
meters. Several tissue engineering technologies are able to
create a cardiac patch of a large enough surface area, but
engineering viable millimeters thick cardiac constructs and
their integration to the vascular supply of the host remains
major challenges.
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Cell suspension

Hydrogel cell delivery

Cardiac tissue engineered patch

FIG. 2. Delivery to the heart—cells or tissues? Existing administration of liquid-phase cell suspensions suffers from low
engraftment and cell survival. Alternative solutions for cell delivery are investigated to provide control over cell retention in
the injury site, survival, and coupling with the host cells. Hydrogel cell delivery via catheters may aid to cell retention and
also provide environmental conditioning via hydrogel design. Tissue engineering of a contractile cardiac patch seeks to
deliver cells within a tissue-like microenvironment with immediate function and a capacity for vascular and electrome-
chanical integration with the heart. Color images available online at www.liebertonline.com/ten.

Clearly, the single most important factor limiting the
thickness of a tissue construct that can be engineered in vitro
and survive in vivo is the control of oxygen supply in the
immediate cell microenvironment. Diffusion alone, a mech-
anism relied upon in most currently used tissue culture
systems, can maintain the viability of cardiac cells only
within a thin layer in immediate contact with the culture
medium (up to 100 um thick, depending on cell density®®).
Even when tissue constructs are cultured in systems with
medium convection around tissue constructs—spinner
flasks, rotating bioreactors, and orbitally mixed dishes®7°—
diffusion remains the controlling mechanism of oxygen ex-
change inside tissue constructs.

Many tissue engineering approaches have attempted to
overcome the diffusional limitation of oxygen transport in one
way or another. One notable example is the work by Kofidis
et al.”" that provided pulsatile flow around cardiomyocytes
encapsulated in fibrin glue around a rat artery. Another is by
Dvir et al”>”® who developed a perfusion bioreactor that
employs a distributing mesh upstream from the construct to
provide homogeneous fluid flow and maximum exposure to
perfusing medium, resulting in somewhat increased cell via-
bility because of the convective supply of oxygen.”*”* The
Eschenhagen group has minimized the intrinsic diffusional
constraints using a loose network of engineered loops as a

cardiac graft.”* Our group has implemented the in vivo-like
mechanisms of convective-diffusive oxygen transport, by
perfusion of culture medium through the cultured con-
structs.”®%7>77 Cells were seeded into porous scaffolds with
arrays of channels (designed to shorten diffusional distances,
provide a separate compartment for fluid flow, and serve as
precursors of future blood vessels) and cultured in medium
supplemented with an oxygen carrier (to further increase the
oxygen carrying capacity). Both the perfusion and supple-
mentation of an oxygen carrier improved the viability and
differentiation of cultured cells and enabled the formation of
compact layers of viable cells around the channels.*®

However, perfusion alone cannot substitute for vascular-
ization. It is debatable which extent of vascularization needs
to be provided before implantation (channels only,”® or
channels lined with vascular cells, or primitive blood vessels
formed by the cells’>”*). Also, it is not entirely clear which
aspects of vascularization are needed early on: structural
design that favors the infiltration of host cells and the con-
nections with vascular supply (channels, highly porous
structures), coculture of vascular and cardiac cells that is
important for paracrine sigr1alir1g,15’79 or the immobilization
of angiogenic growth factors into scaffolds.®’

Finally, any scenario for implantation of an engineered
tissue graft needs to provide a means for effective and timely
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connection with the host blood supply. This is considered a
major challenge of cardiac tissue engineering and the solution
is still not on the horizon. However, there are several inter-
esting findings that may provide cues for the development of
approaches that could ultimately address the challenges of
functional vascularization. Early during embryogenesis, the
mammalian heart is largely avascular,®! and the blood vessels
form simultaneously with heart development to establish the
impressive vascular density in the adult heart with capillary
distances of only ~20 um.%

Interestingly, Eschenhagen and colleagues observed that
their engineered constructs, containing strands of cardiac
muscle that were small enough to remain viable in non-
perfused culture, survived when implanted into the avascular
environment of the infarct bed and quickly vascularized.”
The size of viable and compact muscle units increased along
with vascularization in vivo, suggesting that a gradual in-
crease in the construct size is necessary and that this increase
can only occur in parallel with vascularization. Other studies
showed that the diffusional limitations encountered in vitro
are worsened after implantation because of the scarce vas-
cularization of ischemic areas.** Shimizu et al.** performed
repeated subcutaneous implantations of triple-layered sheets
of cells, to support the fusion of multilayered sheets by in-
ducing vascularization of each graft. Implantation of con-
structs over surgically connectable arteries and veins®* and
the use of a vascularized tissue engineering chamber im-
planted into the groin region of rat® all showed enhanced
vascularization.

The state of the art in the field is that vascularization is
considered essential for the implementation of cardiac grafts,*®
with different approaches pursued by different groups.

