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 Abstract 
 Cardiac muscle engineering is evolving rapidly, aiming at the 
provision of innovative models for drug development and 
therapeutic myocardium. The progress in this field will de-
pend crucially on the proper exploitation of stem cell tech-
nologies. Understanding the processes governing stem cell 
differentiation towards a desired phenotype and subse-
quent maturation in an organotypic manner will be key to 
ultimately providing realistic tissue models or therapeutics. 
Cardiogenesis is controlled by milieu factors that collective-
ly constitute a so-called cardiogenic niche. The components 
of the cardiogenic niche are not yet fully defined but include 
paracrine factors and instructive extracellular matrix. Both 
are provided by supportive stromal cells under strict spatial 
and temporal control. Detailed knowledge on the exact 
composition and functionality of the dynamic cardiogenic 
niche during development will likely be instrumental to fur-
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Abbreviations used in this paper

BMP bone morphogenic protein
CT-1 cardiotrophin-1
ECM extracellular matrix
EGF epidermal growth factor
ESCs embryonic stem cells
FGF fibroblast growth factor
GSCs germline stem cells
HB-EGF heparin-binding EGF-like growth factor
IL-6 interleukin 6
iPSCs induced pluripotent stem cells
LIF leukemia inhibitor factor
MHC major histocompatibility complex
PSCs parthenogenetic stem cells
SSCs spermatogonial stem cells
TGF-� transforming growth factor-�
VEGF vascular endothelial growth factor
Wnt wingless/integration 1
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ther advance cardiac muscle engineering. This review will 
discuss the concept of myocardial tissue engineering from 
the stem cell/developmental biology perspective and put 
forward the hypothesis of the cardiogenic niche as a funda-
mental building block of tissue-engineered myocardium. 

 Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 Tissue engineering approaches aim at the provision of 
an artificial tissue mimic with a natural organ structure 
and function. For use as an in vitro research tool, these 
mimics must recapitulate the natural organ sufficiently to 
enable translatable conclusions to be made. For use in 
therapeutic applications, these mimics must be capable of 
restoring the function of the damaged organ. While tissue 
engineering approaches were originally based on the idea 
of populating preformed polymeric scaffolds [Langer and 
Vacanti, 1993], the rapidly advancing understanding of 
the biology associated with natural tissue development 
has led to the introduction of more complex approaches 
to ultimately combine engineering principles and knowl-
edge from developmental biology. The exploitation of 
‘ biological’ engineering processes will most likely also 
 facilitate myocardial tissue engineering [Zimmermann, 
2011]. 

  The process of heart development starts with the com-
mitment of undifferentiated pluripotent stem cells form-
ing lineage-restricted mesodermal derivatives which fi-
nally constitute the source for highly specialized myocar-
dial cells, which primarily include cardiomyocytes, 
endothelial cells, smooth muscle cells, and fibroblasts. 

Despite the rapid increase in the understanding of devel-
opmental processes, there is still a substantial lack of in-
sight into the environmental conditions controlling car-
diogenesis. These likely involve a complex interplay of 
cellular and extracellular factors, collectively constitut-
ing a unique cardio-instructive environment which may 
be best described as a cardiogenic niche. 

  Engineering a cardiogenic niche and scaling it to cre-
ate functional myocardium appears to be a key challenge 
for tissue engineers. It is important to consider the car-
diogenic niche as a highly dynamic milieu with different 
functionalities depending on both the developmental 
stage and the normal versus diseased state. During early 
stages of development, niche factors play an essential role 
in the interplay between cell expansion and specification, 
thus controlling not only the cell fate but also the size and 
shape of heart structures [Prall et al., 2007]. During later 
developmental stages and also in the postnatal heart, the 
niche factors facilitate terminal differentiation and matu-
ration. This temporal specificity of the cardiac niche 
means that the required fundamental factors for a cardio-
genic niche as a building block of macroscale tissue-en-
gineered myocardium are determined by the phenotype 
and maturity of the cell population(s) used. For example, 
if multipotent cells are utilized, an environment that will 
support cellular specification along the canonical steps of 
myocardial development must be provided. Subsequent 
to specification, induction of terminal differentiation, in-
tegration into a multicellular functional syncytium, and 
organotypic maturation have to be considered ( fig. 1 ). In 
contrast, if highly specified somatic cells are used as 
starting material it will be important to mitotically arrest 
them (i.e. induce terminal differentiation), support their 

