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Preface  

Cardiovascular diseases are a leading cause of death worldwide. The failure to 
regenerate the diseased heart with current therapies creates also in light of the 
increasing numbers of affected patients a serious unmet medical need.

Cell-based therapies using skeletal myoblasts, bone marrow-derived cells, mes-
enchymal stem cells, and cardiac stem cells have been developed as potential regen-
erative therapies and are being tested in clinical trials. Results from these studies 
suggest relevant protective mechanisms but provide limited evidence for bona fide 
remuscularization of the failing heart.

Pluripotent stem cells, including embryonic stem cells and induced pluripotent 
stem cells (iPSCs), can be directed to differentiate into cardiomyocytes with excel-
lent efficiency, making them an attractive source for the remuscularization of the 
failing heart. Recently, direct programming of somatic cells into cardiomyocytes 
has emerged, which may ultimately allow for in vivo conversion of scar into 
myocardium.

Common challenges to cell-based or cell-targeted therapeutics with an antici-
pated profound effect on therapeutic efficacy include the route of administration, 
cell/tissue targeting, dosing, and sustainability of regenerative therapies.

With this book we intended to address a broad spectrum of challenges and oppor-
tunities in the field of heart regeneration. We are thankful to the many contributing 
investigators as to their willingness to share their unique experiences and express 
their candid opinions on how myocardial regeneration may be advanced and ulti-
mately translated to address one of the most concerning clinical issues to date, 
namely heart failure.

Tokyo, Japan Masaki Ieda 
Göttingen, Germany Wolfram-Hubertus Zimmermann

The original version of the book was revised. Thc correction to the book is availale at  
DOI 10.1007/978-3-319-56106-6_13

10.1007/978-3-319-56106-6_13
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1Past and Future of Cell-Based Heart 
Repair

Ahmed I. Mahmoud and Richard T. Lee

Abstract
The field of heart regeneration has witnessed significant advancements toward 
developing new therapeutics in the past decade. Strategies to regenerate the adult 
human heart are in constant development in both the experimental and clinical 
arenas. Although stem cell therapies remain controversial, cell-based heart repair 
is a promising approach toward regenerating the adult human heart. Experience 
with cell therapy has resulted in several important milestones in clinical studies. 
There are still important roadblocks ahead before cell therapy can achieve the 
regeneration potential for broad numbers of patients. In this chapter, we focus on 
the history of cardiac cell repair and therapeutic strategies and discuss the les-
sons learned in cell-based heart regeneration.

1.1  Introduction

Cardiovascular diseases remain to be one of the leading causes of mortality world-
wide and represent an enormous health and economic burden (Whelan et al. 2010). 
Identifying strategies to regenerate the adult human heart after injury has spurred a 
furiously paced experimental race toward this goal.

Historically, the mammalian heart has been considered to be a postmitotic organ, 
without any capacity for cell turnover and regeneration post-injury (Laflamme and 
Murry 2011). Instead of regenerating muscle, a scar is formed to maintain the integ-
rity of the mammalian heart following injury; hypertrophy of the remaining myocar-
dium takes place, but the loss of myocardium can eventually lead to the development 
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of heart failure (Jessup and Brozena 2003). Mechanical approaches for treatment of 
heart failure aimed to counteract the weakening of the heart muscle following injury 
include left ventricular assist devices (Terracciano et al. 2010). Other approaches 
include neurohormonal inhibition, which is widely used in clinical practice (Sharpe 
et al. 1991). These approaches are beneficial for patients with heart failure, but the 
potential to completely regenerate lost myocardium remains an important goal.

Early discoveries showed that endogenous cardiac regeneration can occur in 
some vertebrate organisms such as the newt and zebrafish (Oberpriller and 
Oberpriller 1974; Poss et al. 2002). Recently, the neonatal mouse heart was reported 
to regenerate in response to injury in a manner similar to lower vertebrates (Porrello 
et al. 2011, 2013). The regenerative response has been attributed to the ability of 
cardiomyocytes to proliferate with restoration of functional myocardium (Jopling 
et al. 2010; Kikuchi et al. 2010; Porrello et al. 2011). Cardiomyocyte cell cycle 
activity is maintained throughout the adult life of vertebrates, but rapidly declines 
with age in mammals (Li et al. 1996; Poss et al. 2002; Walsh et al. 2010). The les-
sons learned from lower vertebrates as well as the neonatal mouse suggest that 
endogenous heart regeneration can occur, and understanding this process could 
allow new therapeutic approaches to regenerate the human heart.

Early mouse studies showed that cardiomyocyte turnover in the adult murine 
heart occurs at low levels, around 1% annually (Soonpaa and Field 1997). 
Cardiomyocyte turnover in the adult mouse heart during aging and following injury 
was demonstrated at high resolution using mouse genetic lineage tracing and multi- 
imaging mass spectrometry showing similar levels of myocyte turnover (Senyo 
et al. 2013; Hsieh et al. 2007). To measure the levels of cell turnover in the adult 
human heart, a landmark study exploited the rise of 14C levels during the cold war 
testing of nuclear weapons, which created an opportunity to trace the levels of 14C 
from human heart samples and thus enabled the researchers to determine the rate of 
cardiomyocyte turnover in the adult human heart (Bergmann et al. 2009). Similar to 
the murine heart, the adult human heart showed cardiomyocyte turnover at extremely 
low levels, around 1% annually (Bergmann et al. 2009). Although the cardiomyo-
cyte refreshment is insufficient for a substantial regenerative response following 
injury, this indicates that the heart is much more resilient than previously consid-
ered. Surprisingly, a recent study reported that the human neonatal heart can regen-
erate after a myocardial infarction (Haubner et al. 2015). The similarities between 
the neonatal mouse and neonatal human heart, as well as the adult mouse and adult 
human heart, suggest that regenerating the adult heart will be feasible.

1.2  Cell Therapy for Cardiac Repair

The development of many tools in regenerative medicine has inspired cardiovascu-
lar investigators to utilize these methods to regenerate the human heart to restore 
contractile function following injury. Stem cells have generated particular excite-
ment for their potential for cell-based cardiac repair (Garbern and Lee 2013). The 
plasticity of stem cells and their ability to differentiate into multiple cell types has 
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generated hope for the future of regenerative medicine. The past decade has wit-
nessed numerous studies that used different cell types with varying abilities for 
cardiac repair, which led to many clinical trials. The results from these trials con-
tinue to generate controversy regarding the impact of cellular therapy, but it is clear 
that cell therapy may have an important future for human heart regeneration.

The collective knowledge of cellular plasticity in the mammalian heart as well as 
the explosion of the stem cell field fueled the hope to either harness the endogenous 
potential of the mammalian heart or utilize the potential of exogenous stem cells 
that can differentiate into functional myocardium. In the following paragraphs, we 
will discuss the utility of different types of exogenous stem cells, as well as the 
potential of different endogenous cardiac progenitors for cellular transplantation, in 
addition to cellular reprogramming, to regenerate the adult human heart.