Challenge #4: Electromechanical function

A hallmark of functional myocardium is its ability to
propagate electrical impulses and to respond to these im-
pulses by synchronized contractions that generate forces for
pumping blood. An engineered cardiac construct, or injected
cells, should connect to the electrical synctium of the existing
myocardium, rather than having spontaneous contractile
activity. Cardiac constructs engineered with electrical field
stimulation or mechanical stretch exhibited propagation ve-
locities approaching those in the native heart’*” with a
conduction velocity that was twice as high in the direction of
stimulation than in the transverse direction.”+%® Notably,
spontaneous cell contractions diminished during cultivation,
and instead the constructs developed contractile function in
response to external electrical stimuli.®® Conditioning by
dynamic mechanical stretch resulted in the development of
significant contractile force that was lower than in the adult
heart but consistent with the smaller size and density of
cardiac myocytes.”*

For both the mechanical and electrical stimulation re-
gimes, the development of contractile function was associ-
ated with cell elongation and orientation, organization of
Connexin-43, and the ultrastructural features characteristic
for well-differentiated striated myocardium.m’89 Also, both
groups observed that cell coculture, established either by
combining populations of cardiac myocytes with supporting
cells—fibroblasts and vascular cells™—or using unsorted
heart cells® further improved the contractile function.
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In contrast to the injected cells, an engineered cardiac
patch would instantly add to the contractile function of the
treated heart, assuming that functional connections are es-
tablished. One of the key challenges is certainly a fair and
accurate assessment of electromechanical integration be-
tween the engineered constructs and host myocardium.
Histological identification of proteins involved in establish-
ing cell contacts cannot be considered as evidence of cou-
pling. Even in cases where undelayed impulse propagation
can be demonstrated (e.g., using optical mapping), it is dif-
ficult to exclude the possibility that signal propagation is
based on electronic contact.”*

The choice of animal models is another significant factor,
given that the rodent models, most frequently used for a
variety of good reasons, are not well suited for the studies of
electromechanical coupling and the risk of arrhythmia, be-
cause of the major differences in the electrical properties
between the rodent and human cells.”? Also, the inflamma-
tory response and scar formation might be essential for
mediating angiogenesis, recruitment of host cells, and the
overall process of regeneration.”

As with most engineered tissues, the establishment of
cardiac tissue function is rather difficult to achieve and rig-
orously evaluate. Also, like in almost all other applications
involving biological grafts, an obvious and unanswered
question is “How much is enough?” in terms of functional
tissue outcomes, and which properties are more important
than other, should one need to prioritize.

Challenge #5: Advanced culture platforms

Extensive studies in vitro do not necessarily predict out-
comes in animal models. To mediate this transition, tissue
engineers have developed biomimetic systems that seek to
recapitulate the in vivo environment in a controllable man-
ner. Moving from small to large animal models, and even-
tually to human clinical trials, is associated with huge
biological complexity that cannot be overcome if we make a
transition between the “flat biology” of conventional cell
culture and whole animal models. Further advances in the
application of stem cells require a new generation of culture
systems that would more authentically represent the actual
cell/tissue environment and be more predictive of cellular
responses in vivo.'®

During development, tissues emerge from coordinated
sequences of cell proliferation, differentiation, and functional
assembly that are orchestrated by factors originating from
the surrounding cells, matrix, and the external environment.
Likewise, during the repair/regeneration of adult tissues,
cells respond to the entire milieu of injury or disease. Stan-
dard culture systems lack the cell/matrix surrounding and
the critically important interplay of molecular and physical
factors. Cell behavior in these settings will therefore differ
from that seen in vivo, and the utility of data obtained for any
situation of interest will be rather limited. Tissue engineering
technologies are considered crucial for moving away from
studies of single cells toward the analysis of physiologic
endpoints.”*

During development, highly coordinated sequences of cell
renewal, differentiation, and assembly give rise to the
forming tissues and organs in an organism. Spatial and
temporal gradients of regulatory factors at the level of the
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cell are necessary to regulate cell function in a developing
and adult organism. To study the function and exploit the
benefits of these factors in vitro, techniques of tissue engi-
neering have become increasingly focused on providing cells
with microenvironments similar to those found in vivo. To
take full advantage of the potential uses of stem cells, at least
some of the aspects of the dynamic 3D environments that are
associated with their renewal, differentiation, and assembly
in native tissues need to be reconstructed. One challenge we
face today is to establish effective correspondence between
the in vitro and in vivo studies, through the utilization of
advanced technologies that combine tight control of micro-
environmental factors with the biological fidelity normally
seen in whole animals.

Biological principles and engineering design. Stem cells
react to even minute changes in their environment, and the
environment has been recognized as a key regulator of cell
survival, behavior, and differentiation Capacity.6'45'95"98 If not
conditioned for the environment they will encounter in vivo—
the physical and biochemical signals as well as the hypoxic
environment of ischemic tissue—the repair cells are less
likely to adapt to drastically changed conditions in their new
environment and instead fail to differentiate and secrete key
factors, or die. This appears to be the case for repair cells
from both myogenic and nonmyogenic sources.**’

To provide an appropriate microenvironment to condition
cells for repair, an alternative cell delivery method could be
to deliver cells within a scaffolding material. Stem cells alone,
without a supporting structure, will probably not be sulffi-
cient for most therapies. The factors associated with the ECM
they reside in are one of the key directions of the ongoing
research. The determination and control of cell-scaffold in-
teractions are critical to ensure that the material and host live
together and function correctly.

A common approach adopted in many techniques of tis-
sue engineering is to culture cells on a biomaterial scaffold
and regulate the environmental conditions via bioreactors
toward reconstructing a functional tissue. With this ap-
proach, one can attempt to manipulate the cells” responses in
predictable ways by utilizing the same complex factors
known to direct development and remodeling in vivo. Scaf-
folds and bioreactors are used to provide cytokines (diffus-
ing, immobilized, presented to the cells in form of gradients
in space or time), matrix properties (architecture, stiffness),
and biophysical factors (hydrodynamic shear, mechanical
stretch, electrical signals). Since the cues presented to the
cells are the principal determinants of cell phenotype and
function, the design of tissue engineering systems is neces-
sarily inspired by biology in either the adult or developing
organism.