Pluripotent stem cells: 
ESCs
iPSCs
PSCs
SSCs

Cardiogenic niche

Cell
specification

Cardiogenic niche

Terminal
differentiation 

Functional
syncytium

Organotypic
maturation

Somatic cells:
Cardiomyocytes
Endothelial cells
Fibroblasts
Smooth muscle cells

Multipotent cells:
e.g. Cardioblast

  Fig. 1.  Cardiogenic niche in myocardial 
tissue engineering. Schematic overview of 
key functionalities of an engineered car-
diogenic niche. The configuration of the 
engineered cardiogenic niche depends on 
the primary cell source used for myocar-
dial tissue engineering. 
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assembly into a functional syncytium, and facilitate or-
ganotypic maturation of the newly engineered multicel-
lular tissue. 

  In this review we first provide background informa-
tion on factors governing heart development in vivo and 
the role of the proposed cardiogenic niche with its key 
constructor ‘the cardiac fibroblast’. This is followed by an 
introduction of available pluripotent stem cell types that 
may be utilized as starting material for myocardial tissue 
engineering and an overview of means to direct them 
into the cardiac lineage. Finally, we discuss the concept 
of engineering cardiogenic niches as building blocks of 
tissue-engineered myocardium. 

  Cardiopoetic Factors in Heart Development 

 While it is not the subject of this review to describe 
heart development in detail, it is important to recognize 
the principles of in vivo cardiogenesis as an important ba-
sis for the facilitation of in vitro heart muscle engineering 

[Murry and Keller, 2008]. Heart development is a complex 
process in which both the activation and the inhibition of 
signaling pathways is required in defined chronological 
stages [Noseda et al., 2011]. During development, a pro-
cess known as gastrulation gives rise to the different germ 
layers – ectoderm, endoderm, and mesoderm – from 
which all fetal tissues are derived. The first sign of the gas-
trulation process is the formation of the primitive streak. 
Epiblast cells ingress through the primitive streak and are 
patterned to form different mesodermal and endodermal 
tissues, while ectodermal tissues are formed by epiblast 
cells not passing through the primitive streak. The speci-
fication and patterning of the primitive streak are known 
to be mediated through gradients of wingless/integration 
1 (Wnt), transforming growth factor- �  (TGF- � ) family 
proteins [including nodal, bone morphogenic proteins 
(BMPs), and activin A], and fibroblast growth factor 
(FGF) signaling ( fig. 2 a; [Tam and Loebel, 2007]). 

  Following gastrulation, signals from adjacent endo-
derm and ectoderm induce cardiomyogenesis in the 
heart-forming region [Harvey, 2002]. BMP, FGF, nonca-

