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engineering approaches. While most of these regenerative strategies have shown great potential in experimental
studies, the translation into a clinical setting has either been limited or too rapid leaving many key questions
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1. Introduction paracrine effects to recruit cells, mediate inflammatory response,

1.1. Medical background

Ischemic Heart Disease (IHD) still represents the “Number One
Killer” worldwide accounting for the death of numerous patients and
a tremendous socio-economic impact [1]. IHD leads to myocardial
infarction (heart attack) which in turn leads to myocardial necrosis
and the loss/death of cardiomyocytes. Unfortunately, the capacity for
self-regeneration of the adult heart is very limited. On the one hand
the cardiomyocytes do not have the capability to divide and on the
other hand the heart lacks a sufficient reservoir of remnant cardiac
stem cells (CSCs). Although the treatment options for [HD comprising
medical drug therapy, percutaneous interventions (PCI) and surgical
revascularization have emerged over the past decades, the loss of
cardiomyocytes in the infarcted heart leads to a continuous adverse car-
diac remodeling. This includes typical phenomena such as progressive
myocardial wall thinning, fibrosis and dilation leading to a significant
reduction of cardiac function over time. If IHD remains untreated or is
not treated timely and efficiently, IHD may lead to heart failure (HF).
Approximately five million people in the U.S. are affected by HF today,
with an incidence approaching 10 per 1000 population among individ-
uals older than 65 years of age [2].

To date, heart transplantation still represents the most effective
option for patients suffering from HF. However, in addition to the
logistical and medical complexity of this therapeutic option, donor
organ shortage represents a major limitation and up to 20% of the pa-
tients die while on the “waiting list” [3]. Therefore, there is a substantial
and urgent therapeutic need to develop alternative therapy options.

In this regard, the concept of regenerative medicine comprising of
cell-based therapies, bio-engineering technologies and hybrid solutions
has been proposed as a promising next generation approach to address
[HD and resulting HF. Numerous strategies are under evaluation for
their beneficial effects on the failing myocardium comprising of cell
therapy concepts, cardiac tissue engineering approaches and hybrid
technologies. However, despite their great potential as demonstrated
in experimental studies, the translation of such strategies into a clinical
setting has either been limited or too rapid leaving many key questions
unanswered.

1.2. Aim of the review

This review article provides an overview of the current state-of-the-
art for using regenerative strategies to address IHD and resulting HF.
Considering these therapeutic approaches and their modes of action
they can be classified as a form of drug delivery. As shown in this review,
the transplanted cells and tissue provide not only the precursors that
can differentiate into functioning myocardial cells but also through

remodel the extracellular matrix (ECM) and prevent deleterious down-
stream effects of fibrotic scar tissue formation subsequent to IHD. In this
light, transplanted cells and tissue may be seen as a promising and high-
ly effective means of drug delivery.

2. Background cell based therapies and cardiac tissue engineering
2.1. The concept of cardiac regenerative therapies

Biological therapies using cells and tissue are intended to repair and
regenerate the diseased heart by improving tissue structure and func-
tion. Cell based therapies also known as in situ cardiomyoplasty are
defined as the application of single cells or small clusters of cells into
the circulatory system (intravenous application) or directly into the
myocardium (intramyocardial application). Tissue based strategies
consisting of an arrangement of cells and extracellular matrix are either
based on in vitro cell culture methods with subsequent implantation
(e.g. epicardial application) or in situ approaches which combine cells
with injectable biomaterials (intramyocardial injection) [4].

2.2. History of cell therapy and tissue replacement

To date, in-situ cardiomyoplasty has been reported to have only
limited effects on patients [5,6]. While the initial cardiomyoplasty
studies were motivated by the belief that the transplanted cells would
primarily acquire a myocyte phenotype (by transdifferentiation) and
replace lost or damaged cardiomyocytes [7], in subsequent studies evi-
dence accumulated that most favorable outcomes could be attributed to
the so called paracrine effects comprising the release of growth factors
and other cytokines to promote angiogenesis, appropriate matrix
remodeling and the induction of a more favorable environment for
healing and functional restoration [8-10].

The field of cardiac tissue engineering has continuously moved be-
yond static two-dimensional (2D) culture systems to three-dimensional
(3D) systems that are more representative of living systems. However,
many shortcomings do remain, and importantly, a key hurdle is reflected
in the limited ability to provide appropriate tissue structures for current
in-vitro and in-vivo studies [11]. Some of these shortcomings are related
to the need for next generation culture systems that can provide the ap-
propriate scaffold, soluble factors, mechanical stimulation and electrical
environment to direct the development of phenotypically appropriate
tissue [11]. Furthermore, there is also a need for measurement and
characterization techniques that can be used to assess and characterize
the structure and function of both native and engineered tissues such
that quality criteria can be defined that can match that of the native tissue
[12]. Fig. 1 provides insight into the nature of cardiac tissue as it matures
from an early postnatal to an adult phenotype. The figure shows the
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Fig. 1. Cardiac structure. Cross-section showing four chambers of the heart (A). Staining of postnatal day 12 left ventricular cardiac tissue of rat with a-sarcomeric actinin (green) to
identify Z-discs of myocytes and vimentin (red) to identify non-myocytes (e.g. fibroblasts) (B). Zoomed region from B showing sarcomeres which are defined from Z-disc to Z-disc
(C). Postnatal day 12 (d) and adult (e) left ventricular cardiac tissue of rat stained with wheat germ agglutinin (green) to identify cell borders and Cx43 (red) to identify gap junctions.
Myocytes appear dark with Cx43 plaques located on the lateral sarcolemma in postnatal day 12 and concentrated at cell ends in adult tissue (D and E).

Reprinted with permission from R.A. Lasher, Department of Bioengineering, University of Utah, United States.

characteristics of mature rat cardiac tissue where the myocytes are
aligned, the z-bands are regularly spaced and the Cx43 proteins are
distributed mainly at the ends of the cells. In early postnatal tissue how-
ever this arrangement has not yet been realized. This early development
phenotype is similar to in-vitro cultured myocardium. Therefore it is
necessary to consider the structural and functional properties of these
engineered tissues as they are cultured, transplanted and then mature
in-vivo to functional myocardium.