Bioreactors for environmental control and biophysical
signaling. A bioreactor is typically defined as a device that
provides tight control of environmental conditions (such as
oxygen/nutrient transport) and the application of molecular
and physical regulatory factors, to influence cell culture
processes (such as cell expansion, differentiation, and tissue
formation on 3D scaffolds). A bioreactor should ideally
provide a native-like cell environment and address the spe-
cific requirements for the tissue of interest. Therefore, bio-
reactors are often custom designed to recapitulate the
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specific mechanisms of nutrient transfer and specific bio-
physical signals in each type of native tissue.

Mass transport: Nutrient exchange is one of the most
critical factors for cell survival and function. Healthy cardiac
tissue contains dense vascular network that supports
the compact and highly metabolically active myocardium.
Diffusional gradients of oxygen can reduce the formation of
viable tissue to an outer layer that is only ~100um thick
(corresponding to the penetration depth of oxygen), with
apoptotic and dead cells in the bulk of the construct.”
Bioreactors that perfuse oxygen-rich culture medium
through the cultured tissue have been used to engineer thick
and compact constructs consisting of viable and well-
differentiated cells.**'®

Oxygen supply also plays a critical role in the survival and
differentiation of stem cells. Even a very simple system, a
stirred flask with perfusion of culture medium and moni-
toring of oxygen levels, enhanced the yield and viability of
cardiomyocytes derived from ESCs encapsulated in agarose
gel microdrops.'®1017103

Mechanical conditioning: Mechanical stimuli are major
regulators of the development and function of many tissue
types, including the myocardium. Mechanical forces regulate
cell physiology under normal and pathological conditions
and influence the direction of stem-cell differentiation. For
example, native blood vessels develop and function within a
complex mechanical environment that involves hydrody-
namic shear, luminal pressure, circumferential stretch, and
longitudinal stretch, necessitating the development of bio-
reactors with mechanical stimulation for engineered blood
vessels.!® In other studies, human MSCs were grown on a
silicone tube that combined the application of flow shear,
radial stretch, and pulsatile pressure to induce the expression
of endothelial cell and smooth muscle cell markers.'*

Areas of application: Three areas of bioreactor applica-
tions are of great interest:

¢ Tissue engineering of functional human grafts for re-

generative medicine. Examples include the engineering

of tissue grafts with gradients of molecular, structural,
and mechanical properties that involve the utilization of

a new generation of biological scaffolds and bioreactors

with multiparametric stimulation.

In vitro models of disease. Engineered tissues, in con-

junction with microtechnologies, can be used as exper-

imental tools to study the progression of disease, the
effects and mechanisms of drug action, and thereby fa-
cilitate therapeutic discovery.

* Fundamental research of human stem cells. Engineered
“biomimetic” environments that allow stem cells to be
measured and physically manipulated in unprecedented
ways are now replacing the simple but deficient envi-
ronments of culture dishes.’®!% With the aid of func-
tional imaging (on molecular, cellular, and tissue levels,
in vitro and in vivo), we can envision an entirely new
kind of stem-cell science.

Designing in vivo-like experimental models: Recent ad-
vances in scaffold and bioreactor designs have enabled si-
multaneous control over multiple molecular and physical
regulatory signals within biologically sound culture environ-
ments. Different designs are currently being explored based on
the principles learned from the cellular microenvironment of
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the tissue of interest. In general, the use of 3D scaffolds and
bioreactors instead of two-dimensional (2D) settings of classi-
cal Petri dishes enables experimentation under conditions that
can be tightly controlled and adjusted to match those in vivo.'®

Figure 3 summarizes the envisioned scenario of studying
stem cells under conditions predictive of their behavior in vivo.
Biomaterial scaffold (in form of a hydrogel, native tissue ma-
trix, or a synthetic porous structure designed to mimic native
matrix) provides the cells with a 3D environment in which
they reside surrounded by other cells and matrix molecules.
Scaffolds need to be designed to mimic the matrix in which the
cells reside—during development, tissue regeneration, or in
the context of a disease. The bioreactor is in turn designed to
provide multiple functions, some of which are universal (en-
vironmental control) and some are tissue specific (molecular
and physical signals). For engineering cardiac tissue, the key
requirements include the efficient supply of oxygen, cascades
of molecular factors (the combinations and timing of which are
critical to the renewal and differentiation of stem cells), and the
provision of electrical and mechanical signals (which play
major roles in the functional assembly and coupling of cardiac
cells and their progenitors).

The basic methods of 3D stem-cell culture are well estab-
lished, but the challenge of providing conditions predictive
of cell behavior in vivo remains. By carefully studying vari-
ous characteristics of the native (developing or adult) cell
environment and applying them during 3D culture, one can
begin to develop differentiated, functional tissues from stem-
cell sources.