1.2.1  Skeletal Myoblasts

Skeletal myoblasts were among the initial cell types to be introduced for clinical 
cardiac cell therapy. Skeletal myoblasts were reasonable candidates due to their 
resistance to ischemia, as well as their differentiation potential (Durrani et al. 2010). 
In addition, early results showed the promise of skeletal myoblasts in heart repair 
following injury in multiple experimental animal models (Durrani et al. 2010). 
However, it was shown that myoblasts fail to integrate with the host myocardium 
and thus fail to beat in sync with the heart (Leobon et al. 2003). Furthermore, the 
first multicenter, randomized, placebo-controlled human clinical trial for myoblast 
autologous grafting in ischemic cardiomyopathy (MAGIC) did not enhance cardiac 
contractile function (Menasche et al. 2008). These results led to a reduced enthusi-
asm toward the use of skeletal myoblasts, and regenerative approaches moved 
onward toward more promising cell types.

1.2.2  Bone Marrow-Derived Stem Cells

Bone marrow-derived stem cells have the capacity to differentiate into multiple cell 
types including vascular and cardiac cell fates both in vitro and in vivo (Hirschi and 
Goodell 2002). The detection of Y-chromosome-positive cardiomyocytes in female 
hearts that were transplanted into male patients suggested that bone marrow-derived 
stem cells can differentiate into cardiomyocytes (Quaini et al. 2002). Over a decade 
ago, bone marrow-derived stem cells that express the surface marker c-kit emerged 
as candidates for regenerating the heart following injury through transdifferentiation 
into cardiomyocytes (Orlic et al. 2001). The differentiation potential of c-kit + cells 
in vivo led to controversy. Although the initial report suggested transdifferentiation 
of these cells into cardiomyocytes, subsequent studies by other groups found no evi-
dence of transdifferentiation into cardiomyocytes, but rather showed the formation of 
more mature hematopoietic cell lineages following transplantation (Murry et al. 
2004; Balsam et al. 2004). Improved ventricular function was detected following 
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bone marrow-derived stem cell injections in multiple studies; several reports sug-
gested that this effect is due to a paracrine effect through enhancing proliferation and 
differentiation of endogenous cardiac progenitors, thus promoting cardiac repair 
indirectly (Loffredo et al. 2011; Hatzistergos et al. 2010; Urbich et al. 2005; Mathieu 
et al. 2009; Kinnaird et al. 2004; Gnecchi et al. 2006; Hong et al. 2014).

REPAIR-AMI was the first randomized, blinded clinical trial to use autologous 
bone marrow cells through intracoronary infusion for acute myocardial infarction 
(MI) patients (Schachinger et al. 2006). There was a significant improvement in the 
left ventricular function following bone marrow transplantation, an effect that per-
sisted up to 2–5 years after transplantation but with no impact on survival, though 
the trial had insufficient power to study survival (Assmus et al. 2010, 2014). 
However, a subsequent trial (TIME) using autologous bone marrow cells in 
ST-segment elevation MI (STEMI) showed no effect on improving cardiac function 
(Traverse et al. 2012). These mixed results generated debate on the impact of bone 
marrow-derived cells on improving function and survival of MI patients (Marban 
and Malliaras 2012). Retrospective evaluation of these clinical trials revealed some 
of the discrepancies and potential pitfalls to be avoided for proper assessment of the 
value of these cells as a clinical treatment (Simari et al. 2014; Nowbar et al. 2014). 
A large phase 3 clinical trial to assess the value of bone marrow cells in myocardial 
infarction patients is currently underway (BAMI trial).

1.2.3  Endothelial Progenitors

Endothelial progenitor cells (EPCs) are a small population of adult hematopoietic 
CD34+ progenitors that were identified in 1997 and which have the capacity to dif-
ferentiate into endothelial cells (Asahara et al. 1997). Preclinical studies of EPCs 
showed promising results in enhancing recovery following ischemia in different 
tissues, mainly by enhancing neovascularization (Kawamoto and Losordo 2008). 
Following myocardial infarction, EPC transplantation may enhance functional 
recovery and myocardial integrity in vivo (Iwasaki et al. 2006; Kawamoto et al. 
2001). This requires the homing of the EPCs to the site of ischemia followed by 
proliferation and differentiation into functional endothelial cells (Hristov et al. 
2007). In addition to neovascularization, endothelial cells enhance cardiomyocyte 
survival and organization and contraction of surrounding cardiomyocytes through 
paracrine signaling (Narmoneva et al. 2004). These data suggest that endothelial 
cells can promote cardiac repair through different mechanisms.

Early phase clinical trials using cell transplantation of EPCs showed promising 
results for functional recovery following a cardiac insult (Vrtovec et al. 2013; Stamm 
et al. 2007). Similarly, pharmacological mobilization of EPCs using granulocyte 
colony-stimulating factor (G-CSF) showed enhanced cardiac function post- injury 
(Achilli et al. 2010). A major impediment to the understanding the full potential of 
EPCs is the different isolation methods for EPCs between different groups; thus the 
identity and purity of the EPC populations have not been consistent. Owing to the 
limited size of previous trials, large studies would be required to establish the 
efficacy of EPCs for heart repair.

A.I. Mahmoud and R.T. Lee
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1.2.4  Mesenchymal Stem Cells

Another subset of progenitors within the bone marrow is mesenchymal stem 
cells (MSCs). MSCs are multipotent and can differentiate into adipocytes, chon-
drocytes, and osteoblasts (Pittenger et al. 1999). MSCs are found in multiple 
tissues, and they can be expanded to the large numbers necessary for transplan-
tation. Furthermore, MSCs appear less immunogenic due to the absence of 
MHC-II complex and may have lower probability of rejection (Kuraitis et al. 
2011). Allogeneic MSCs showed therapeutic benefits following transplantation 
in the injured rodent and swine heart (Williams and Hare 2011). Initially there 
was evidence that allogeneic MSCs can differentiate into cardiomyocytes 
in vivo following engraftment in the adult murine and swine heart (Toma et al. 
2002; Quevedo et al. 2009). Subsequent studies showed that MSCs probably 
accomplish beneficial effects via paracrine mechanisms (Mirotsou et al. 2007; 
Gnecchi et al. 2005, 2008). MSC transplantation in large animals showed acti-
vation and differentiation of cardiac stem cells (Hatzistergos et al. 2010). The 
POSEIDON trial showed improved patient outcome and ventricular remodeling, 
but no significant improvement in ventricular function (Hare et al. 2012). A 
randomized phase 3 clinical trial using MSCs for ischemic heart failure is cur-
rently ongoing (CHART-1), and the results from this trial will shed light on the 
future of MSCs in the clinic.