2.3. Need for bioreactors

In-vitro culture of cells for cardiomyoplasty rely on specialized cell
culture environments to control environmental conditions in order to
expand and even differentiate progenitor cells. These specialized cell
culture environments are very different depending on the final product
but all must provide a harmonized environment where the cells can
remain alive in a state where they can be used for therapy or moved
to another environment for subsequent processing. In addition to static
culture environments such as t-flasks and multi-layer vessels, spinner-
flasks, rotating wall vessels and direct perfusion systems are used to
culture cells prior to subsequent use as an injectable therapeutic.
Spinner-flask bioreactors allow higher cell densities and overcome
mass-transfer limitations of static culture environments. They have
also been shown to improve cell seeding and development of cardiac tis-
sue constructs [13,14]. Rotating wall vessels produce lower levels of fluid
shear due to mixing than spinner flasks and can also improve mass trans-
fer rates. These vessels have been used for both cell suspensions and small
engineered tissue constructs and have demonstrated the ability to form
tissue with more elongated myocytes, improved intercellular connections
and form mechanically competent tissue structures [15-18]. Systems that
employ direct perfusion overcome limitations associated with poor cell
infiltration and non-uniform seeding/distribution and have been shown
to enhance cell survival, growth, and function [14,19-21].

3. Cell types for cardiac repair

Numerous types of stem cells are currently under evaluation for
their capacity to promote cardiac repair and regeneration [22]. These in-
clude crude bone marrow-derived/circulating progenitor cells (BMPCs)
and their subpopulations, such as marrow stromal derived stem cells

(MSCs) and endothelial progenitor cells (EPCs); skeletal myoblasts
(SMs), adipose tissue derived stem cells (ATSCs), umbilical cord derived
stem cells (UPCs), embryonic stem cells (ESCs), induced pluripotent
stem cells (IPSCs) and resident cardiac stem or progenitor cells (CSCs)
[22].

3.1. Crude bone marrow-derivedcirculating progenitor cells (BMPCs)

Most researchers have been focusing on crude bone marrow-
derived/circulating progenitor cells (BMPCs) or so called bone marrow
mononuclear cells for their potential to repair the heart. Due to their
abundant availability, easy access and particularly, their safety profile,
BMPCs have a high clinical potential. Importantly, paracrine effects
appear to be the major mechanism of BMPCs after transplantation,
while the evidence of BMPC trans-differentiation into cardiomyocytes
remains controversial. Several studies have shown that cardiac differen-
tiation capacity of BMPCs in vivo is very low and cannot explain the
therapeutic effect provided to the infarcted heart [22,23]. Being the
most clinically used cell source, it was recently demonstrated that for
acute myocardial infarction and chronic ischemia the long-term mortal-
ity was significantly reduced [24]. Unfortunately, it has to be mentioned
that most often only the positive results are presented while the nega-
tive outcomes are neglected. Therefore, a certain publication bias may
be present in several available meta-analyses and should be taken
with caution [25].

3.2. Mesenchymal stem cells (MSCs)

Mesenchymal stem cells (MSCs) are traditionally isolated from the
bone marrow via hip- or sternal puncture and are considered a valuable
cell-source for cardiac repair [26]. These cells are defined by three
criteria including adherence, the expression of specific surface markers
such as CD105, CD73 und CD90 and their ability to differentiate into
the adipoietic, chondrogenic and osteogenic lineage [26,27]. Major ad-
vantages of these cells are their easy accessibility as well as their strong
expansion capacity representing a highly relevant clinical cell source. In
addition, MSCs have repeatedly been suggested to be immuno-
privileged [26]. It also has been shown that MSCs secrete large amounts
of angiogenic and antiapoptotic factors in vitro including vascular endo-
thelial growth factor (VEGF), fibroblast growth factor (FGF), transforming
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growth factor B, hepatocyte growth factor and adrenomedullin (an
antiapoptotic peptide) [26]. In addition, MSC produces insulin-like
growth factor 1 (IGF-1) which is a mediator for myocardial growth and
placental growth factor (PGF) which has an effect on angiogenesis and
monocyte recruitment. Therefore, MSCs have been repeatedly inves-
tigated in preclinical animal studies showing a positive effect on the
ejection fraction after myocardial infarction [26-30] and thus were
recently introduced into clinical safety and feasibility trials [31,32].
Although the differentiation of MSCs into cardiomyocyte-like cells
expressing various cardiac markers has been demonstrated in vitro,
their ability to differentiate into functional cardiomyocytes remains
unclear. However, recent reports indicate that bone-marrow MSCs
can be programmed into a cardiac committed phenotype increasing
their clinical relevance and potential [33]. This is besides their prin-
cipal suggested function through multiple paracrine effects [26]
comprising the secretion of cytokines and growth factors that sup-
press the immune response, inhibit fibrosis and apoptosis, enhance
angiogenesis and/or stimulate the endogenous precursor cells for cardiac
differentiation [26].

3.3. Adipose tissue-derived stem cells (ATSCs)

The adipose tissue represents an ideal source to isolate stem cells
that are comparable to those isolated traditionally from the bone-
marrow. Importantly, adipose tissue-derived stem cells (ATSCs) have
been reported to have even a stronger in vitro differentiation prolifera-
tion potential [34]. ATSCs can be easily isolated by a simple liposuction
which is a safe and less invasive procedure than a bone marrow punc-
ture. Recent data have demonstrated a beneficial therapeutic effect on
cardiac function in small animal studies as well as large animal trials
[35] after intra-myocardial delivery of ATSCs following myocardial in-
farction and have built the basis for the initiation of first-in-man clinical
trials.

3.4. Hematopoietic stem cells (HSCs)

Hematopoietic stem cells which are defined by the surface markers
CD34 and CD133 have been demonstrated to be more effective than
crude bone-marrow derived mononuclear cells. In a preclinical setting,
the application of human CD34 cells displayed an improved impact on
the heart function which was also associated with an increased neovas-
cularization and less fibrotic remodeling processes [36]. Based on these
animal data, randomized clinical studies confirmed safety and feasibility
of this approach in patients with refractory angina pectoris [37]. While
the intra-myocardial injection of CD133 cells was associated with a
significantly improved cardiac function in patients that underwent
coronary artery bypass grafting (CABG) [38], another recent report did
not show any significant benefit on the long-term after intramyocardial
cell application [39] questioning the real impact on myocardial regener-
ation of these cells.

3.5. Endothelial progenitor cells (EPCs)

Endothelial progenitor cells (EPCs) are a circulating, heterogenous
cell population most probably originating from the bone-marrow [40].
Based on their capacity to differentiate from circulating mononuclear
cells, the EPCs have been grouped into “late” and “early” EPCs [41].
While early EPCs are mainly considered to support endothelial regener-
ation and angiogenesis, late EPCs are suggested to differentiate into
endothelial cells [42]. The differentiation potential of early EPCs into
cardiomyocytes is controversially discussed [43]. Interestingly, EPCs of
patients carrying cardiovascular risk factors such as hypertension and
diabetes displayed an impaired capacity of re-endothelialization in a
murine model [44]. Translating these experimental results into the
clinical setting, this EPC dysfunction may represent a major limitation

of EPC based therapies as most of the anticipated patients present
with multiple cardiovascular risk factors.