Challenge #6: Imaging

Imaging is another area of intensive research and high
potential impact that is motivated by the need to investigate
cell fate, survival, and differentiation—in vitro and in vivo—

VUNJAK-NOVAKOVIC ET AL.

in real time and on a long term.'”'%® Methods for tracking
cell movement, survival, and differentiation in 3D tissues
and animal models with the accuracy of standard 2D assays
are yet to be developed. Requirements of such systems are
long-term visualization, single-cell resolution, and in-depth
and noninvasive imaging modalities. Numerous transla-
tional studies have used cell® and molecular markers'® to
track in vivo developments, but these methods may prove
unsuitable for clinical use for a variety of reasons, including
extended exposure to potentially harmful imaging sources,
adverse or confounding effects of cell and molecular tags,
and the inability to image resolutely beyond several hundred
micrometer distances.'%110

Advances in molecular imaging technologies, especially
with markers that not only detect presence but also indicate
the differentiation state and function of repair cells, will be
hugely influential in bringing regenerative medicine to the
next level of understanding.

Current Concepts in Cardiac Tissue Engineering

Cardiac tissue engineering aims to create tissue constructs
that are thick and compact, contain physiologic densities of
metabolically active cardiac cell populations, and contract
synchronously in response to electrical stimulation with an
appropriate amount of force (Figure 4). For implantation, the
construct should be either prevascularized or be able to es-
tablish functional vasculature quickly. The most difficult
requirements are probably related to the establishment of
blood flow and to integration and electromechanical cou-
pling with the host tissue.

In native myocardium, cardiac myocytes form a 3D
synctium that enables propagation of electrical signals across
specialized intracellular junctions to produce coordinated
mechanical contractions that pump blood forward.* The

In vivo cues:

FIG. 3. The basic methods of
three-dimensional (3D) stem-
cell culture (cell seeding onto

O, / nutrient exchange
*Mechanical loading
*Cytokine gradients
*Electrical stimulation

3D scaffolds and bioreactor
culture) are well established,
but the challenge of studying
stem cells under conditions
predictive of their behavior

in vivo remains. By carefully
studying various characteris-
tics of the native (developing
or adult) cell environment and
applying them during 3D
culture (with scaffolds and/or
bioreactors), one can begin to
develop differentiated, func-
tional tissues from human
stem-cell sources. Color
images available online at
www liebertonline.com/ten.
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Cells + ECM onto
a scaffold

Implanted cardiac patch

Bioreactors: delivering cytokines and/or applying biophysical
forces (e.qg. electrical, mechanical, medium flow)

FIG. 4. Current concepts in cardiac tissue engineering. Several approaches have been used to generate 3D cardiac patches
in vitro, including the creation of stackable cell sheets without using a scaffold, the use of molds to create constructs of cells
cultured in hydrogel, and the culture of cells cultured on porous scaffolds. These constructs may then be subjected to physical
stimuli (such as electrical excitation, mechanical stretch, and medium flow) via scaffolds and bioreactors. The major hurdle
continues to be finding ways to provide vascularization/blood supply to the cardiac cells. Likely, an approach delivering a
combination of relevant factors will need to be used to yield a functional, implantable construct. Color images available

online at www liebertonline.com/ten.

orientation of cardiac myocytes within the ventricular wall is
both highly defined and highly anisotropic. The contractile
apparatus of cardiac myocytes consists of sarcomeres ar-
ranged in parallel. The contractions of the heart are gener-
ated by specialized cardiac myocytes—pacemaker cells
located in the sinoatrial node. The electrical signals spread
from the node over the myocardium, causing depolarization
of cell membranes that increases the amount of cytoplasmic
calcium, triggering mechanical contraction. The propagation
of the electrical excitation through the tissue by ion currents
in the extracellular and intercellular spaces orchestrates
synchronous contractions that enable pumping of blood.

Establishing the hierarchical scales
of cardiac tissue structure

Tissue engineering has attempted to recapitulate the
highly differentiated molecular, structural, and functional
properties of the heart at various hierarchical scales in vitro.

At the centimeter scale, tissue engineering aims for com-
pact constructs of a thickness comparable to that of the
human myocardium (~1.5cm). The main challenge in
meeting this requirement is in the high metabolic demand of

cardiomyocytes for oxygen (27.6nmol/mg [protein.min]''")

that cannot be met by diffusional supply of oxygen.

At the millimeter scale, the tissue should consist of elon-
gated myofibers aligned in parallel, with cell orientation
changing along the thickness of the ventricle. The cells
should be capable of synchronous contractions, and the main
challenge is in providing appropriate electromechanical
stimulation during culture.

At the micrometer scale, the tissue should consist of high-
cell density myocytes (~ 108 cells/cm?) supported by the rich
vasculature with capillary distances of ~20um. Vascular-
ization remains a major challenge in cardiac tissue engineer-
ing because of the multiple difficult requirements: perfusion
within the dense arrays of channels, coculture of cardiac and
vascular cells, and immediate connection to the host vascu-
lature after implantation.

At the nanometer scale, cells in the engineered cardiac tissue
must be coupled by functional gap junctions and be capable of
propagating electrical impulses to prevent arrhythmia upon
implantation. The challenge here is to establish functional
excitation—contraction machinery of individual cardiomyo-
cytes and to find regimes of electrical or mechanical stimula-
tion (or both) that result in cell coupling.
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Key approaches

The general tissue engineering paradigm is to combine cells
with synthetic or native scaffold materials and then apply
different physical and/or chemical conditions to generate
tissues that emulate the properties of the native tissues.''*'>
Taylor and colleagues® took a different and radical approach
toward using the entire decellularized rat heart as a scaffold
for seeding fresh cells that can recreate the tissue matrix. This
process of whole heart decellularization leaves behind the
tissue matrix with largely preserved structure, mechanical
properties and many of the matrix proteins. The investigators
used the nature’s own building blocks as a skeleton for
building a new organ. The scaffold was seeded by neonatal rat
heart cells and cultured for up to 1 month in a bioreactor with
coronary perfusion of culture medium, and electrical stimu-
lation was applied to synchronize cell contractions. By day 8,
they observed pumping function that corresponded to about
2% of adult or 25% fetal heart function. The next step is to
encourage optimal growth at each stage of maturity.