1.2.5  Endogenous Cardiac Stem Cells

1.2.5.1  C-kit + Cardiac Progenitors
Following the developments in the hematopoietic stem cell (HSC) field, c-kit, the 
receptor for stem cell factor, was described as a surface marker of HSC stemness. 
It was reported that the heart has an endogenous cardiac progenitor cell (CPC) 
population that is c-kit + without any hematopoietic lineage marker expression 
(Lin-) (Beltrami et al. 2003). These cells were described as clonogenic and mul-
tipotent due to their ability to differentiate into cardiomyocytes, endothelial 
cells, and smooth muscle cells in vitro and in vivo. Expansion of the c-kit + CPCs 
ex vivo and injection of the cells in vivo following MI showed a dramatic regen-
erative effect on the heart (Beltrami et al. 2003). Furthermore, a similar popula-
tion of c-kit + CPCs was reported in the adult human heart and could repopulate 
the infarcted murine myocardium (Bearzi et al. 2007). The ability of c-kit + CPCs 
to enhance myocardial regeneration was demonstrated by different groups in 
small and large animal studies (Linke et al. 2005; Fischer et al. 2009; Angert 
et al. 2011). In contrast, other groups showed that c-kit + CPCs from adult hearts 
do not differentiate into cardiomyocytes ex vivo (Zaruba et al. 2010; Jesty et al. 
2012). One study reported that c-kit + CPCs are not only necessary but also suf-
ficient for myocardial regeneration following cardiac injury (Ellison et al. 2013). 
These conflicting results regarding the differentiation potential and functional 
impact of c-kit + CPCs on myocardial regeneration were addressed by a very 
well-designed lineage tracing study aimed to label the putative c-kit + CPCs in 
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the heart to trace their lineage during aging and following injury (Van Berlo et al. 
2014). Although this study showed that c-kit + CPCs could differentiate into 
cardiomyocytes, this occurred at negligibly low rates, which suggested that 
c-kit + CPCs would have no impact on myocyte replenishment following injury 
(Van Berlo et al. 2014). In contrast, c-kit + CPCs produced a high percentage of 
cardiac endothelial cells, suggesting that the endogenous c-kit + CPCs are more 
likely to be endothelial progenitor cells rather than true cardiomyocyte 
progenitors.

Although it is still unclear how c-kit + CPCs can enhance myocardial repair, their 
impact over the past decade has led to a number of clinical trials to assess their 
therapeutic potential. An early clinical trial to test the safety of c-kit + CPCs was a 
phase 1, randomized clinical trial for CPC intracoronary infusion in patients with 
ischemic cardiomyopathy (SCIPIO) (Bolli et al. 2011). This trial showed that CPC 
injection is safe with no adverse effects up to 1 year, with an improvement in LV 
function. The phase 1 trial was very small, however.

1.2.5.2  Cardiosphere and Cardiosphere-Derived Cells
Cardiosphere-derived cells represent another subset of cardiac progenitor cells 
in both murine and human hearts that are multipotent and can differentiate into 
different cardiac cell types (Messina et al. 2004). Cardiosphere-derived cells 
(CDCs) can be isolated from cells cultured from endomyocardial biopsies, and 
injection of CDCs in a large animal model of infarct has led to enhancement of 
cardiac function (Smith et al. 2007). Cardiosphere-derived cells were isolated 
from human hearts as well, and intracoronary injection of human CDCs in a pig 
infarct model improved cardiac function and reduced scar formation (Johnston 
et al. 2009). A phase 1 clinical trial using cardiosphere-derived autologous stem 
cells to reverse ventricular dysfunction (CADUCEUS) for intracoronary injec-
tion in myocardial infarction patients suggested the safety of these cells for 
clinical use, with potential benefits on cardiac function (Makkar et al. 2012). 
Further mechanistic studies of cardiosphere-derived cells showed that intracor-
onary injection of CDCs post MI stimulate endogenous cardiomyocyte prolif-
eration, as well as recruitment of endogenous progenitors (Malliaras et al. 
2013). These dual mechanisms may explain the beneficial outcomes following 
CDC cell therapy. Larger studies will be necessary to reveal the impact of car-
diospheres and CDCs on this cell type as a candidate for myocardial regenera-
tion in humans.

1.2.5.3  Side Population Cells
Side population (SP) cells are a population of cells characterized by their ability to 
exclude the Hoechst dye, since they express the ATP-binding cassette transporter 
proteins. These cells were first characterized as a hematopoietic stem cell population 
in the bone marrow (Goodell et al. 1996). To determine whether SP cells from the 
bone marrow can enhance cardiac repair, SP cells were transplanted in mice follow-
ing an ischemia reperfusion injury and shown to have some therapeutic benefit and 
enhance myocardial repair (Jackson et al. 2001). Cardiac SP cells were further 
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isolated from the developing and adult mouse heart, with the capacity to differentiate 
into cardiomyocytes, endothelial cells, and smooth muscle cells (Martin et al. 2004). 
Intravenous infusion of cardiac SP cells into rats that underwent myocardial infarc-
tion demonstrated that cardiac SP cells were able to migrate and home to the injured 
myocardium, differentiate into different cardiac cell types, and enhance heart regen-
eration (Oyama et al. 2007). These preclinical studies suggest a potential benefit for 
SP cells for cell therapy, although human clinical trials have not been performed with 
SP cells injected into the heart.

1.2.5.4  Sca1+ Cardiac Progenitors
Stem cell antigen1 (Sca1) is a cell surface marker expressed on the surface of 
multiple tissue-specific resident stem cells (Holmes and Stanford 2007). A 
Sca1+ cardiac stem cell population has been identified in the adult mouse heart 
and can differentiate into cardiomyocytes in vitro following treatment with 
5-azacytidine as well as oxytocin (Oh et al. 2003; Matsuura et al. 2004). 
Intravenously injected Sca1+ cells were able to home to injured myocardium, 
differentiate into cardiomyocytes or fuse with host cells, and enhance repair fol-
lowing ischemia reperfusion injury (Oh et al. 2003). Similarly, intramyocardial 
transplantation of Sca1+ cardiac stem cells improved LV function post MI, 
although this effect was probably mediated through a paracrine effect by 
increased neovascularization and enhanced cardiomyocyte function (Wang et al. 
2006). Lineage tracing of Sca1+ cells in the heart suggested that Sca1+ cells 
contribute to cardiomyocyte renewal in the adult heart, as well as in response to 
injury (Uchida et al. 2013). A major impediment to the clinical potential of 
Sca1+ cardiac stem cells is the lack of the Sca1 antigen in humans, which limits 
the use of these cells for human therapy.

1.2.5.5  Islet1+ Cardiac Progenitors
Islet1 (Isl1) is a transcription factor that marks a cardiac progenitor population from 
the second heart field that can differentiate into multiple cardiac lineages during 
heart embryonic development (Moretti et al. 2006; Cai et al. 2003). Interestingly, an 
Isl1+ cardiac progenitor population was identified in the early postnatal heart that 
can differentiate into mature cardiac lineages (Laugwitz et al. 2005). However, the 
Isl1+ progenitor population only persists in the sinoatrial node in the adult murine 
heart and is nearly absent from the left ventricle either at baseline or following MI 
(Weinberger et al. 2012). Isl1+ cardiac progenitors have not been studied for human 
cell therapy.