3.6. Skeletal myoblasts (SMs)

Skeletal myoblasts were also one of the first cell types tested for car-
diac repair [45] and displayed beneficial effects on cardiac function after
transplantation into the infracted myocardium [46,47]. It has been dem-
onstrated that transplanted skeletal myoblasts integrate and differenti-
ate into myotubules after transplantation improving the cardiac
performance in animal models. However, major concerns do remain,
as these cells do not electro-physiologically couple to the hosting
cardiomyocytes via gap junction proteins such as connexin-43 and
others resulting in an increased risk for ventricular arrhythmia after
cell transplantation [45,48]. Although the concept of intramyocardial
transplantation of skeletal myoblasts made it into the clinical arena
and even displayed beneficial effects in small feasibility studies, these
results could not be confirmed in a first placebo-controlled trial [49].

3.7. Embryonic stem cells (ESCs)

Embryonic stem cells (ESCs) are derived from the inner wall cell
mass of the blastocyst and represent the preclinical gold-standard for
producing cardiomyocytes. They display the highest plasticity and
represent the only pluripotent stem cell source for generation of
cardiomyocytes with a complete phenotype that is free from re-
programming-induced genomic alterations and mutations [22]. In
experimental studies, ESCs have been shown to improve cardiac
function and survival after myocardial infarction [50,51]. However,
despite their high regenerative potential ESCs have several limitations
and are therefore still in preclinical evaluation: the transplantation of
undifferentiated ESCs into the myocardium may lead to the in-vivo
development of cardiac teratomas [52] and furthermore human ESCs
are associated with ethical issues that have limited their progress in
the clinical setting [53]. Until these important problems of tumorigenic-
ity and ethics, along with immunogenicity are resolved, their clinical
utilization will be rather limited.

3.8. Induced pluripotent stem cells (IPSCs)

Similar characteristics to ESC are shown by the so-called ESC-like
cells, also known as induced pluripotent stem cells (iPSCs). They can
be generated via retroviral transduction of stemness transduction fac-
tors such as Oct 3/4, KIf4, Sox2 and c-Myc [50,54-56]. They are able to
differentiate into cells of all three germ layers including functional
cardiomyocytes [57]. In preclinical studies, the transplantation of iPSCs
in the infarcted myocardium led to their differentiation into cardiac
myocytes where they formed gap junction [58,59]. Furthermore, it
was shown that iPSCs can also be generated using reprogramming pro-
teins without the need for DNA vectors [60]. However, despite all enthu-
siasm, while autologous-derived iPSCs show the advantage over ESCs by
avoiding ethical and immunological issues for autologous transplanta-
tion, significant safety issues remain unresolved and limit their clinical
applicability [61].

In addition, in another set of recent experimental proof-of-concept
studies the feasibility of direct reprogramming of cardiac fibroblasts
into functional cardiomyocytes in vitro and in-vivo has been reported
and may thus even represent a novel strategy for myocardial regenera-
tion without the need for stem or progenitor cells [62].

3.9. Cardiac stem cells (CSCs)

Over the last years, there has been accumulating evidence about the
heart harboring its own regenerative potential [63-69]. After identifica-
tion of resident cardiac stem cell populations, there was a paradigm shift
that may lead to the unforeseen opportunity for myocardial repair. CSCs
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are defined by various surface markers including C-kit, Sca-1 and others
[70]. Messina et al. were the first to describe the isolation and expansion
in vitro of adult cardiac stem cells [69]. These clonogenic, so-called
cardiospheres (CSPs) were successfully isolated from human heart
samples [69]. Furthermore, the authors were able to demonstrate the
differentiation capacity of CSPs into vascular cells and cardiomyocytes
upon subcutaneous or intramyocardial transplantation (after MI) in an
immune-suppressed murine model [69]. In a landmark study of the
Anversa group, the authors isolated and expanded human c-kit-
positive CSCs from small cardiac samples and demonstrated that
human heart has a pool of clonogenic stem cells that acquire cardiac
and vascular lineages in vitro and in vivo [67]. Other studies focused
on another novel population of cells residing in the heart and being
able to proliferate and to differentiate into cardiac cells from rat,
mouse and human post-natal hearts. These cells express the cardiac
progenitor marker islet-1 but not the stem cell markers Sca-1 or c-kit
[71]. Whereas isl1 Y cells also express early cardiac differentiation
markers like Nkx2.5 and GATA-4, they lack transcripts of mature
myocytes. However, when co-cultured in vitro with differentiated
myocytes, they spontaneously acquired myocyte characteristics in-
cluding electromechanical coupling [71]. From the clinical point of
view, CSCs may be isolated from human heart using a minimally
invasive biopsy procedure [63,66]. Importantly, an autologous
approach would therefore minimize the risk for immune rejection
or teratoma formation. To address the safety and feasibility first-in-
man trials have been initiated [72,73]. However, to date, the exact
origin and frequency of CSCs in the heart remains to be elucidated.
Furthermore long-term efficacy and the mechanism by which such
cells contribute to myocardial repair and regeneration needs to be
demonstrated.

4. Experimental and preclinical cardiac cell therapy research
4.1. Experimental research

In the last years tremendous effort has been undertaken to evaluate
different stem cell types for their capability of cardiac repair and regen-
eration in the preclinical setting, comprising of in vitro studies, small
animal experimental studies as well as preclinical large animal trials
[63,64,74-84].

Small animal models of myocardial infarction (MI) have been used
to study the effects of mesenchymal stem cells on post MI ventricular
remodeling. These types of studies are particularly important to investi-
gate how changes to the cells during in-vitro processing can influence
their downstream physiologic effects. The cells can be modified by alter-
ing culture conditions or through genetic modification. Pretreatment of
MSCs with melatonin was shown to increase ejection fraction, decrease
wall thinning and decrease collagen accumulation in a rat MI model
[85]. MSCs have also been preconditioned with TGF-3 and cultured on
decellularized human tissue patches for subsequent transplantation
into a nude rat MI model. This treatment led to fractional shortening
of the heart as well as increased angiogenesis [86]. A mouse model
was used to investigate the effects of genetically modified MSCs. The
MSCs were modified to increase prostaglandin [ synthase (PG1S) tran-
scription. When injected into mice post-M], the increased PG1S produc-
tion resulted in increased fractional shortening and ejection fraction
[87]. Another study modified MSCs by inserting the gene for ATK-1, a
cyto protective factor encoding gene. When injected into a rat MI
model, these cells were shown to result in a smaller infarct size and de-
creased myocyte apoptosis [88]. These studies highlight the importance
of in-vitro manipulations of the MSCs and how these changes can influ-
ence the course of events when the cells are transplanted subsequent to
MI. While pre-clinical studies are a powerful tool to investigate the
effects of cell manipulations, their most important role is to elucidate
the basic biologic and physiologic mechanisms behind the use of
transplanted cells and tissue for cardiac disease therapy.