We describe and compare three distinctly different ap-
proaches to cardiac tissue engineering that have been most
extensively studied: (i) creation of stackable cell sheets
without using a scaffold,’* (ii) mechanical stimulation of
cardiac myocytes cultured in collagen gel,92 and (iii) elec-
trical stimulation of cardiac myocytes cultured on porous
scaffolds.® Through the analysis of these three approaches,
we revisit the challenges of generating synchronously con-
tractile cardiac constructs that can generate force, integrate,
vascularize, survive, and function upon implantation.

Tissue engineering by stacking cell sheets

Shimizu, Okano, and colleagues114 proposed a technique
that involves stacking of cell sheets to form 3D constructs.
Isolated neonatal rat ventricular myocytes would first be
cultured on temperature-responsive surfaces. These surfaces
are grafted with the temperature-responsive polymer poly(N-
isopropylacylamide) by electron beam exposure, yielding
surfaces that are slightly hydrophobic and cell adhesive at a
cell culture temperature of 37°C and can change reversibly to
hydrophilic and noncell adhesive below 32°C. This transient
allows cultured cells to detach from the surface without the
disruption of cell gap junctions and other surface proteins
normally destroyed during enzymatic digestion release by
trypsinization. Cell sheets are then layered to form 3D con-
structs.

After 4 days of culture, confluent cell monolayers were
observed to contract simultaneously and spontaneously at
about 90 beats/min. To determine if electrical communication
could be established between layered sheets, the investigators
layered two sheets on top of one another. Beating initially
stopped, but after a week in culture the two sheets began to
pulsate spontaneously and simultaneously. Electrical inte-
gration of the two sheets was confirmed by recording that the
two action potentials occurred simultaneously. The mecha-
nism of this coordination might be similar to the development
of the cardiac synctium, in which contractions of uncoupled
cells depolarize nearby cells,'”® leading to the formation of
low-resistance coupling junctions at the contact interface.''®

The utility of the cell-layering technique was further
evaluated in an animal model. Cardiomyocyte sheets were
implanted subcutaneously in two- and four-sheet layers into
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3- and 8-week-old male F344 nude rats, and evaluated for
functional performance and histological development. The
fractional shortening (measured by change in long-axis
length from diastole to systole) was generally greater in the
four-layer groups. There was also a significant difference
found between implants in the 3- and 8-week-old rats. The
investigators suggested that this might be because of an age-
related hormonal difference or mechanical stretch intensity
differences. After 3 weeks of implantation, the contractile
force for four-layer sheets was 1.18 &+ 0.26 mN; the initial or
two-layer contractile forces were not reported. It would be
interesting to see if subjecting the 2D cell sheets to electrical
field stimulation or mechanical stretch, which have been
successfully used in engineering 3D cardiac constructs,””*%
would also benefit the functional cell coupling in 2D sheets.

Limitations of thickness and vascularization: The cell-
layering technique addresses the diffusion limitations of
construct growth by gradually and incrementally increasing
the construct thickness. In the implant model, multiple sites
of neovascularization were seen originating from subcuta-
neous tissue into the layered grafts. Previous studies'”
showed that a single layer of endothelial cells enhances the
formation of capillaries in vivo. Therefore, inserting endo-
thelial cell sheets between the cardiomyocyte cell sheets
could further promote the formation of a vascular network in
the constructs. In recent studies, it was shown that myocar-
dial cell sheets can be layered into electrically communicative
cardiac constructs and transplanted onto the damaged hearts
in animal models to improve heart function.''® The thickness
of cells sheets that can be achieved by this approach is lim-
ited to ~80um, and this limitation can be overcome by
multiple transplantation of cell sheets, to enable vasculari-
zation between the two successive transplantation steps.®
Although this approach serves as an excellent model for
studies of vascularization, it might be impractical for human
application. The main challenge will be to overcome the
limitation in construct thickness by developing an effective
method for vascularization. Clearly, vascularization remains
a major challenge of cardiac tissue engineering, and tissue
engineering in general.

Tissue engineering with the application
of mechanical stretch

Eschenhagen and Zimmermann established an effective
approach to cardiac tissue engineering by cultivation of
neonatal rat heart cells in collagen gel and Matrige1®, with
the application of mechanical stretch.>”>11%12% Under these
conditions, cells formed highly differentiated cardiac muscle
synctium that exhibited contractile and electrophysiological
properties of working myocardium. Implantation experi-
ments in healthy rats showed survival and vascularization of
the tissue grafts.”> Implantation experiments in infarcted rats
demonstrated, rigorously and convincingly, that these con-
structs, when placed over the infarct bed, delay the thinning
of the heart wall and induce functional improvement.”*

In the first version of this approach, neonatal rat ventric-
ular myocytes were suspended in a gel consisting of collagen
I and Matrigel that was casted in wells and allowed to gel."*’
After 4 days in culture, the cell-gel strips were transferred to
a motorized stretching device and subjected to unidirectional
or cyclic stretch for 6 days. These early studies showed that
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the stretch improved organization of cardiac myocytes, in-
creased the mitochondrial density, the length of myofila-
ments, and the force of contraction.''® In an improved set-up,
neonatal rat cardiac cells were suspended in the collagen/
Matrigel mix and cast into circular molds.”* After 7 days in
culture, the strips of cardiac tissue were placed around two
rods of a mechanical stretcher and subjected to unidirectional
and cyclic stretch at 10% strain and 2 Hz.