ED 7 – PS formation  

Positive effect on PS or cardiac induction 

Negative effect on cardiac induction 

Extraembryonic
ectoderm 

Epiblast

Visceral
endoderm

BMP4

Wnt

Nodal

FGF

Posterior

Anterior

Cardiac progenitors

Definitive endoderm 

Paraxial mesoderm

Lateral plate mesoderm

Extraembryonic mesoderm

First heart field cells

Second heart field cells

ED 7.5–8 – cardiac crescent formation

Neural plate – Wnt

Anterior ectoderm – BMP

Anterior endoderm –
BMP, FGF, Wnt inhibitors

Axial mesendoderm –
BMP inhibitors

a

b

  Fig. 2.  Cardiogenic signaling in the mouse 
embryo.  a  Growth factor gradients control 
primitive streak (PS) formation in the ear-
ly embryo [embryonic day (ED) 7]. Cardiac 
progenitor cells migrate through and exit 
from the PS into the heart-forming meso-
derm.  b  Growth factor gradients control 
cardiac progenitor specification and dif-
ferentiation at the cardiac crescent stage 
(ED 7.5–8; transverse section at the striped 
line).  
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nonical Wnt, hedgehog, notch, and retinoic acid signal-
ing pathways on the one hand and inhibition of canonical 
Wnt signaling on the other hand have been ascertained 
to play a role in cardiomyogenesis in the heart-forming 
mesoderm region [Harvey, 2002; Niessen and Karsan, 
2008; Noseda et al., 2011]. Through this process, primary 
and secondary heart fields are formed ( fig. 2 b). The pri-
mary heart field gives rise to left ventricular and atrial 
tissue and the secondary heart field appears to be the pri-
mary origin of the right ventricle, parts of the atria, and 
the outflow tract [Olson, 2006; Prall et al., 2007; Dyer and 
Kirby, 2009]. The adult myocardium can later be subdi-
vided into three morphologically distinct structures: (1) 
the endocardium, (2) the myocardium, and (3) the epicar-
dium. Both the endocardium and the epicardium provide 
modulation of key signaling pathways which affect the 
myocardium in development and postnatal homeostasis 
[Eid et al., 1992; Brutsaert et al., 1998; Männer, 2006; Li-
mana et al., 2007; Smith and Bader, 2007]. However, the 
aforementioned developmental processes giving rise to 
the heart-forming mesoderm only form the endocardial 
and myocardial layers [Ho and Shimada, 1978; Hiruma 
and Hirakow, 1989; Virágh et al., 1993]. Interactions be-
tween endocardial cells and cardiomyocytes are essential 
in these processes. These interactions not only control the 
growth, maturation, and compaction of the myocardium 
during development but also instruct the formation and 
organization of the endocardial trabeculae and cardiac 
valves. In addition, the endocardium has also been dem-

onstrated to influence the contractile function of heart 
muscle. The signaling networks governing these process-
es are complex and bidirectional between the endocar-
dium and the myocardium [for more detail please refer to 
an excellent overview by Brutsaert, 2003].

  The epicardial layer develops from a mesoderm-de-
rived proepicardial organ [Hiruma and Hirakow, 1989; 
Virágh et al., 1993; Gittenberger-de Groot et al., 1998]. 
Following the formation of the two-layered endocardi-
um and myocardium of the heart, cells from the proepi-
cardial organ migrate and cover the outer surface of the 
heart, creating the ‘third’ layer [Ho and Shimada, 1978; 
Hiruma and Hirakow, 1989; Cai et al., 2008]. However, 
these cells not only give rise to the mesoepithelial cells 
of the epicardium but apparently also contribute physi-
ologically and partially also under pathological condi-
tions to the fibroblast, smooth muscle cell, endothelial 
cell, and cardiomyocyte populations of the myocardium 
[Mikawa and Gourdie, 1996; Gittenberger-de Groot et 
al., 1998; Tevosian et al., 2000; Cai et al., 2008; Smart et 
al., 2011]. 

  The Cardiogenic Niche and the Cardiac Fibroblast  

 Developmental processes in the heart are likely facili-
tated through defined cardiogenic niches. The structural 
components of a cardiogenic niche are not fully defined 
but include in general progenitors, derivatives thereof, 

ECM

Collagen I
Collagen III
Elastin
Fibronectin
Laminin
Proteoglycan

Integrin

Paracrine factors

HB-EGF 
BMPs
FGFs
TGF-�1
IL-6

Cardiac fibroblasts  

Cardiomyocyte 

  Fig. 3.  Putatively important fibroblast-
derived components of the cardiogenic 
niche.      
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stromal cells, and extracellular matrix (ECM). Cardio-
genic niche composition and functionality likely change 
during development to govern heart muscle formation in 
the early embryo, differentiation of myocardial tissue in 
the fetus, and myocardial homeostasis in the postnatal 
heart. Fibroblasts appear to play a key role for the cardio-
genic niche as they ‘construct’ a cardioinstructive ECM 
environment and provide important growth factors as 
well as cytokines ( fig. 3 ). 