4.2. Preclinical research

In the setting of large animal trials, a recent meta-analysis performed
by van der Spoel et al. [84] evaluated the human relevance of stem cell
therapy in large animal models of Ischemic Heart Disease. Summarizing,
52 studies with a total of almost 900 animals the authors made interest-
ing findings for future stem cell therapy concepts. The report showed
that most of the evaluated studies addressed principal feasibility and
safety but also focused on important procedural questions such as
timing for cell application, cell numbers, and the definition of appropri-
ate follow-up times. The meta-analysis showed that bone marrow
derived mononuclear cells and mesenchymal stem cells represent the
most often used cell source in large animal models [28-30,89-91]. In
addition, skeletal myoblasts, cardiac progenitors, embryonic and iPSCs
have been used [77,92-97]. The number of cells used in most of the
studies was between 1 x 10% and 1 x 10° and most of the studies pre-
sented with a follow-up between 4 and 8 weeks post transplantation
[84]. The meta-analysis revealed significant observations: first, the anal-
ysis showed a mean ejection fraction improvement of 7.5% at time of
follow-up in the treated animals. Importantly, to achieve this benefit it
required at least the injection of 1 x 107 or ideally 1 x 10— 10° cells,
while on the other hand, an increased number of applied has been re-
peatedly suggested to carry an increased risk of arrhythmia. Next, the
selection of cell-type was of high importance. In regard to optimal
timing of therapy, the highest therapy effect was seen at 5-8 weeks
follow-up and when the cell application was timed at least >7 days
post infarction. While this meta-analysis systematically provided
evidence that cardiac cell therapy appears to be safe and effective in a
large animal setting it has to be acknowledged that outcomes may
significantly differ in the clinical scenario.

5. The concept of 3D culture systems for cardiac repair

Stem cells that are directed towards cell therapy or engineered tis-
sue therapy must be harvested, isolated, expanded and stored. Special-
ized bioreactors have been developed to control environmental process
parameters such as mass transfer, pH, temperature and oxygen tension
to provide the appropriate environments for processing [98-101].

5.1. Cell based therapies

Once harvested and isolated, the stem cells are expanded in-vitro.
Current expansion systems for multiplying these cells can vary but all
have the requirement that they not push the cells down an unintended
differentiation pathway. Many variables during expansion can influence
cell behavior such as initial seeding density [102,103], excessive passag-
ing [104], changes in oxygen tension [105] and physical forces such hy-
drodynamic shear forces [106,107]. These environmental parameters
guide processing requirements for expanding stem cells.

5.2. Tissue based therapies

Engineered cardiac tissue must be grown in environments that take
into account (1) the substrate, (2) the environmental culture condi-
tions, (3) the culture medium, and (4) the cells themselves [11]. These
requirements build from the basic requirements of mammalian cell cul-
ture which were developed using flat two-dimensional (2D) substrates.
Three-dimensional (3D) cell culture models are being used which take
advantage of newly developed substrates and bioreactors in order to
more appropriately direct tissue growth and speed clinical translation
[108].

Engineering myocardial tissue requires a matrix for the attachment
and arrangement of the anchorage dependent cells. This 3D sub-
strate or scaffold can be provided in one or a combination of four
ways: 1) naturally occurring extracellular matrix materials, 2) hydrogels
with entrained cells, 3) laminated cell sheets with accompanying matrix,
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and 4) synthetic, porous substrates [109-112]. The goal of these scaffolds
is to provide the appropriate material chemistry and substrate architec-
ture — including porosity, alignment and mechanical properties. These
scaffold properties play a large role in dictating the form and function
of the engineered tissue. Fig. 2 shows the extracellular matrix of healthy
human heart tissue. This matrix supports and connects myocytes in a
composite network that is synthesized and remodeled on an ongoing
basis by the resident population of fibroblasts. This architecture can
serve as an ideal model for the structure of in-vitro scaffolds and is part
of the motivation for using decellularized myocardium as a tissue engi-
neering substrate [86].

Scaffold fabrication technique and materials determine micro-
architecture which affects cultured cardiac stem cells. Electrospinning
is used to create scaffolds with control over material, porosity and align-
ment. In this technique a polymer is deposited on a target surface in
long thin strands [113,114]. These nonwoven materials are comprised
of a series of fibers whose diameters can be on the order of nanometers
and can be spun using multiple materials [115] and varying porosities
[116].

Porous biomaterials can also be fabricated using a technique known
as phase separation. This technique takes advantage of differential
solubility to precipitate a polymer from a solvent solution by using a
miscible non-solvent to coerce the polymer out of solution. By varying
processing conditions such as material, temperature and technique a
variety of scaffolds can be fabricated [117-119]. If the underlying

substrate is patterned then the precipitated polymer can assume the
shape of the substrate and this type of micropatterning can be used to
direct cell organization [120]. Sheets of phase inversion polymers can
be laminated, used to construct thicker scaffolds [121] and to impart
channels for improved hydraulic permeability [122].

Scaffold anisotropy influences not only bulk mechanical properties
but also the way by which the cells attached and arrange. In a series of
studies on microabraded coverslips coated with fibronectin, Bursac
et al. reported that 2D cultures could have varying degrees of functional
electrophysiological properties in response to changes in substrate
architecture [123]. Scaffold orientation is also seen to alter the excita-
tion—contraction mechanism as seen in a series of experiments where
intracellular calcium was influenced depending on degree of tissue
anisotropy [124]. The mechanical properties of the cell scaffold can
also be used to direct cellular activity [125,126]. Scaffold mechanical
property can be manipulated using polymer blending [117] and geo-
metric arrangement [116,127]. Post precipitation elongation has been
used on phase inversion sheets to impart anisotropic structure and
properties. This anisotropy is transferred throughout the 3D substrate
to the seeded cells [128].

A significant hurdle in tissue engineering is overcoming the chal-
lenge of providing metabolically appropriate conditions inside of a 3D
tissue construct more than approximately 1 mm thick. At this distance,
diffusion alone cannot support the metabolic demands of healthy cells.
If the cells are metabolically active, such as cardiomyocytes, then the

Fig. 2. Connective tissue skeleton of human heart (transverse section). A, The collagen network around cardiomyocytes and small vessels is clearly observed. Bar = 200 pm;
magnification x 150 (thick arrow, perimysium; thin arrow, endomysium). B, The interstitial connective tissue consisting of perimysial and endomysial components presents
a honeycomb shape. The perimysium (thick arrow) surrounds groups of cardiomyocytes, and the endomysium (thin arrow) surrounds each cardiomyocyte. Bar = 100 um;
magnification x300. C, The endomysium supports and connects individual cardiomyocyte fascicles. Bar = 10 um; magnification x3000. D, At higher magnification, collagen fibers
show interconnections on the surface of cardiomyocytes. Thin collagen strands are probably collagen IIl (arrow). Bar = 3 pum; magnification x 10,000.