Structural organization: The level of structural and func-
tional organization of the dissociated cells in hydrogel that
was achieved within a relatively short time period was quite
remarkable. Cells reconstituted cardiac-like tissue with in-
terconnected, oriented cells displaying sarcomeres, adherens
junctions, gap junctions, and desmosomes. Ultrastructurally,
cardiac myocytes displayed a predominant orientation of
sarcomeres along the longitudinal axis of the cell and were
composed of Z, I, A, and H bands, with occasional presence
of M bands. Importantly, capillary structures positive for
CD31 were also noted. Functionally, the constructs exhibited
contractile properties similar to those in native tissue, with a
high ratio of twitch to resting tension, strong p-adrenegenic
response, and action potentials characteristic of rat ventric-
ular myocytes.

Although cells in cardiac constructs were more elongated
than those from immature tissue and displayed some cross
striation, it is important to note that cardiac myocytes in the
construct were smaller than those in the adult tissue, and the
construct was less compact than the adult tissue. In addition,
muscle bundles were small—ranging from 30 to 100 pm,
corresponding to the oxygen penetrating depth for avascular
tissue, and the outer surface consisted of nonmyocytes, fi-
broblasts (which did not overgrow the cardiomyocytes but
instead appeared to shield the cardiomyocytes from stress),
smooth muscle cells, endothelial cells, and macrophages. In
terms of functionality, despite the high ratio of twitch to
resting tension, the contractile force was still less than one-
tenth that of the native tissue.

Functional improvement: The size, homogeneity, and rela-
tive strength of the engineered tissues were further improved
in a recent study by the same group.”* The loop-shaped con-
structs created by mixing isolated neonatal rat cells with col-
lagen type I, Matrigel, and growth supplements and allowing
to harden in circular molds were subjected to mechanical
strain to facilitate the development of contractile and electro-
physiological properties of working myocardium.”® To in-
crease the construct size, five loop-shaped constructs were
fused to form a single synchronously contracting multiloop
construct with a diameter of about 15mm and a thickness of
1-4mm. These constructs were investigated for ability to
support contractile function of infarcted hearts in an im-
munosupressed rat model.

Four weeks after implantation, the grafts could still be
identified by their distinct appearance. Myocytes labeled with
4’ 6-diamidino-2-phenylindole (DAPI) before implantation
were found only in the grafts, and there was no migration of
cardiac cells between the native tissue and the constructs.
Pacing of the implanted constructs resulted in propagated
electrical responses in remote myocardium, whereas pacing
through noncontractile grafts made of formaldehyde-fixed
constructs did not provoke any propagated potentials. In
addition, implanted cardiac constructs and native tissue ap-
peared to exhibit similar conduction velocity and anisotropy.
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The combination of conduction velocity characteristics and
electrical coupling led to undelayed epicardial activation
around the implant site in grafted hearts, as compared with
the sham hearts (that were infarcted but received no implant)
that showed a 20-30 ms activation delay around the infarct.

As compared with controls (untreated infarctions, sham-
operated rats, noncontractile constructs), engineered con-
structs prevented further dilation of the ventricle wall and
improved fractional area shortening of infarcted hearts. Im-
planted constructs had a high connective tissue content and
contained ~400pum thick strands of compact and well-
differentiated cardiac-like muscles (as compared with 30-
100 um thick strands observed in previous studies). Since
diffusion alone would only be capable of supplying a
<100 pm thick construct, some vascular network must have
formed to deliver blood to the tissue, consistent with their
previous observation of the formation of primitive capillaries
in constructs in vitro.”> Blood vessels found in the implanted
constructs formed only from the donor (DAPTH) cells, sug-
gesting that the contact between the host and implant vessels
leads to integration of the two systems and to perfusion of
the implanted engineered cardiac construct. This finding is
important because of the possibility that further develop-
ment of the primitive capillaries in engineered constructs
in vitro may yield greater perfusion of the constructs in vivo,
thus allowing for a thicker cardiac tissue implant.

Functionally, the hearts showed significant enlargement of
left ventricular dimension and volume 14 days after infarc-
tion. Twenty-eight days later, sham hearts had a greatly in-
creased left ventricular end diastolic volume and pressure,
whereas implanted hearts showed only a small increase in
each of these parameters. Representative pressure-volume
loops revealed that the end systolic pressure—volume relation
had a significantly higher slope in the cardiac construct
grafted group than in the sham control. Thus, grafted hearts
were able to develop a greater active force than those not
grafted. This is indicative of the engineered constructs
playing a significant role in the contractile activity of the
infarcted hearts. Although the implants did not reverse the
problems associated with infarction, they did significantly
improve the diastolic and systolic function of the heart.

The approach developed by Eschenhagen and col-
leagues’! has shown, in a rigorous and convincing way, that
immature cardiac cell populations have remarkable ability to
assemble into cardiac constructs, if subjected to mechanical
signals during cultivation. They also showed that the loop-
shaped constructs, assembled into larger structures, can not
only slow down the progression of heart disease in an animal
model of chronic infarction but also result in functional im-
provements. We follow with great interest the ongoing ef-
forts of this group to extend their technology to human cell
sources.