  ECM and Fibroblast-Secreted Growth Factors during 
Embryonic Heart Development 
 The knowledge of the role of the ECM during heart 

development is still limited. It has been recently demon-
strated in the mouse that cardiac fibroblasts arise in the 
embryonic heart around embryonic day 12.5 and subse-
quently increase in number during development [Ieda et 
al., 2009]. During this stage of heart development em-
bryonic cardiac fibroblasts produce a complex ECM en-
vironment (including fibronectin and collagens), which 
stimulates proliferation of immature cardiomyocytes 
through  � 1-integrin signaling [Ieda et al., 2009]. Other 
fibroblast-derived factors involved in the induction of 
cardiomyocyte proliferation include, for example, hep-
arin-binding epidermal growth factor-like growth fac-
tor (HB-EGF) [Ieda et al., 2009]. Additionally, several 
other fibroblast-specific molecules have been identified 
to be involved in cardiomyogenesis, including members 
of the FGF family, TGF- � 1, and cytokines of the inter-
leukin-6 (IL-6) family [Wollert and Chien, 1997; Dell’Era 
et al., 2003; Cohen et al., 2007]. Importantly, the fibro-
blast-derived microenvironment changes during devel-
opment to promote the stage-specific processes of spec-
ification, differentiation, integration, and maturation of 
the cardiomyocytes and their precursors [Ieda et al., 
2009]. 

  The ECM Entails a Structural and Regulatory 
Function  
 The ECM of the heart is mainly recognized as a struc-

tural scaffold, embedding and supporting cardiomyo-
cytes and nonmyocytes. However, detailed analysis of the 
ECM components provided a more complex insight into 
the biological and regulatory function of the cardiac 
ECM. The heart ECM consists of: (i) structural proteins 
(e.g. collagens and elastins), (ii) adhesive proteins (e.g. 
laminin and fibronectin), and (iii) proteoglycans. Myo-
cardial cells can biologically and mechanically commu-
nicate directly with this ECM network through highly 
specific transmembrane receptors (integrins) and their 

corresponding ECM binding domains [Samarel, 2005]. 
Integrins are heterodimeric receptors comprised of one  �  
and one  �  subunit. Different combinations of  �  and  �  
subunits provide a wide range of specificities for different 
ECM binding motifs [Samarel, 2005]. Different binding 
motifs are present on different ECM proteins and some 
proteins may contain an array of different binding mo-
tifs. For example, collagen fibers contain sequence mo-
tives specific for  � 1 � 1-,  � 2 � 1-,  � 10 � 1-, and  � 11 � 1-integ-
rins [Jokinen et al., 2004]. Binding of ECM to its specific 
integrins will activate signaling cascades with a potential 
role in cell fate regulation.  

  The interstitial ECM network within the myocardium 
is composed predominantly of structural collagen types 
I and III, which are mainly produced by cardiac fibro-
blasts [Weber, 1989]. Laminin is also present and con-
tains multiple epidermal growth factor (EGF)-like do-
mains capable of binding to EGF receptors and modulat-
ing EGF signaling [Engel, 1989; Hynes, 2009]. Other 
ECM components including proteoglycans are also found 
in the heart and are capable of binding and regulating the 
function of secreted growth factors including vascular 
endothelial growth factor (VEGF), FGFs, BMPs, and 
TGF- � 1 [Shi and Massagué, 2003; Wijelath et al., 2006; 
Wang et al., 2008]. This propensity of the ECM to influ-
ence growth factor signaling indicates that the ECM pro-
vides not only structural and mechanical properties of 
the myocardium, but also the regulation of key biological 
signaling pathways. 

  Paracrine Communication between Fibroblasts and 
Cardiomyocytes 
 Cardiac fibroblasts secrete a variety of factors that 

control muscle growth [Ieda et al., 2009; Noseda and 
Schneider, 2009; Noseda et al., 2011]. Currently, the un-
derstanding of these interactions is limited, also due to 
the difficulty in creating transgenic animals with spe-
cific modifications in heart fibroblasts. However, cell cul-
ture experiments have identified several fibroblast-de-
rived factors, including members of the FGF, TGF, and 
IL-6 families. 