Adapted from Kanzaki Y. et al. Circulation 2010;122:1973-1974; with permission from the American Heart Association.
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demand is even greater. Several groups have reported on scaffold
materials that promote hydraulic permeability with the thought
that an additional means to perfuse nutrients into and remove
waste products from the interior of the engineered tissue construct
can better meet the metabolic demands of the cells. Perfusion has
been shown to increase spatial uniformity of cardiac cells in a
synthetic 3D substrate [14] increase the density of MSCs on polyure-
thane substrates [129] and decrease excitation threshold of neonatal
rat cardiomyocytes in channeled elastomeric scaffolds [130]. Scaf-
fold designers have used channels, corrugations, laminations and
various combinations to alter hydraulic permeability for perfusion
tissue culture [122,131-134]. As cultured tissue becomes more so-
phisticated and the promise of cardiac tissue engineering is realized
there is a motivation to develop culture systems that are more pur-
poseful and controllable. The design of sophisticated bioreactors is
a crucial step towards the clinical realization of engineered, replace-
ment cardiac tissue [11].

5.3. Systems in use and development

Environmental features of bioreactors for cardiac tissue engineering
include mechanical conditioning such as cyclic strain [110,135-137]
and electrical stimulation [137-140]. Mechanical conditioning was
found to enhance cell proliferation and matrix organization of human
heart cells [141], and structural organization and force of contraction
in neonatal rat cardiac constructs [110,135,136,142-144]. Electrical
stimulation was shown to induce myocyte alignment, increase electrical
coupling via Cx43 up-regulation, and increase conduction velocity
[138,145]. However, only little is known about the specific mechanical
force and pacing regime that is responsible for promoting development
to a specific tissue phenotype [100,146]. Although several approaches
have been used to engineer cardiac tissue with some level of success,
many shortcomings remain [11]. Most current bioreactor designs are
limited in function, complex, unreliable and difficult to set up and oper-
ate [100,147]. They have not been designed for low cost, ease of use, and
reliability.

6. 3D culture small and large animal studies
6.1. Cardiomyocyte derived cardiac patches

A functional cell based cardiac patch of clinically relevant thickness
(approx. 1 cm) would represent the ideal construct for a cardiac tissue
engineering approach to replace the diseased myocardium. Ideally the
cardiac patch would consist of autologous cardiomyocytes that mini-
mize immunologic reactions, couple with the host myocardium and
have the ability to generate active forces during the contraction process.
Based on numerous in vitro studies demonstrating the feasibility of
creating beating cardiac tissue in vitro [16,148] a wide range of in vivo
studies has been performed to evaluate this concept.

For cardiac tissue development numerous synthetic and natural
materials have been used comprising of polyglycolic acid, poly-L-
lactic acid, and polyglycerol sebacate as well as alginate, collagen,
and chitosan [21,149-152]. While most of the available cardiac tissue
engineering studies have utilized primarily rat cardiac cells so far,
more recently also the use of mouse or human ES cell or iPS cell derived
cardiomyocytes has been reported [59,153]. Interestingly, recent
studies using rat derived cardiac cells demonstrated that the seeded
cells present with stiffness characteristics that match those in native
rat hearts [154]. Furthermore, Jacot and colleagues highlighted that
cardiomyocytes can generate the highest degree of contractile force
when cultured on substrates that match the stiffness of the native
myocardium [155].

In another concept sheets of cardiomyocyte monolayers were
stacked to generate functional cardiac tissue. Thereafter, the cell sheets
were transplanted onto the infarcted rat myocardium and significant

improvement of cardiac performance as well as engraftment was ob-
served [156]. Next, in a landmark study Zimmermann and colleagues
generated so called engineered heart tissue (EHT) with the capability
of spontaneous and synchronous contraction after 1-2 week cultivation
following seeding of a mix of collagen I, ECM proteins and neonatal rat
cardiomyocytes into lattices or circular molds [136]. Thereafter, in a
rat MI animal model, transplanted EHTs appeared to couple with the
hosting myocardium and importantly improved cardiac function indi-
cating that the transplantation of EHT can improve cardiac performance
[157].

To evaluate the integration and engraftment potential of engineered
cardiac patches primarily rat or mouse MI models have been used. Im-
portantly, the lack of sufficient vasculature in the infarcted zone limits
the engraftment and survival of transplanted engineered cardiac tissues
[77,158]. To overcome this problem, recent studies have evaluated scaf-
folds containing angiogenic growth factors or the use of porous struc-
tures to improve cellular survival and neo-vascularization post
transplantation. Other strategies propose rapid vascularization of cardi-
ac tissues by the modular approach or the co-application of endothelial
cells and fibroblasts [136,159-161].

6.2. Stem cell derived cardiac patches

In parallel, the use of adult stem cells has been reported to construct
tissue patches for the regeneration of the ischemic myocardium via
epicardial transplantation. Stem cells derived from the bone marrow
represent the most often used source comprising of crude bone marrow
cells, mononuclear cells or mesenchymal stem cells to generate stem
cell based tissue patches for myocardial repair. To fabricate the tissue
patches various approaches with regard to the utilized scaffold have
been reported including natural starter matrices, synthetic polymers,
biological materials such as autologous muscle, and also decellularized
biological matrices which are then re-populated with stem cells
[162-164].

Several in vivo studies in mouse or rat MI models revealed a ben-
eficial effect of such tissue patches after epicardial application
[162,163,165-167]. In a recent mouse MI study, the implantation
of a bone marrow cell seeded patch improved myocardial perfor-
mance, induced neo revascularization and enhanced cell survival
and migration to the infarction area [162]. Next, in a rabbit model,
epicardial patches fabricated from bone marrow derived MSC-
seeded, decellularized small intestine submucosa (SIS) were used
to repair rabbit myocardium [167]. At follow-up, LV function as
well as capillary density improved following implantation of the tissue
patches. In another report, collagen type I scaffold was used to generate
a MSC based patch for application in a rat model [166]. The results of
this study showed that neovascularization was induced and left ventric-
ular remodeling was improved. Importantly, engraftment could be
observed 7 days post implantation, but was not detectable at four
week follow-up.

In addition to the use of bone marrow derived cells to generate
tissue patches [162,163,165-167], the use of adipose tissue derived
MSCs as well as cardiac progenitors has been reported. In a recent
study, adipose tissue derived MSC patches were fabricated to treat
post MI heart failure in rats. After implantation, myocardial function im-
proved and neo-vessel formation could be observed which was primar-
ily related to the capability of the adipose tissue derived MSCs to
differentiate into vascular cells and to secrete angiogenic factors [168].
Zakharova and colleagues applied scaffold-free, cardiosphere-derived
cell sheets to treat the infarcted rat heart [169]. As a result, cell migra-
tion and engraftment could be observed along with cardiomyogenic
and vascular differentiation, while ventricular remodeling appeared to
be significantly attenuated.