Tissue engineering with medium perfusion
and electrical stimulation

Our laboratory has developed a biomimetic approach to
cardiac tissue engineering of compact, millimeters thick,
synchronously contracting cardiac tissue constructs, by pro-
viding: (i) convective—diffusive oxygen transport (critical for
cell survival and function) and (2) excitation—contraction
coupling (critical for cell differentiation and assembly).
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To mimic the capillary network, culture medium was per-
fused through a channeled scaffold seeded with cells at a
physiologic density; to mimic oxygen supply by hemoglobin,
the culture medium is supplemented with an oxygen carri-
er.”#!?! To promote cell differentiation and functional as-
sembly, cultured constructs were subjected to electrical
signals designed to mimic those in native heart, to induce
synchronous construct contractions.® Perfusion of culture
medium containing an oxygen carrier, perfluorocarbon (PFC),
enabled the maintenance of physiologic density of viable,
differentiated cells in millimeters thick constructs. Electrical
field stimulation induced cell alignment and coupling, in-
creased the amplitude of synchronous contractions, and re-
sulted in a remarkable level of ultrastructural organization of
engineered myocardium, over only 8 days of cultivation.

Convective—diffusive oxygen supply by medium perfu-
sion: To provide oxygen supply to the cells, we developed a
technique that involves (i) rapid cell inoculation into collagen
sponges using Matrigel as a cell delivery vehicle and (ii)
transfer of inoculated scaffolds into perfused cartridges with
immediate establishment of the interstitial flow of culture
medium. Forward-reverse flow was used for the initial pe-
riod of 1.5-4.5h to further increase the spatial uniformity of
cell seeding.75 In this system, cells were “locked” into the
scaffold during a short (10 min) gelation period and supplied
with oxygen at all times during culture. Medium perfusion
during seeding was critical for engineering thick constructs
with high and spatially uniform densities of viable cells.

Notably, the final cell viability in perfused constructs
cultured for 8 days was indistinguishable from the viability
of the freshly isolated cells and markedly higher than the cell
viability in dish-grown constructs.* Perfused constructs and
native ventricles had more cells in the S phase than in the
G2/M phases, whereas the cells from dish-grown constructs
appeared unable to complete the cell cycle and accumulated
in the G2/M phase. Cells expressing cardiac markers (sar-
comeric o-actin, sarcomeric tropomyosin, cardiac troponin I)
were present throughout the perfused constructs. In re-
sponse to electrical stimulation, perfused constructs con-
tracted synchronously had lower excitation thresholds and
recovered their baseline function levels after treatment with a
gap junction blocker.

However, most cells in perfused constructs were round and
mononucleated, a situation that was likely because of the
exposure of cardiac myocytes to hydrodynamic shear, in
contrast to the native heart muscle where blood is confined
within the capillary bed and is not in direct contact with
cardiac myocytes. This motivated the design of scaffolds with
arrays of channels that provide a separate compartment
for medium flow. Porous elastomer scaffolds made of
poly(glycerol sebacate)'®® were fabricated with an array of
channels and pretreated with neonatal rat fibroblasts, fol-
lowed by addition of rat cardiomyocytes and perfusion cul-
ture.”® After only 3 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.

Oxygen transport from the PFC particles further increased
oxygen concentrations in the medium.”'*! At the best con-
ditions tested, the minimum oxygen concentration was 33 uM,
that is, approximately five times above the Km 91. Constructs
cultivated in the presence of PFC had higher amounts of
DNA, troponin I, and Cx-43, and significantly better con-
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tractile properties as compared with the static controls. Im-
proved construct properties were correlated with the
enhanced supply of oxygen to the cells, using a mathematical
model of oxygen distribution in channeled cardiac constructs
that were used to evaluate the effects of perfusion, oxygen
carrier, and scaffold geometry on viable cell density.'*’

Excitation—contraction coupling by electrical stimulation:
In native heart, mechanical stretch is induced by electrical
signals, and the orderly coupling between electrical pacing
signals and macroscopic contractions is crucial for the de-
velopment and function of native myocardium.* Electrical
signals designed to induce construct contractions during
cultivation were investigated for their ability to enhance cell
differentiation and functional assembly of engineered tissue
via physiologically relevant mechanisms.'®® Cardiac con-
structs prepared by seeding neonatal rat cardiomyocytes in
Matrigel onto collagen sponges were cultured for 3 days
before being subjected to trains of electrical pulses (5V/cm,
1Hz, 2ms duration).

Electrical stimulation resulted in the progressive devel-
opment of conductive and contractile properties. On a mo-
lecular level, electrical stimulation increased the expression
of myosin heavy chain, Cx-43, creatine kinase-MM, and
cardiac troponin-I. Morphologically, cells in stimulated
constructs were more aligned and elongated, and contained
abundant mitochondria, in addition to cells with clearly
visible M and Z lines and H, I, and A bands closely resem-
bling those in native myocardium. The effects of electrical
stimulation depended strongly on the time of its initiation,
indicating that cells required some time to reassemble their
excitation—contraction coupling machinery before electrical
stimulation could provide any reinforcement of its positive
effects on cellular differentiation.