1.2.5.6  Epicardial Progenitors
Epicardial progenitor cells that express the transcription factor Wt1 have an impor-
tant role during murine heart development, as they contribute to the formation of 
functional cardiomyocytes (Zhou et al. 2008). This role of epicardial progenitors led 
to the search for a similar progenitor population in the adult mammalian heart. 
Lineage tracing of Wt1 in the adult heart showed that Wt1 epicardial progenitors are 
present in the adult mouse heart and can give rise to bona fide cardiomyocytes 
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following MI (Smart et al. 2011). Priming the Wt1 epicardial progenitors with thy-
mosin β4 before MI may be an important step for these progenitors to give rise to 
cardiomyocytes, as priming them with thymosin β4 after MI does not seem to con-
tribute to the differentiation of epicardial progenitors into cardiomyocytes (Zhou 
et al. 2012). However, embryonic and adult epicardial progenitors seem to be differ-
ent subpopulations, as adult epicardial progenitors are more heterogeneous and 
have a different expression profile at the molecular level than embryonic progeni-
tors (Bollini et al. 2014). Interestingly, a recent protocol described the derivation of 
primary human epicardial-derived cells from right atrial appendage biopsies, which 
can serve as a platform to further identify the therapeutic potential of epicardial 
progenitors for adult cardiac cell repair (Clunie-O’Connor et al. 2015).

1.2.6  ES-Derived Cardiomyocytes

Generation of differentiated, mature, and functional cardiomyocytes from pluripo-
tent ES cells is a promising approach to replenish lost myocardium following injury 
(Xu et al. 2002). The development of directed differentiation protocols of pluripo-
tent embryonic stem cells (ES) into cardiomyocytes has witnessed significant 
advances (Mummery et al. 2012). Purified human ES cell-derived cardiomyocytes 
(hESC-CM) can be derived when cultured with activin A and bone morphogenetic 
protein 4, which can improve cardiac function of the infarcted rat heart (Laflamme 
et al. 2007). Transplantation of cardiovascular progenitors derived from hESC led to 
engraftment in the infarcted hearts of nonhuman primates (Blin et al. 2010).

To establish the electrophysiological properties of hESC-CM, purified hESC-
 CM were transplanted in guinea pigs following injury (Shiba et al. 2012). These 
grafts led to reduced arrhythmias and were able to electrically couple with the host 
myocardium and thus efficiently enhance myocardial function following cryoinjury 
(Shiba et al. 2012). Recently, a large animal study in macaques showed that hESC-
 CM was able to remuscularize and regenerate the infarcted monkey heart (Chong 
et al. 2014). These recent promising results show the significant potential of hESC-
 CM. However, the ability of the transplanted hESC-CM to integrate efficiently in 
syncytium and prevent arrhythmias is still a concern (Chong et al. 2014). These 
issues will need to be addressed before hESC-CMs can be used for clinical trials. 
While ethical concerns might hamper ES use in the clinic, induced pluripotent stem 
cells (iPSCs) could replace hESC as the source of cardiomyocytes for cell therapy.

1.2.7  Induced Pluripotent Stem Cells and Reprogramming

1.2.7.1  iPSCs
Reprogramming adult mouse and human fibroblasts into a pluripotent state by trans-
duction of four transcription factors, OCT4, SOX2, KLF4, and c-MYC (OSKM), was 
a revolutionary moment in biomedicine (Takahashi and Yamanaka 2006; Takahashi 
et al. 2007). iPSCs resemble ES cells morphologically and molecularly, and thus they 
provide an alternative to ES cell use, in addition to the advantage of generating 
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patient-specific cell lines for autologous regenerative therapies. Although there was an 
initial concern toward using iPSCs clinically due to the use of oncogenes and viral 
vectors which can lead to teratoma formation, new methods and protocols are emerg-
ing that utilize small molecules, episomes, or proteins for reprogramming, which will 
increase the safety of the generated iPSCs (Zhou et al. 2009; Lin et al. 2009; Okita 
et al. 2008). Human iPSCs (hiPSCs) have been successfully used to generate numer-
ous cell types including cardiomyocytes (Karakikes et al. 2015; Zhang et al. 2009). 
More importantly, hiPSCs provide a novel platform to dissect the underlying mecha-
nisms of disease in patients (Bellin et al. 2012; Wang et al. 2014; Davis et al. 2012). 
Furthermore, intramyocardial transplantation of hiPSC-derived cardiomyocytes 
(hiPSC-CM) in a large animal model following MI led to a significant improvement 
of ventricular function and reduction of scar size while abrogating ventricular arrhyth-
mias (Ye et al. 2014). Although further studies are required to truly understand the 
optimal way to use hiPSC-CMs, the recent developments indicate that this approach 
holds significant promise for future cell therapy (Okano et al. 2013).

1.2.7.2  Direct Reprogramming into Cardiomyocytes
Reprogramming fibroblasts into pluripotent cells led to a race toward reprogram-
ming one cell type to another differentiated cell type. Transdifferentiation of fibro-
blasts to cardiomyocytes is an appealing approach as it could use the fibroblasts in 
the scar region to generate new myocardium. Using multiple combinations of car-
diac transcription factors, a combination of three transcription factors, GATA4, 
MEF2C, and TBX5 (known as GMT), was able to reprogram mouse fibroblasts into 
induced cardiac-like myocytes in vitro (Ieda et al. 2010). To further examine whether 
direct reprogramming can occur in vivo, GMT and GHMT (H for HAND2) retrovi-
ral injections successfully reprogrammed cardiac fibroblasts into cardiomyocytes 
in vivo that resulted in an improved cardiac function and reduced scar following MI 
(Qian et al. 2012; Song et al. 2012). Furthermore, reprogramming fibroblasts into 
cardiomyocytes was achieved using microRNAs both in vitro and in vivo with 
improved cardiac regeneration (Jayawardena et al. 2012, 2015). Similar to iPSCs, 
reprogramming fibroblasts into cardiomyocytes occurs at low efficiency and may 
lead to the formation of immature cardiomyocyte-like cells rather than bona fide 
mature cardiomyocytes. Interestingly, recent studies showed that reprogramming 
efficiency could be enhanced significantly via upregulation of Akt1, as well as 
through inhibition of pro-fibrotic signaling (Zhou et al. 2015; Zhao et al. 2015). 
Further studies are necessary in order to generate mature and functional cardiomyo-
cytes, as well as to fully understand the molecular mechanisms of reprogramming 
before moving forward to the clinic.