Taken together, the results of the available studies utilizing a cell
based tissue patch appear to be promising with particular regard to an
increased donor cell engraftment, the stimulation of cell migration,
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the induction of neo-revascularization, and the improvement of cardiac
performance while remodeling phenomena are reduced.

6.3. Injectable biomaterials with and without cells

Similar to patch based approaches, injectable cardiac tissue engi-
neering has been reported to deliver stem cells and/or biomaterials as
well as growth factors into the infarcted heart in order to improve cellu-
lar retention and survival. Various liquid biomaterials have been used to
deliver different types of stem cells to the infarcted heart and to improve
cellular survival. These liquid biomaterials include fibrin, protein-
derived materials, including matrigels, synthetic materials, peptide-
based nanofibers as well as polysaccharides [154,170-173].

In a recent study, Dai and colleagues assessed the effects of collagen
on donor cell distribution showing that MSC remote location is signifi-
cantly reduced when cell delivery is combined with collagen [174].
Next, several studies revealed a significantly increased survival of
skeletal myoblasts, bone marrow stem cells, adipose tissue derived
cells as well as cardiac progenitors when transplanted in fibrin glue
[175-178]. In another concept, Wang et al. delivered MSC-based cell
sheet fragments [179] and demonstrated enhanced cell retention and
a beneficial effect of LV function along with reduced dilation. Further-
more, the authors demonstrated transdifferentiation into Nkx2.5 and
«a-sarcomeric actin positive cardiomyocyte-like cells, vascular cells
and myofibroblasts. In another study, Martens et al. used a minimally
invasive, catheter based approach to evaluate the efficacy of in situ
polymerization of fibrin glue on the retention of human bone marrow
derived stem cells in the infarcted myocardium of nude rats [180]. In a
clinically relevant setting the authors demonstrated the principal feasi-
bility and efficacy of this approach with particular regard to enhanced
intramyocardial cell retention.

Summarizing from these studies, it appears that the increased reten-
tion when using engineered cell sheets is primarily achieved due to the
preservation of endogenous ECM by the cell sheet fragments and its
adhesive glycoproteins [181].

Interestingly, while injectable liquid biomaterials indeed have
shown to improve cellular retention and survival, numerous materials
such as alginate, collagen, decellularized tissues, matrigel, chitosan,
keratin, and synthetic materials, such as self-assembling peptides and
polymers [181] were also found to improve cardiac function in a similar
manner when injected without cells re-emphasizing the important de-
bate on the necessity of the cells [175]. Based on these findings, alginate
was one of the first biomaterials that advanced via several preclinical
animal trials [182,183] into a clinical setting addressing patients with
myocardial infarction.

6.4. Scaffold-free three dimensional microtissues (3D-MTs)

The idea of scaffold-free, gravity enforced cellular self-assembly into
three dimensional microtissues prior to intramyocardial delivery has
been repeatedly suggested to represent a promising hybrid strategy
for myocardial repair and regeneration with particular regard to an
enhanced retention, integration and survival post transplantation
[107,184-189]. Microtissues are 3D cell-based aggregates that can con-
sist of somewhere between 500 and 10,000 cells with a size between
100 and 500 um and that can be tailored to the specific application
mode including direct surgical implantation or minimally invasive,
catheter based transplantation. When compared to single cell suspen-
sions they have been demonstrated to have numerous advantages
comprising of (i) an overall higher organized and functional micro envi-
ronment, (ii) the ability to develop endogenous extracellular matrix,
(iii) enhanced adhesion properties to increase retention, (iv) the gener-
ation of pro-angiogenic factors, (v) the production of neo-vasculature
and (vi) preferable anti-inflammatory characteristics [107,184-190].

Various cell sources have been utilized for the production of 3D-MTs
[107,189]. In a recent report, clinically-relevant human cell sources for

cardiac cell therapy including bone marrow and adipose tissue-
derived mesenchymal stem cells (BMMSCs and ATMSCs), human em-
bryonic stem cell (ESC)-derived Isl1 + cells, and induced pluripotent
stem cells (iPSCs) underwent a systematic, head-to-head comparison
for their capability to form 3D-MTs in vitro with a particular focus on
cell-specific characteristics such as formation capacity, size and shape,
proliferation, apoptotic behavior, and the potential for extracellular ma-
trix production (Fig. 3) [191]. The results showed that all included cell
types are able to undergo cellular self-assembly and to form 3D-MTs
without compromising cell viability within the 3D-MTs. Furthermore,
all cell-specific 3D-MTs displayed rapid formation of extracellular
matrix (ECM) which may be a crucial factor in order to improve
in vivo performance, retention, and importantly survival [191]. Next, a
recent report has highlighted the significant benefit with regard to
anti-inflammatory properties of 3D aggregation when using MSCs
[184]. Moreover, the use of neonatal and adult cardiomyocytes has
been demonstrated to generate myocardial neo-tissue with the ability
to produce pro-angiogenic factors and mediators including VEGF
[186-188,192], to integrate within the host myocardium and to connect
to the host vasculature [187,193]. In this regard, Garzoni and colleagues
highlighted that a sufficient vasculature represents the key aspect to en-
sure long-term functionality of cardiac MTs [185].

Furthermore, in a recent report, the 3D-MT technology was further
advanced into a preclinical setting and combined with a transcatheter
based, imaging guided delivery approach (Fig. 4). In this pilot study,
the principal feasibility of transcatheter-based, intramyocardial trans-
plantation of ATMSC derived 3D-MTs into porcine hearts could be
successfully demonstrated highlighting the high clinical potential of
the 3D-MT technology [194].

7. Clinical trials on cardiac cell therapy and cardiac
tissue engineering

7.1. Cardiac cell therapy trials

Based on these promising, preclinical data numerous cell types have
advanced into a clinical setting. While primarily focusing on the princi-
pal feasibility and safety most of the available clinical trials target
patients suffering from acute myocardial infarction, chronic heart
disease/refractory angina as well as ischemic cardiomyopathy.