The shape, amplitude, and duration of the electrical ac-
tivity recorded in an electrically stimulated construct were
qualitatively similar to those obtained in Eschenhagen
group’s study: we both reported a fast upstroke time and an
approximately 200ms plateau phase. The fundamental
questions about the relative benefits achieved from the ap-
plication of mechanical stretch and electrical stimulation re-
main to be addressed in more detail.

In beating tissue, through excitation—contraction coupling,
electrical stimulation causes cell contractions and phasic
stretch, but phasic stretch may also cause electrical stimula-
tion through the deformation of cells and subsequent redis-
tribution of charge. Fibroblasts can also respond to
mechanical deformation with characteristic changes of their
membrane potential. They depolarize during contraction be-
cause of an influx of cations (mainly sodium); conversely,
during diastolic relaxation, they hyperpolarize because of
reduced sodium entry and increased potassium egress.'**'*
Because of the high degree of electromechanical coupling, it
will be interesting to decipher the separate roles of mechanical
and electrical stimulation of engineering cardiac constructs.

Electrical versus mechanical stimulation

In constructs cultured with verapamil, electrical stimula-
tion maintained the amount of Cx-43 at levels comparable
with stimulated drug-free controls, suggesting that electrical
stimulation, even without contractile activity, aids to the
establishment of functional gap junctions.*” Similarly,
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TaBLE 1. KEy CHALLENGES

* Cells are the actual “tissue engineers,” we only engineer
the environments that can predictably mediate their
differentiation and developmental processes.

* Design requirements for tissue engineering systems should
be “biomimetic,” which is based on the information
obtained from developmental and adult biology.

* A range of cell types—adult, embryonic, induced and
resident stem cells—is under consideration as sources of
cardiac and vascular cells for heart regeneration.

* Vascularization is essential for the implementation of
cardiac grafts.

* Functional integration between the graft and host tissues—
both electromechanical and vascular—remains a major
challenge.

* The establishment of cardiac tissue function is most
difficult to achieve and rigorously evaluate.

* The question “How much is enough?” in terms of construct
function, for implantation and in vitro studies, remains to
be answered.

* Advanced technologies for three-dimensional culture are
critical for establishing correspondence between in vitro
and in vivo studies.

* Functional imaging will greatly facilitate bringing regen-
erative medicine to the next level of understanding.

mechanical stimulation resulted in functional coupling of
cardiac cells.”* Tt is difficult to directly compare the two
methods because of the different methods used to assess
functional performance: force of contraction versus the elec-
trical excitability. Phasic stretch and electrical stimulation
each appeared to greatly enhance the differentiation of car-
diomyocytes, and it may be speculated that a method incor-
porating the application of both factors could outperform a
regime applying just one.

In addition to cyclic mechanical stimulation, medium
perfusion, and electrical stimulation, there may be other
biophysical cues of importance, including static stretch and
topographical cues. Passive stretching of cardiac myocytes
and fibroblasts induced specific gene expression as well as
cell hypertrophy.'?*'*” Since cardiac myocytes cannot divide
later in life, they respond to the demand for increased mass
by an increase in cell size (hypertrophy).'* In another study,
progressive, unidirectional lengthening increased cardio-
myocyte elongation, binucleation, and hypertrophy by lon-
gitudinal cell growth.'” In terms of topographical cues, in
coculture of cardiac fibroblasts and myocytes, the two cell
types aligned in the same direction.””'*® The historic em-
phasis on the myocyte has relegated the role of cardiac fi-
broblasts to synthesis and remodeling of the heart’'s ECM, "
but recent work documents that fibroblasts have much
broader functions in the myocardium, including electrical
coupling with cardiomyocytes, and propagation of electrical
stimuli over 100 pm distances.!?4125:131

Conclusion

The regenerative capacity of adult human myocardium is
minimal and grossly insufficient to compensate for the loss of
cardiac myocytes and supporting vasculature after myocar-
dial infarction. To drive regeneration, the right types of cells
need to be delivered into the right location. Understanding of
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factors present during and after the injury is critical for the
development of efficacious cell-based therapies,” as is the
application of technologies for cell characterization, cultiva-
tion, delivery, and monitoring.'"?

There is no tissue repair without the cell, either recruited
from the host or supplied from an external source. One
dominant approach is to apply the cells, matrix, molecular,
and physical regulatory factors that play roles during normal
development for inducing tissue development and remodel-
ing. Concepts that are intrinsic for developmental (and adult)
biology are thus becoming essential for the new generation of
tissue engineering technologies: temporal and spatial signal-
ing, niche development, and an integrated use of regulatory
factors. Interestingly, in many cases, the best strategy for
engineering functional tissue grafts is a simple one—not
everything needs to be recapitulated, and one key factor
provided within the right context can make the difference.
The application of mechanical or electrical stimulation to
high-density cultures of cells on scaffolds is an excellent ex-
ample of this situation.

Some of the current challenges of cardiac tissue engineering
are summarized in Table 1. In spite of the enormous biologic
complexity of the heart, success has been achieved with en-
gineering cardiac-like pieces of tissue, using several different
approaches. It is becoming increasingly possible that en-
gineered cardiac tissue will be in use in the near future. Given
the complexity of regulatory issues, and the existing uncer-
tainties about the selection of an autologous yet biologically
suitable human cell source, it is likely that the first applica-
tions of engineered cardiac tissue will be those in vitro—in
experimental models of development and disease—and only
later in clinical use for cardiac regeneration.
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