1.3  Future of Cell Therapy

Cardiac cell therapy has witnessed enormous achievements over the past decade. 
Cardiac cell therapy appears to be safe, with minimal adverse effects, while show-
ing potential therapeutic benefits. However, cardiac cell therapy is not yet a clear 
success, as some analyses revealed no therapeutic benefit in acute myocardial 
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infarction patients (Gyongyosi et al. 2015; Fisher et al. 2015). There is no consensus 
on which cell type will prove to be most effective. A recent study aimed at compar-
ing hESC-CMs, cardiovascular progenitors (CVPs), and bone marrow mononuclear 
cells in a nude rat model of myocardial infarction (Fernandes et al. 2015). 
Interestingly, hESC-CMs and CVPs showed comparable improvement of cardiac 
repair, while bone marrow cells were less efficient (Fernandes et al. 2015). 
Comparing different cells is an important step in order to understand the optimal 
cell therapy for humans.

The results from large outcome trials are highly anticipated in order to deter-
mine the impact and the usefulness of cells in cardiac therapy. Although the mech-
anism of action of different cell types may vary, whether through direct 
differentiation into new myocardium, neovascularization, or paracrine effects, we 
need to expand our understanding at the molecular level. Clinical trials are the 
gold standard for assessing any treatment, but owing to the controversies within 
the cell therapy field, it is important to take a step back and progress at both the 
bench and the bedside. The lessons learned from heart regeneration in lower ver-
tebrates and neonatal mice should improve our understanding of the promising 
approaches to regenerating the adult heart. Cardiac cellular therapy does lead to 
the complete regenerative response seen in animal models of endogenous heart 
regeneration, and thus there are many lessons to be learned from nature.
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Abstract
The adult myocardium harbours a population of resident (endogenous) multipo-
tent cardiac stem and progenitor cells (eCSCs). Manipulation of these cells in 
situ and ex vivo has opened new therapeutic avenues for anatomical and func-
tional myocardial regeneration. However, recently the ability of the c-kitpos stem 
and progenitor cells to transdifferentiate into new cardiomyocytes has been dis-
puted. Within an already highly controversial research field, these publications 
have caused significant confusion in their interpretation. Importantly, identify-
ing, tracing and characterising stem and progenitor cells according to expression 
of a single surface receptor such as c-kit do not identify eCSCs. As discussed in 
this chapter, eCSCs isolated from the adult heart have a specific phenotype, being 
negative for blood lineage markers such as CD34, CD45 and CD31, and exhibit 
properties of stem and progenitor cells, being clonogenic, self-renewing and 
multipotent. Under the appropriate conditions, eCSCs differentiate into fully 
functional beating cardiomyocytes and regenerate cardiomyocytes lost from 
damage in vivo. Finally, eCSCs are susceptible to the effects of ageing, making 
regulation of this parameter highly impactful in the efficacy of myocardial regen-
erative therapies.

Despite the adult mammalian heart being composed of terminally differentiated 
cardiomyocytes that are permanently withdrawn from the cell cycle (Nadal-Ginard 
1978; Chien and Olson 2002), it is now apparent that the adult heart has the capac-
ity, albeit low, to self-renew cardiomyocytes over the human lifespan (Bergmann 
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et al. 2009, 2015). This is supported by the detection of small, newly formed, imma-
ture cardiomyocytes, which incorporate BrdU/EdU and/or stain positive for Ki67, 
Aurora B and embryonic/neonatal myosin heavy chain (Fig. 2.1), as well as cardio-
myocytes undergoing mitosis, under normal conditions and in response to diverse 
pathological and physiological stimuli (Urbanek et al. 2003, 2005; Bergmann et al. 
2009; Boström et al. 2010; Overy and Priest 1966; Kajstura et al. 1998; Waring 
et al. 2014). The source of these newly formed cardiomyocytes is still a matter of 
debate (Laflamme and Murry 2011). Three main sources of origin of the new car-
diomyocytes have been claimed: (a) circulating progenitors, which through the 
bloodstream home to the myocardium and differentiate into cardiomyocytes (Quaini 
et al. 2002); (b) mitotic division of the pre-existing cardiomyocytes (Boström et al. 

Fig. 2.1 Regenerating cardiomyocytes in the adult rat heart. Two small regenerating cardiomyo-
cytes (arrowheads) detected using a mouse monoclonal myosin heavy chain (developmental) pri-
mary antibody (Novocastra, Leica Biosystems). This antibody recognises a MHC present during 
the embryonic and period in the development of skeletal muscle, and the same MHC is re-expressed 
during regeneration of new skeletal muscle fibres (Ecob-Prince et al. 1989; Williams et al. 2001)
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2010; Bersell et al. 2009; Kühn et al. 2007; Senyo et al. 2013); and (c) a small popu-
lation of resident multipotent stem cells able to differentiate into the main cell types 
of the heart (i.e. cardiomyocytes, smooth and endothelial vascular and connective 
tissue cells) (Torella et al. 2007; Rasmussen et al. 2011).

Blood-borne precursors are well documented for having a role in inflammation 
and healing. When adult mouse bone marrow cells were injected into the chick 
embryo, they converted to a myocardial phenotype (Eisenberg et al. 2006). Their 
cardiomyogenic potential in the damaged adult heart is however at best very much 
limited (Loffredo et al. 2011; Ellison et al. 2013). The evidence so far presented in 
support of re-entry of terminally differentiated cardiomyocytes into the cell cycle 
has been limited to show division of cells that express proteins of the contractile 
apparatus in their cytoplasm (Boström et al. 2010; Bersell et al. 2009; Kühn et al. 
2007; Senyo et al. 2013). This evidence is equally compatible with new myocyte 
formation from the pool of multipotent cardiac stem/progenitor cells, which as pre-
cursor cells express contractile proteins, and because newly born myocytes are not 
yet terminally differentiated, they are capable of a few rounds of division before 
irreversibly withdrawing from the cell cycle (Nadal-Ginard et al. 2003).

The best documented source of the small, immature, newly formed cardiomyo-
cytes in the adult mammalian heart, including the human, is a small population of 
endogenous cardiac stem and progenitor cells (eCSCs) distributed throughout the 
atria and ventricles, which can give rise to functional cardiomyocytes and vascula-
ture in vitro and in vivo (Torella et al. 2007; Ellison et al. 2007a). Importantly, owing 
to genetic labelling and transitional tracking, it is now documented that the newly 
formed cardiomyocytes observed in the adult mammalian heart are the product of 
eCSC differentiation (Hsieh et al. 2007; Ellison et al. 2013; van Berlo et al. 2014).

2.1  Phenotype and Characteristics of eCSCs

The first report of endogenous cardiac stem and progenitor cells in the adult mam-
malian heart was in 2003 (Beltrami et al. 2003), and since then their existence has 
been confirmed by a number of independent groups. Although a variety of markers 
(c-kit, Sca-1, PDGFrα, Wt1) have been proposed to identify eCSCs in different spe-
cies and throughout development (Oh et al. 2003; Matsuura et al. 2004; Messina 
et al. 2004; Martin et al. 2004; Laugwitz et al. 2005; Moretti et al. 2006; Kattman 
et al. 2006; Wu et al. 2006; Smart et al. 2011; Chong et al. 2011; Noseda et al. 
2015), it still remains to be determined whether these markers identify different 
populations of eCSCs or, more likely, different developmental and/or physiological 
stages of the same cell type (Ellison et al. 2010; Keith and Bolli 2015).