Bone marrow derived progenitors were the first cell type to be
used clinically and to date represent the most often used cell source.
Several randomized trials such as the BOOST and the REPAIR-AMI trial
[195,196] have demonstrated the excellent safety profile of these cells,
whereas the efficacy (improvement of cardiac performance) remains
controversial. While short-term efficacy has been demonstrated several
other trials did not show a long-term effect after bone-marrow derived
cell transplantation [197-200]. Furthermore, the recent HEBE trial
as well as the SWISS AMI trial also displayed no beneficial effect at
4 months based on MRI follow-up after cell therapy [201,202].
Moreover, two further trials focused on the timing of cell application
after myocardial infarction. While in the TIME trial, bone marrow
mononuclear cells were applied between 3 and 7 days post M], in the
LATETIME trial the cells were only delivered 2-3 weeks after the
event; however, in none of these two trials an improvement of ejection
fraction could be documented [203,204]. To determine the clinical
benefit of bone marrow derived progenitor cells, Jeevanantham and
colleagues recently performed a meta-analysis of 50 clinical studies
including cohort studies and randomized controlled trials. The results
of this analysis indeed displayed a significant, but still relatively low en-
hancement of cardiac performance of approximately 4% after cell trans-
plantation when compared to the controls [24]. However, although the
debate on the true efficacy of bone marrow mononuclear cell based
concepts is still ongoing, the largest clinical experience does exist for
bone marrow derived mononuclear cells and first phase-3 studies
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Fig. 3. Generation of human stem cell-based three-dimensional microtissues for advanced cardiac cell therapies. The concept of 3D-MT in vitro generation prior to cell transplantation may rep-
resent a promising application-format for future strategies to enhance cellular-retention and survival. Single-cell suspensions of human bone marrow- and adipose tissue-derived mesenchymal
stem cells (BMMSCs and ATMSCs), Isl1 + cardiovascular progenitors derived from human embryonic stem cells (hESC— Isl1 + cells), and undifferentiated human induced pluripotent stem cells
(iPSCs) were isolated and processed with clinically relevant protocols to generate three dimensional microtissues (3D-MTs) using a gravity-enforced hanging-drop culture technique.

Adapted from Emmert MY et al. Biomaterials. 2013 Sep;34(27):6339-54; with permission from Elsevier.
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Fig. 4. Transcatheter based, NOGA mapping guided intramyocardial transplantation of human ATMSC based 3D-MTs into the porcine myocardium. Transcatheter NOGA mapping guided,
intramyocardial transplantation of human adipose-tissue derived mesenchymal stem cell (ATMSC) based 3D-MTs into the left anterior wall (anterior LV wall: marked area/red dots) of a
healthy porcine heart guided by unipolar voltage (A, AP view and C, bull eye view) and lineal local shortening (LLS) (B, AP view; D, bull eye view). Respective human 2D ATMSCs single cell
suspensions (control) were injected into the lateral wall of the ventricle (lateral LV wall: marked area/red dots).

Adapted from Emmert M.Y. et al. Biomaterials 2013; Mar;34(10):2428-41; with permission from Elsevier.
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such as the BAMI (NCT01569178) or the RENEW (NCT01508910) trial
which is underway.

In addition to the use of bone marrow derived progenitors, the use of
bone marrow derived mesenchymal stem cells (MSCs) has been re-
ported as a potential strategy for cell therapy in different clinical sce-
narios [32,205]. In contrast to bone marrow mononuclear cells, the
effect after MSC delivery appeared to be more pronounced and im-
portantly, also the feasibility and safety of an allogenic MSC approach
has been recently demonstrated [31,32,206]. The recently published
Percutaneous Stem Cell Injection Delivery Effects on Neomyogenesis
(POSEIDON; NCT01087996) trial demonstrated that both autologous
and allogenic MSC treatment come with low rates of serious adverse
events after transendocardial delivery in patients with ischemic car-
diomyopathy [207]. Therefore, MSCs represent a promising cell
source with an excellent clinical safety profile and further random-
ized trials are underway focusing on chronic Ischemic Heart Disease
(MSC-HF; NCT00644410) and ischemic cardiomyopathy (TAC-HFT;
NCT00768066). Additionally, to increase the potential of bone mar-
row derived MSCs, the use of a cardiopoietic cocktail was recently
shown to be safe and feasible in an experimental study [33] as well
as in a clinical pilot trial. In the C-Cure trial (NCT00810238) the safe-
ty and importantly beneficial effect of cardiopoietic MSCs could be
shown [208] building the basis to advance into a randomized, multi-
center trial (CHART trial; NCT01768702). In parallel, also the use of
mesenchymal stem cells extracted from the adipose tissue has been
reported to be feasible and is now under investigation in first clinical
studies such as the APOLLO trial (APOLLO/NCT00442806). Next, the
use of skeletal myoblasts has been reported as a potential cell type
for cardiac repair. However, while initial clinical data such as from
the MAGIC trial [49] and others (MYOHEART/NCT00054678) revealed
promising results, a major concern with the use of these cells remains
with regard to the lack of electrical coupling to the hosting myocardium
which lead to severe arrhythmia in several patients after skeletal
myoblast therapy [209].

Most recently, and based on exciting preclinical data cardiac resident
stem and progenitor cells, CADECEUS (NCT00893360) and SCIPIO
(NCT00474461), two clinical pilot trials have demonstrated a beneficial
effect on cardiac function after delivery of cardiac progenitors [72,73].
Following these results, two further trials have been initiated, the
AutoLogous Human CArdiac-Derived Stem Cell to Treat Ischemic
cArdiomyopathy (ALCADIA; NCT00981006) study and the Allogeneic
Heart Stem Cells to Achieve Myocardial Regeneration (ALLSTAR;
NCT01458405) trial which will be the first study to evaluate the safety
of cardiac progenitor cell therapy in a phase 2 trial. Although the initial
results for cardiac progenitors appear promising long-term results in
larger patient cohorts are mandatory and importantly the exact mecha-
nism by which cardiac progenitors contribute to the improvement of
cardiac performance needs to be identified.

7.2. Cardiac tissue engineering trials

In the recent MAGNUM trial, a non-randomized, controlled phase I
feasibility trial, Chachques et al. investigated the safety of a combined
approach comprising of intramyocardial cell transplantation and epicar-
dial implantation of a bone marrow cell-based collagen scaffold in
patients undergoing surgical revascularization [210]. In this proof-of-
concept study, ten patients received intramyocardial cell transplanta-
tion only and ten patients additionally received the bone marrow
cell-derived epicardial patch. The one year results post implantation
confirmed safety of this approach and no treatment related adverse
events occurred. Furthermore, the combined approach improved cardi-
ac performance, reduced remodeling and led to an increase of wall
thickness in the infarcted myocardium. Although the patient numbers
were low and the trial design was non-randomized, the results of this
study demonstrated the principal feasibility and safety to combine
intramyocardial cell therapy and an epicardial tissue engineering

approach in the clinical setting [210]. In another clinical pilot trial the
principal feasibility of a catheter-deliverable biomaterial (Injectable
BL-1040 Implant, NCT00557531) for the treatment of myocardial in-
farction was demonstrated. In this study, patients with acute MI who
could be successfully re-vascularized received an intracoronary alginate
infusion. Being safety proven, this concept was further advanced
and the PRESERVATION 1 trial (NCT01226563) a phase 2, placebo-
controlled, multicenter, randomized, double-blind trial was initiated
to assess the safety and efficacy of IK-5001, an alginate based biomate-
rial for the prevention of ventricular remodeling and congestive heart
failure after acute MI.