  FGF family members have been identified to mediate 
bidirectional fibroblast-cardiomyocyte cross talk, which 
can lead to physiological and pathological growth of car-
diomyocytes [Lopez-Sanchez et al., 2002; Dell’Era et al., 
2003; Cohen et al., 2007]. Cardiac fibroblast-secreted 
FGF2 is capable of binding to ECM-proteoglycans and 
other components of the basement membrane [Kardami 
et al., 2007]. It exists in several molecular weight forms 
[Liao et al., 2009]. The higher-molecular weight FGF2 is 
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predominantly expressed by embryonic and adult cardi-
ac fibroblasts and has been shown to induce a fetal gene 
program and promote hypertrophy in cardiomyocytes 
[Jiang et al., 2007]. In contrast, the lower-molecular 
weight FGF2 is involved in the homing and differentia-
tion of progenitor cell populations and influences cell fate 
decisions of resident stem cells toward the cardiomyocyte 
lineage [Rosenblatt-Velin et al., 2005; Kardami et al., 
2007; Takehara et al., 2008].

  Signaling via TGF- � 1 has not only been linked to fi-
brosis and hypertrophy in the heart but it is also involved 
in cardiomyocyte differentiation. It has been demon-
strated that human cardiomyocyte progenitor cells pref-
erentially differentiate into cardiomyocytes under TGF-
 � 1 stimulation [Goumans et al., 2008]. In the adult heart, 
TGF- � 1 is associated with cardiomyocyte hypertrophy 
and its expression is upregulated in pressure overload and 
myocardial infarction [Takahashi et al., 1994; Bujak and 
Frangogiannis, 2007; Kakkar and Lee, 2010]. Moreover, 
TGF- � 1 modulates the fibroblast phenotype and gene ex-
pression, promoting ECM deposition, for example, in in-
farcted myocardium by upregulating collagen and fibro-

nectin synthesis and decreasing matrix degradation 
through induction of ECM protease inhibitors [Bujak 
and Frangogiannis, 2007].

  Members of the IL-6 family are also mainly secreted 
from cardiac fibroblasts and have been demonstrated to 
play an important role during cardiac development and 
postnatally for cardiomyocyte growth [Banerjee et al., 
2009]. The biological activity of IL-6 is regulated by the 
transmembrane receptor subunit gp130, and continuous 
stimulation with IL-6 or other members of the IL-6 fam-
ily, including leukemia inhibitor factor (LIF) and car-
diotrophin (CT-1), leads to cardiac hypertrophy [Hirota 
et al., 1995]. Transgenic gp130 knockout mice die in early 
stages of development due to a failure to develop compact 
myocardium [Wollert and Chien, 1997]. However, mice 
with conditional ventricular knockout of gp130 receptors 
have a normal heart structure and function, but during 
pressure overload they exhibit accelerated dilated cardio-
myopathy and massive cardiomyocyte apoptosis [Hirota 
et al., 1999]. This suggests that signaling through gp130 
is critical for cardiomyocyte survival in pathologic condi-
tions.

Parthenogenesis 

ESCs

PSCs

Nanog  Sox2  c -Myc  

Oct3/4  Klf4 Lin28 

iPSCs

SSCs

GSCs

ParthenoteEmbryo

Oocyte

♂

♀

  Fig. 4.  Pluripotent stem cell sources for
tissue engineering applications. ESCs and 
PSCs can be derived from the inner cell 
mass of an embryonic or parthenogenetic 
blastocyst, respectively. Reprogramming 
of apparently any somatic cell towards
an ESC-like state can be achieved by
transcription factor-mediated epigenetic 
mechanisms. Male SSCs can give rise to 
pluripotent germ line stem cells under ap-
propriate cell culture conditions.     
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  Pluripotent Stem Cells for Myocardial Tissue 
Engineering 

 Myocardial tissue engineering greatly benefits from 
the rapid advances in stem cell biotechnology. Pluripo-
tent stem cells – such as embryonic stem cells (ESCs), in-
duced pluripotent stem cells (iPSCs), spermatogonial 
stem cells (SSCs), and parthenogenetic stem cells (PSCs; 
 fig. 4 ) – have the unique propensity to differentiate into 
all somatic cell types, including bona fide cardiomyo-
cytes [Kehat et al., 2001; Guan et al., 2007; Mauritz et al., 
2008]. Of particular additional interest to cardiac tissue 
engineers is that pluripotent stem cells can be subjected 
to cardiogenic bulk cultures to produce large quantities 
of cardiomyocytes [Schroeder et al., 2005], being a pre-
requisite for myocardial tissue engineering. 