The progeny of a single eCSC is able to differentiate into cardiomyocytes, 
smooth muscle and endothelial vascular cells and, when transplanted into the border 
zone of an infarct, regenerates functional contractile muscle and the microvascula-
ture of the tissue (Beltrami et al. 2003; Ellison et al. 2013). In a normal adult myo-
cardium, at any given time, most of the eCSCs are quiescent, and only a small 
fraction is active to replace the cardiomyocytes and vascular cells lost by wear and 
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tear. In response to stress (hypoxia, exercise, work overload or diffuse damage), 
however, a proportion of the resident eCSCs are rapidly activated; they multiply and 
generate new muscle and vascular cells (Urbanek et al. 2003; Ellison et al. 2007a, 
2013; Waring et al. 2014), contributing to cardiac remodelling. The activation of the 
eCSCs is able to regenerate the myocardial cells lost as a consequence of diffuse 
myocardial damage, which kills up to 10% of the myocardial mass (Ellison et al. 
2013), and their transplantation can regenerate the contractile cells lost as a conse-
quence of a major acute myocardial infarction (AMI) affecting up to 25% of the left 
ventricular mass (Beltrami et al. 2003; Ellison et al. 2013).

2.1.1  c-kitpos Stem and Progenitor Cells

c-kit, also known as CD117, is a tyrosine kinase type III receptor, which is expressed 
in several cell types and plays a significant role in a variety of cell functions, includ-
ing identifying haematopoietic stem cells while regulating their cell fate (Roskoski 
2005). c-kit positive (c-kitpos) stem, and progenitor cells have been identified in the 
myocardium that are also positive for Sca-1 and MDR-1 (ABCG2) yet are negative 
for markers of the blood cell lineage, CD31, CD34 and CD45 (described as lineage- 
negative). They are self-renewing, clonogenic and multipotent and exhibit signifi-
cant regenerative potential when injected into the adult rat heart following a 
myocardial infarction (MI), forming new cardiomyocytes and vasculature and 
restoring cardiac function (Beltrami et al. 2003; Ellison et al. 2013). c-kitpos eCSCs 
with similar properties to those originally identified in the rat have been identified 
and characterised in the mouse (Messina et al. 2004; Fransioli et al. 2008), dog 
(Linke et al. 2005), pig (Ellison et al. 2011) and human (Messina et al. 2004; Torella 
et al. 2006; Bearzi et al. 2007; Arsalan et al. 2012). These cells are present at a simi-
lar density in all species (~1 eCSC per 1000 cardiomyocytes or 45,000 human 
eCSCs per gram of tissue) (Torella et al. 2007). Similar to the rodent heart, the dis-
tribution of c-kitpos eCSCs in the pig and human heart varies with cardiac chamber, 
and this will differ in the human depending on disease status (our unpublished find-
ings). The adult-derived c-kitpos eCSCs are very similar in their characteristics and 
potential to a population of cardiac-specific (c-kitpos/Nkx2.5pos) cells identified in the 
mouse embryo that differentiate into cardiomyocytes and also smooth muscle cells 
(Wu et al. 2006). Indeed, similar to adult-derived eCSCs, embryonic cardiac c-kitpos/
Nkx2.5pos cells possessed the capacity for long-term expansion in vitro, clonogenic-
ity and differentiation into both cardiomyocytes and smooth muscle cells from a 
single-cell-derived colony (Wu et al. 2006).

Recently considerable confusion has mounted because of the development of 
genetic lineage tracing mouse models according to the expression of c-kit. Stem 
cells, as defined by Potten and Loeffler, are “undifferentiated cells capable of (1) 
proliferation, (2) self-maintenance, (3) production of large number of differentiated 
progeny, (4) regeneration of the tissue after injury, and (5) flexibility in the use of 
these options” (Potten and Loeffler 1990). It is important to iterate that a cell must 
possess these characteristics to be defined a stem cell; identifying, tracing and 
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characterising stem cells according to expression of a single surface receptor (Tallini 
et al. 2009; Jesty et al. 2012; van Berlo et al. 2014; Sultana et al. 2015), such as 
c-kit, do not identify eCSCs. Thus, relying on genetic labelling of c-kitpos cells or 
quantifying c-kitpos cells within any tissue, including the heart, to extrapolate their 
plasticity or regenerative potential is in our view a major biological and practical 
pitfall that brings data which require a careful interpretation.

In the adult heart, the total population of c-kitpos cells (including the CD45pos frac-
tion representing cardiac mast cells and CD34/CD31pos cells representing vascular 
progenitors and cells; Fig. 2.2) have little cardiomyogenic potential (van Berlo et al. 
2014; Sultana et al. 2015) and following cryogenic injury (induced by touching a 
1 mm diameter copper probe that is equilibrated in liquid nitrogen to the apex of the 
left ventricle) or myocardial infarction (induced by ligation of left anterior descend-
ing coronary artery) contribute predominantly through revascularisation of the dam-
aged tissue (Tallini et al. 2009; Jesty et al. 2012; van Berlo et al. 2014; Sultana et al. 
2015). These cells express Flk-1 and/or Pecam-1 (CD31) suggesting they are primar-
ily vascular progenitors and bear more resemblance to the bone marrow-derived 
c-kitpos/Sca-1pos/Flk-1pos cells identified by Fazel and colleagues, which following a 
myocardial infarction home to the heart and contribute to the revascularisation of the 
infarcted/damaged area by establishing a pro-angiogenic milieu (Fazel et al. 2006). 
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Fig. 2.2 c-kitpos cells in the adult heart are not all stem/progenitor cells. c-kit-positive cells in the 
adult represent cardiac mast cells (MAST), endothelial cells (EC), endothelial progenitor cells 
(EPC) and cardiac stem cells (CSC). CSCs express c-kit at a lower level compared to mast cells, 
endothelial cells and endothelial progenitor cells. CSCs have a phenotype of c-kitpos/low, CD45neg, 
tryptaseneg, CD31neg and CD34neg and are clonogenic, self-renewing and multipotent, differentiating 
into the three cardiac lineages: cardiomyocyte, endothelial and smooth muscle cells
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Importantly, the c-kitpos eCSCs are CD34 and CD31 negative (Smith et al. 2014) 
making them distinguishable from these vascular progenitor c-kitpos cells (Fang et al. 
2012) (Fig. 2.2).