8. Current state & challenges

One decade after the first clinical stem cell trial was performed [211]
the available clinical data demonstrate that the concept of cardiac cell
therapy for myocardial regeneration has continuously evolved over
time. Different cell sources and delivery modes have been tested
(intracoronary versus intramyocardial) in different clinical settings.
While most of the available trials were designed to demonstrate princi-
pal feasibility and safety, recently initiated trials are now focusing on the
efficacy of cell therapy for the heart. However, although the concept of
cardiac stem cell therapy has been demonstrated to be feasible in the
clinical setting numerous unanswered key aspects do remain with
particular regard to the precise role and mechanism by which stem
cells contribute to myocardial repair and regeneration; by (trans-)dif-
ferentiation or via so called paracrine mechanisms.

Despite the abundance of preclinical animal studies directed at explor-
ing and understanding the basic mechanisms of in-situ cardiomyoplasty,
there are still conflicting data and a lack of understanding of these under-
lying mechanisms. Many studies investigate a paracrine mechanism as
being responsible for cell and tissue changes that lead to enhanced cardiac
function. Five of these proposed mechanisms are: 1) downregulation of
cardiac remodeling, 2) enhanced angiogenesis, 3) immunomodulatory
effect, 4) cytoprotection of surviving myocytes in and around the infarct
region, and 5) recruitment of quiescent cardiac progenitor cells
[212-215]. This lack of understanding of underlying mechanisms is a
challenge that must be overcome and reconciled. Once a particular ther-
apy moves from the preclinical to the clinical setting, the efforts must
move past the understanding of basic mechanisms and into the realm
of safety, effectiveness and outcome. In many human trials, the efficacy
of cell therapy for improved recovery post-MI has been questioned.

Importantly, the too rapid translation from non-comparable small
animal experiments or large animal studies (mainly porcine and ovine
models) into human clinical trials has left many questions open. The
so called “stem cell fate” is almost completely unclear and it remains
to be elucidated what exactly happens during stem cell transplantation
with regard to immunologic interaction, cellular retention, integration
and importantly cell survival.

Furthermore, the optimal cell type needs to be identified for the re-
spective indication as well as the quantity of cells, the timing and the
mode of cell delivery. Furthermore, the delivery format by which cells
are applied to the heart still represents a crucial aspect in current cell
therapy concepts. In the clinical setting, primarily single cell suspen-
sions have been used. However, although single cell suspensions are
simple to deliver, it is well known that most of the cells are washed
away with the first heart beat and the overall cardiac retention is very
low. In addition, the survival of those cells that do remain in the myocar-
dium is relatively low. Therefore, effective cell therapy requires a suffi-
cient retention within the heart as well as optimal conditions for
enhanced integration, engraftment and particularly survival. In this re-
gard, the utilization of three dimensional bio-engineering concepts
comprising of scaffold-based as well as scaffold-free approaches has
been repeatedly suggested to improve retention and survival after
transplantation. Finally, efficient, imaging based methods are mandato-
ry to monitor the cells after transplantation and specific outcome
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parameters to determine a potential therapeutic effect need to be
defined. While most of the previous preclinical and clinical studies
have been primarily focussing on the improvement of cardiac function
(ejection fraction), recent reports doubt if this is the most valid param-
eter to evaluate the success of cell therapy. Therefore, numerous studies
suggest the evaluation of cardiac remodeling and reduction of infarction
size after cell transplantation.

Thus, further investigation is needed in the preclinical arena in order
to develop a comprehensive understanding of basic therapeutic mecha-
nisms and to verify that cell therapy is meeting its intended require-
ments. Without these studies and understanding, cell therapy will not
move from clinical trial phase to the standard of care.

9. Conclusions and future outlook

There is little doubt that cell based therapies are poised to play a sig-
nificant role in our battle against cardiac disease. Along with traditional
devices, drugs and surgical interventions, the relative new field of
cardiomyoplasty will lead to better patient outcomes and with adoption
and scalability will provide better value as well. The research communi-
ty was focused initially on the physiologic phenomena associated with
this new field. We are now taking a more holistic look at the spectrum
of technical challenges and the literature continues to grow as these
challenges are addressed. Along with the technical challenges are
clinical challenges, regulatory challenges and commercial challenges.
Clinical challenges include patient selection and delivery strategy.
Regulatory challenges are a new area where regulatory agencies are
redefining the boundaries between devices, drugs and the newer field
of biologics. In order for cell therapy to reach its full potential, there
must be commercial opportunities. There are few examples of new
technologies that play a significant role in healthcare without a com-
mercial motivation. The future of this emerging field is promising
indeed but only if each of these challenges is met and addressed as
part of the overall development strategy.

Once cells and tissues are grown in vitro there must be a means for
delivering them to the recipient. Suspensions of cells have been admin-
istered through local or systemic vasculature or by direct injection
into the myocardium. Tracking the fate of these cells is extremely
challenging and inter-subject variability makes it hard to predict clinical
response.

Systems and methods for isolating, expanding and differentiating
stem cells must be developed at a commercial scale before cell therapy
and tissue engineering can be applied to routinely treat cardiac disease.
Current bioreactors tend to be boutique devices meant to study cell and
tissue behavior in a laboratory setting.

Regulatory agencies in the European Union, Japan and the United
States have all been working with researchers and industry to guide
the development and clinical use of cells and engineered tissues. As
with any new therapeutic modality, clinical trials will be ongoing to
prove safety and efficacy. In addition, regulatory oversight will be man-
dated for production, packaging, transport and storage as the technolo-
gy becomes stable and experience is gained in this emerging field.

Cardiac disease will one day be treated with biologics such as cells,
tissues and scaffolds. The advances that lead to these therapies will like-
ly come at a steady pace as we develop a comprehensive understanding
of both the diseased and therapeutic cells and tissues. Because cardiac
disease is a spectrum of disease states that affect muscular, nervous,
vascular and matrix structure and function so too will the therapies be
many and varied. Each therapy will be unique with the therapeutic
strategy developed in concert with each patient's unique disease state.
These therapies will provide commercial momentum that in turn will
motivate new businesses. Regulatory approval will be an arduous pro-
cess at first however the cardiac market presents a tremendous business
opportunity. As we see with other large potential markets and large
regulatory investments, there are researchers and companies willing
to take the risk and take the lead on groundbreaking new therapies.
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