  ESCs represent the prototypic pluripotent stem cell. 
They were first isolated in the early 80s from the inner 
cell mass of mouse blastocysts [Evans and Kaufman, 
1981; Martin, 1981]; this was followed by the establish-
ment of the first human ESC lines nearly two decades 
later [Thomson, 1998]. Their unlimited self-renewing ca-
pacity does in principle allow indefinite expansion of 
ESCs if cultured cells remain (epi)genetically and devel-
opmentally stable. Interestingly, allogeneic transplanta-
tion of human ESC-derived cell products has recently 
reached the stage of clinical investigation despite widely 
discussed ethical and immunological concerns [Razvi, 
2010]. These treatments will most certainly require life-
long immune suppression to control host-versus-graft re-
actions [Opelz et al., 1999; Drukker et al., 2002; Swijnen-
burg et al., 2008]. Perfect host-donor matching for immu-
nologically relevant major histocompatibility complex 
(MHC) proteins may in principle address this shortcom-
ing but is unrealistic in terms of practicability. This ca-
veat and the ethical controversy associated with human 
ESC derivation have led to intense research to generate 
patient-specific nonembryonic but developmentally ESC-
like stem cells. 

  The pluripotent state of ESCs is controlled through a 
network of stemness factors [Niwa, 2007] and this knowl-
edge has been the basis for the recently developed so-
matic cell reprogramming technologies [Takahashi et 
al., 2007; Yu et al., 2007]. The original reprogramming 
technologies involved retroviral transduction of defined 
sets of stemness factors [Takahashi et al., 2007]. Coupled 
with the inherent risk of genetic mutations associated 
with viral integration, there is also a risk of tumor/tera-
toma formation if the delivered genes remain active or 
are reactivated in vivo. The risk of pluripotent gene reac-

tivation has already been successfully reduced by gener-
ating  iPSCs using a reduced number of pluripotency fac-
tors [Kim et al., 2009], using nonintegrating DNA deliv-
ery systems [Stadtfeld et al., 2008], and reprogramming 
with recombinant proteins [Zhou et al., 2009] as well as 
RNA [Yakubov et al., 2010] or (at least in part) with small 
molecules [Shi et al., 2008]. However, reprogrammed 
iPSCs appear to harbor an epigenetic memory of their 
original somatic cell state, which may skew their differ-
entiation potential towards the original somatic cell 
source lineage [Kim et al., 2010]. To overcome this epi-
genetic barrier, differentiation followed by serial repro-
gramming, the use of chromatin-modifying drugs, or 
prolonged culture times has been proposed [Kim et al., 
2010]. In the future, exclusively pharmacological repro-
gramming may be preferable; however, a better under-
standing of the molecular mechanisms underlying the 
epigenetic reprogramming process and its stability is es-
sential. 

  Under appropriate in vitro culture conditions embry-
onic primordial germ cells are able to convert into plu-
ripotent stem cells [Cooke et al., 1993], thus conceptu-
ally also enabling the generation of patient-specific stem 
cells without genetic modification. Male germ cells phys-
iologically develop into unipotent SSCs. However, SSCs 
from adult mice cultured under standard ESC condi-
tions can acquire the ability to differentiate into cell 
types of the three germ layers, including functional car-
diomyocytes [Guan et al., 2006]. Whether human SSCs 
are also able to convert into pluripotent germline stem 
cells (GSCs) remains unclear [Conrad et al., 2008; Ko et 
al., 2010]. 

  Female primordial germ cells develop already pre-
natally into a definitive quantity of primary oocytes 
which remain meiotically arrested until sexual maturity. 
In mammals, unfertilized oocytes can be activated to di-
vide pharmacologically by stimulation of calcium waves 
which are normally associated with fertilization [Swann 
and Ozil, 1994]. These asexually activated oocytes can 
develop into parthenogenetic blastocysts, containing an 
inner cell mass composed of pluripotent PSCs [Kim et al., 
2007]. 