Despite the extensive characterisation of c-kitpos eCSCs, where they meet all five 
properties of the ‘stem cell’ definition given above, their role and significance in the 
adult mammalian heart have been continually questioned (Passier et al. 2008; Pouly 
et al. 2008; Zaruba et al. 2010; van Berlo and Molkentin 2014). Pouly et al. investi-
gated c-kitpos cells in endomyocardial, right ventricular (RV) biopsies and right atrial 
appendages of heart transplant recipients 73.5 months post-transplantation. Using 
immunohistochemistry they found that c-kitpos cells were rare (1/mm2 atrial tissue 
and 2.7/mm2 RV tissue). None of the c-kitpos cells identified expressed Nxk2.5 or 
CD105; however, all of these cells expressed CD45 and tryptase, identifying them as 
cardiac mast cells. It is not surprising that the authors only identified mast cells, as 
cardiac mast cells account for ~80% of the total number of c-kitpos cells in the atria 
(Ellison et al. 2011).

An important consideration when isolating c-kitpos eCSCs using the enzymatic 
tissue digestion method (Smith et al. 2014) is to allow liberation of all eCSCs from 
deep within the myocardium, but also being aware that the c-kit receptor can be 
affected by over-enzymatic digestion becoming internalised (Lévesque et al. 2003).

2.1.2  Sca-1pos and Side Population Progenitor Cells

Sca-1pos, lineage-negative cardiac progenitor cells (CPCs) were first described in 
2003 and are resident non-myocyte cells from the adult murine heart expressing stem 
cell antigen 1 (Sca-1). While the total Sca-1 CPCs express early cardiac- specific fac-
tors such as Gata-4 and MEF2C (Oh et al. 2003; Matsuura et al. 2004), only a frac-
tion of them exhibit stem cell properties of self-renewal and clonogenicity (Ye et al. 
2012; Chong et al. 2011; Matsuura et al. 2004; Noseda et al. 2015). Sca-1pos CPCs are 
capable of cardiomyogenic differentiation in vitro (Oh et al. 2003; Ye et al. 2012; 
Matsuura et al. 2004; Takamiya et al. 2011; Chong et al. 2011; Wang et al. 2006) and 
exhibit in vivo cardiomyogenic regenerative potential (Oh et al. 2003; Noseda et al. 
2015; Wang et al. 2006; Takamiya et al. 2011). Sca1pos CPCs also show differentia-
tion into both endothelial and smooth muscle lineages (Ye et al. 2012; Wang et al. 
2006; Takamiya et al. 2011; Iwakura et al. 2011; Noseda et al. 2015). It is worth not-
ing that there is also a population of Sca1pos vascular progenitor cells which resides 
within the arterial adventitia (AdvSca1 cells) that have been shown to be regulated 
by sonic hedgehog signalling (Shh) (Passman et al. 2008).

Side population (SP) cells were first characterised as a primitive population of 
haematopoietic stem cells characterised by their unique ability to efflux the DNA- 
binding dye, Hoechst 33342 (Goodell et al. 1996). SP cells have since been isolated 
from extra-haematopoietic tissues, including bone marrow, skeletal muscle, liver, 
brain, heart and lung (Asakura and Rudnicki 2002), and the ATP-binding cassette 
transporter (ABCG2) has been identified as a molecular determinant of the SP phe-
notype (Zhou et al. 2001; Martin et al. 2004). Hierlihy et al. first reported that the 
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adult myocardium contained an endogenous cardiac SP with stem cell-like activity 
and identified that this Hoechst dye-excluding population constituted ~1% of total 
cardiac cells in the mouse postnatal heart (Hierlihy et al. 2002). Transcriptional 
profiling revealed that the cardiac SP exhibits a Sca-1pos, c-kitlow, CD34neg and 
CD45neg phenotype (Martin et al. 2004), and further interrogation of these cells 
revealed that 75% express the endothelial marker, CD31. However, the Sca-1pos 
CD31neg population was subsequently identified as having the greatest cardiomyo-
genic potential and was found to represent ~10% of the total cardiac SP (Martin 
et al. 2004; Wang et al. 2006; Pfister et al. 2005; Oyama et al. 2007).

Although Sca-1 appears to be an ideal marker for isolating and identifying CPCs, 
its homology hasn’t been confirmed in any species, other than mouse. This poses a 
significant problem when translating research to develop human regenerative thera-
pies. As c-kitpos eCSCs express Sca-1 (Smith et al. 2014) and the c- kitposCD45negCD31neg 
and Sca-1posCD31neg cell populations exhibit similar number, self-renewing, clonoge-
nicity and differentiation potential in vitro and in vivo, it can be concluded that they 
are probably the same cell population and will only differ in their level of expression 
of c-kit and/or Sca-1 depending on their physiological/differentiation state.

2.2  Cardiac Differentiation Potential of eCSCs

Despite the extensive published data from different groups in support of the regen-
erative cardiomyogenic potential of the eCSCs in vivo (Ellison et al. 2013; Beltrami 
et al. 2003; Li et al. 2011; Noseda et al. 2015; Hsieh et al. 2007; Mohsin et al. 2012; 
Fischer et al. 2009; Angert et al. 2011), scepticism exists over an eCSC’s potential 
to differentiate into a fully functional synchronised beating cardiomyocyte. The first 
demonstration that a cardiosphere-forming progenitor cell type isolated from the 
mouse heart could form spontaneous beating myocyte colonies in vitro was from 
Messina et al. (2004). Then it was shown that Sca-1pos/CD31neg/CD34neg/CD45neg 
eCSCs isolated from adult mice hearts differentiated into active contracting cardio-
myocytes in vitro (Pfister et al. 2005). We have also shown that clonal c-kitpos eCSCs 
differentiate into functionally competent beating cardiomyocytes following supple-
mentation with a stage-specific growth factor cocktail targeting TGFβ and Wnt sig-
nalling pathways, recapitulating the morphogens present during embryonic 
development (Smith et al. 2014). This stage-specific regime is not dissimilar to that 
used to induce differentiation of ESCs and iPSCs into the functional cardiomyo-
genic embryoid bodies in vitro (Yang et al. 2007). Therefore, like other stem cells, 
under the appropriate conditions eCSCs do have cardiomyogenic capability, differ-
entiating into functionally competent, beating cardiomyocytes in vitro.