  Recapitulating Cardiogenesis in Pluripotent Stem 
Cells 

 Although pluripotent stem cells have the ability to un-
dergo robust cardiomyogenesis, undirected differentia-
tion of ESC in embryoid bodies yields notoriously low 
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cardiomyocytes quantities [Klug et al., 1996; Kehat et al., 
2001; Wobus et al., 2002]. This has led to directed differ-
entiation strategies and their broad utilization to im-
prove cardiomyogenesis in pluripotent stem cells [Mum-
mery et al., 2003; Laflamme et al., 2007; Yang et al., 2008; 
Kattman et al., 2011]. Coculture of human ESCs with an 
endodermal-like cell line (END-2) can, for example, im-
prove cardiomyocyte derivation [Mummery et al., 2003], 
which is consistent with developmental processes where 
secreted growth factors from the visceral endoderm are 
important for the induction and sustainment of heart 
development [Smith et al., 1990; Sugi and Lough, 1994]. 
Growth factors that are secreted from the endoderm and 
mediate these effects are members of the TGF- �  super-
family, including activin-A and BMP4 [Lough et al., 
1996; Ladd et al., 1998; Barron et al., 2000; Nakajima et 
al., 2002; Swijnenburg et al., 2008]. Further demonstrat-
ing the potency of these factors, utilization of activin-A 
and BMP4 in a defined medium can result in a cardio-
myocyte induction efficiency of up to 33% [Laflamme et 
al., 2007]. Other essential cardiogenic signals have been 

used to improve hESC cardiomyocyte differentiation, 
including those which modulate the FGF and Wnt path-
ways. While FGF signaling (via FGF2) stimulates the 
proliferation of cardiac progenitors through activation 
of the MAP kinase pathway [Mima et al., 1995], the ca-
nonical Wnt pathway must be blocked in order to speci-
fy cardiac progenitor development. Accordingly, the 
supplementation of the Wnt-antagonist Dickkopf-1 
(DKK1) after primitive streak cell specification gives rise 
to a substantial increase in cardiomyocyte differentia-
tion efficiency in hESC cultures [Yang et al., 2008]. The 
concept to learn from natural cardiogenesis appears to 
be superior to unbiased screening of compounds as the 
latter approach has led to the identification of many po-
tentially cardiomyogenesis-inducing factors but little ac-
ceptance of a standard stem cell differentiation protocol. 
This may at least in part be due to the necessity to not 
only identify a potential trigger but also understand the 
strict temporal control of myocardial differentiation 
processes. 

Cardiogenic niche/continuum 

Embryonic Neonatal Adult

HB-EGF

Specification ↑
Proliferation ↑  

BMP4

FGF2
Wnt

ECM

Proliferation ↓
Maturation ↑  

Specification

VEGF

FGF2

TGF-�1

IL-6

Niche factors

ECM

ECM

Activin A TGF-�1

EGF

CT-1

LIF

DKK1

Neurohumoral factors

Hyperplastic to hypertro
phic growth

  Fig. 5.  Schematic overview of cardiogenic niche factors and niche 
development from the embryo to the adult. Specification and pro-
liferation as well as maturation of immature cardiomyocytes are 
regulated by niche factors. Key factors known to play an important 
role during embryonic, neonatal, and adult stages may also be used 
to engineer mature tissue equivalents from pluripotent stem cell 
sources. The adult niche is structurally and functionally not well 
defined. It appears plausible that the developmentally essential and 

spatially defined embryonic cardiogenic niche transforms into a 
less spatially defined hypertrophic growth and cell survival con-
trolling cardiogenic continuum in the adult. This may also go hand 
in hand with a shift from local paracrine to more (neuro)humoral 
control of niche/continuum functionality. A better understanding 
of the embryonic cardiogenic niche and the adult cardiogenic con-
tinuum will be essential to advance tissue engineering and in par-
ticular construction of mature bioartificial myocardium.     
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  The Cardiogenic Niche as a Fundamental Building 
Block of Engineered Myocardium  

 The importance of understanding developmental pro-
cesses that govern natural heart development becomes ap-
parent when constructing tissue-engineered myocardium 
from pluripotent stem cell derivates. Here, simulating 
processes that are naturally confined to the cardiogenic 
niche ( fig. 5 ) would likely be desirable. In addition, devel-
opmental changes in cardiogenic niche functionality will 
have to be considered to achieve cell specification as well 
as terminal differentiation early on and subsequently sup-
port maturation. Specification and differentiation induc-
ing growth factors and cytokines naturally provided 
through the cardiogenic niche have been readily identi-
fied and are widely used to enhance cardiogenesis in plu-
ripotent stem cells [Laflamme et al., 2007; Yang et al., 
2008; Zhang et al., 2009; Paige et al., 2010; Zhu et al., 2010; 
Kattman et al., 2011]. On the other hand, the definition of 
factors controlling advanced maturation is limited. Con-
siderable effort has been directed toward the design of in-
structive scaffolds that may impose mechanical stimuli 
but also biological cues on developing cardiomyocytes 
[Murtuza et al., 2009; Schenke-Layland et al., 2011]. More-
over, it is likely that different scaffold fabrication technol-
ogies can be combined to generate instructive matrices 
with biophysical and biological properties that guide cell 
specification, differentiation, and maturation. Synthetic 
polymers may be useful in this respect as they can be eas-
ily designed with defined biomechanical properties and 
geometry [Bursac et al., 1999; Carrier et al., 1999]. How-
ever, native ECM appears to be better suited for designing 
a more physiological cardiogenic niche, as exemplified by 
studies utilizing ECM hydrogels to entrap heart cells in a 
3-D fibrillar network [Zimmermann et al., 2004; Guo et 
al., 2006]. Growth factor conditioning, electrical stimula-
tion, and addition of nonmyocytes can be used to further 
optimize natural hydrogel-based tissue constructs [Zim-
mermann et al., 2002; Radisic et al., 2004; Naito et al., 
2006]. Provision of bioactive molecules such as VEGF to 
induce vascularization of engineered tissue equivalents 
has attracted particular attention [Helm et al., 2007]. Al-
ternatively, supplementation with endothelial cells has 
been exploited to enhance vascular network formation in 
bioengineered myocardium [Caspi et al., 2007; Tulloch et 
al., 2011]. Moreover, fibroblast supplementation markedly 
improved not only the functionality but also the capillar-
ization of engineered heart tissue [Naito et al., 2006]. Col-
lectively, there is ample evidence that heart muscle engi-
neering will benefit from integrating all components of 

the cardiogenic niche (i.e. cells, matrix, and biophysical 
and biological stimuli) to foster heart muscle formation in 
particular from pluripotent stem cells or cardiomyogenic 
progenitors. As the cardiogenic niche is a spatially defined 
structure with the capacity to generate de novo myocar-
dium, exploiting its properties in myocardial tissue engi-
neering appears reasonable. Moreover, maintaining the 
principle properties of the cardiogenic niche in a spatially 
less restricted ‘cardiogenic continuum’ appears to be es-
sential to facilitate formation of a mature myocardial syn-
cytium.

  Conclusion 

 Concepts to successfully generate myocardium in vi-
tro have been established over the past 15 years. These 
concepts have now advanced to a stage where engineered 
myocardium can be constructed and delivered in vivo for 
experimental purposes and have constituted a premise 
for potential therapeutic use in the future [Zimmermann 
et al., 2006; Tulloch et al., 2011]. While original studies 
have previously mainly employed primary cells, stem 
cells have become the preferred starting material in myo-
cardial tissue engineering. Stem cells are capable of pro-
ducing all of the required cell types to biologically engi-
neer complex multicellular myocardium. The broad util-
ity of stem cells and their derivatives will depend on 
advances in protocols to control their specification, dif-
ferentiation, functional integration, and organotypic 
maturation. We suggest that this can be achieved through 
the implementation of cardiogenic niche factors in myo-
cardial tissue engineering. Finally, we anticipate that the 
concept to support heart development in vitro by utiliz-
ing the knowledge from developmental biology will allow 
production of large functional myocardium with struc-
tural and functional properties of mature myocardium. 
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