When c-kitpos cells are transplanted intramyocardially in the border/infarct zone of 
myocardial infarcted hearts, reports have also shown lack of their ability to differenti-
ate into cardiomyocytes. This lack of differentiation capability is most likely due to 
lack of characterisation of the transplanted cell type, poor cell survival and retention, 
hostile host environment and subsequent restriction of cell proliferation and integra-
tion and differentiation in this damage-regeneration infarct model. Similar findings 
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have been shown for Sca-1pos CPCs (Noseda et al. 2015) and other stem/progenitor 
cells, including ESCs (Don and Murry 2013). Furthermore, whether the cells are 
injected as freshly isolated or pre-cultured and expanded in vitro or clonogenic cells 
will influence their survival and subsequent proliferation, integration and differentia-
tion post-transplantation. Stem cells are maintained in a quiescent state until activated 
by injury in vivo (Ellison et al. 2007b) or another stimulus ex vivo (i.e. cell culture). 
Therefore, a freshly isolated stem cell, as well as being highly stressed following iso-
lation from its niche, is quiescent and, unless activated, will not exit from G0 and, 
upon transplantation, coupled with the hostile host environment, will be more prone 
to death and/or not likely to proliferate. A cycling- competent stem cell that has been 
propagated in vitro is more robust and shows increased survival and proliferation 
post-transplantation (our unpublished findings). Additionally, a clonogenic popula-
tion, derived from a single cell, is multipotent and able to give rise to cells of all three 
cardiac lineages. We have shown that clonogenic eCSCs injected intramyocardially 
following myocardial infarction can replenish up to 20% of cardiomyocytes in the 
infarct zone, resulting in improved LV function (Ellison et al. 2013).

As stated above certain criteria need to be met to ensure that a cell can be defined 
as a ‘stem/progenitor’ cell. These include being self-renewing, clonogenic and mul-
tipotent. A cell that is injected in vivo to test its regenerative potential should at least 
show these characteristics in vitro and prior to transplantation. Unfortunately, only 
a few publications show that the cells they inject have the properties of stem and 
progenitor cells. Instead because they express stem cell markers such as c-kit or 
Sca-1 and have been isolated from myocardial tissue, they assume that they are 
eCSCs, when in fact they are very likely not, but rather CD34pos/CD31pos vascular 
progenitors and will give rise to new vasculature once transplanted.

It is currently disputed if adult tissue-specific stem cells possess true pluripotency. 
Indeed, Sca1pos CPCs and c-kitpos eCSCs have shown capability of differentiation into 
noncardiac lineages in vitro and in vivo (Takamiya et al. 2011; Chong et al. 2011; 
Miyamoto et al. 2010). Interestingly it has been reported that the level of Sca-1 expres-
sion may actually play a role in their differentiation potential with Sca-1 high CPCs 
having a broader differentiation potential, showing osteogenic, chondrogenic, smooth 
muscle, endothelial and cardiac differentiation in vitro than Sca-1 low CPCs (Takamiya 
et al. 2011). In vivo teratoma formation assays have also shown that while Sca-1pos 
CPCs alone do not form tumours, when injected alongside ESCs, they differentiate 
into cells of the three germ layers (Chong et al. 2011), although this broad develop-
mental plasticity is yet to be shown in tissue regeneration and repair in vivo.

2.3  The Controversy

As outlined above eCSCs are small primitive cells, positive for stem cell surface recep-
tor markers (i.e. c-kit, Sca-1) and negative for markers of the haematopoietic and endo-
thelial lineage (i.e. CD45 and CD31) and mast cells (i.e. tryptase). They exhibit 
properties of stem cells, being clonogenic and self-renewing, and differentiate into car-
diomyocytes, smooth muscle and endothelial cells, both in vitro and in vivo. Despite 
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these reputable published data, recently, by targeting the c-kit locus with multiple 
reporter genes in mice, the significance of c-kitpos eCSCs to give rise to cardiomyocytes 
in vivo has been challenged (van Berlo et al. 2014; Sultana et al. 2015). Instead, these 
papers suggest a largely vasculogenic and advential lineage predisposition of c-kitpos 
cells, which isn’t surprising considering 90% of c-kitpos cells from the adult heart are 
CD31-positive (our unpublished data).

In the following sections we like to point out specific limitations of previous 
studies questioning the existence of eCSCs:

 1. c-kitpos cells vs. c-kitpos eCSCs: c-kit is expressed in numerous cell types in the 
bone marrow (haematopoietic stem and progenitor cells and mast cells), endo-
thelial (and circulating progenitor) cells, prostate stem cells and interstitial cells 
of Cajal. Elimination of these cells, and in particular of CD45pos/c-kitpos/tryptas-
epos mast cells and CD34pos/CD31pos/c-kitpos endothelial progenitors which are 
several-fold higher in number in the heart than the eCSCs, from analysis is 
essential (Ellison et al. 2011, 2013; Smith et al. 2014). The CD45neg/CD31neg/
CD34neg/tryptaseneg/c-kitpos eCSCs make up a small population (~2–8%) of the 
total c-kitpos cells (Smith et al. 2014). Therefore, when using genetic lineage trac-
ing to target the c-kit locus at large, definitive conclusions cannot be drawn on 
the cardiomyogenic potential of the eCSCs per se. Finally, the presented data is 
in agreement with our observation that a very small percentage of the tagged 
c-kitpos cells can generate cardiomyocytes and can therefore be considered.

 2. Level of c-kit expression: Our preliminary, unpublished data show that c-kit in 
eCSCs is expressed at a significantly lower level than in the mast cells and endo-
thelial progenitor cells. Whether c-kit/cre lineage tracing models are able to tag 
and enable effective cre recombination to occur over the time periods tested in 
the lower c-kit-expressing eCSC cohort has not yet been determined (Nadal- 
Ginard et al. 2014).

 3. Injury model: The adult heart has a low cardiomyocyte renewal rate, and although 
this rate may increase somewhat after injury, the heart itself is unable to effect 
large-scale cardiac regeneration, as would be expected from it following a myo-
cardial infarction. Since the discovery of eCSCs, investigators have used the 
small animal myocardial infarction model to claim the lack of significance and 
cardiomyogenic regenerative potential of eCSCs. We question whether this spe-
cific model in light of the naturally low abundance of eCSCs is suited to support 
this claim. No solid organ, even with a large stem cell reserve and renewal capa-
bility, can regenerate itself from ligation of its main artery resulting in large 
segmental loss of tissue (Ellison et al. 2012). Therefore, when using the 
 myocardial infarction model there will be very little spontaneous regeneration of 
cardiomyocytes (<0.01%), whether coming from resident, endogenous stem 
cells (Smart et al. 2011; van Berlo et al. 2014; Sultana et al. 2015; Hsieh et al. 
2007) or proliferation of the survived cardiomyocytes (Senyo et al. 2013).

We have developed in our view a more physiologically relevant cardiac 
damage model that is in the presence of a patent coronary circulation and more 
recapitulates muscle wear and tear. When a single excessive (200 mg/kg for 
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mouse; 5 mg/kg for rat) dose injection (s.c.) of the synthetic catecholamine, 
isoproterenol (ISO), is administered, there is significant diffuse sub-endocar-
dial and apical cardiomyocyte necrotic death, resulting in a dropout of ~10% 
cardiomyocytes at 24 h post ISO (Goldspink et al. 2004; Ellison et al. 2007b, 
2013). This leads to the development of acute cardiac failure; however, the 
myocardial damage and heart failure spontaneously reverse anatomically and 
functionally by 28 days (Ellison et al. 2013). Using the acute ISO model, we 
showed that the adult heart has intrinsic regenerative capacity, where the 
eCSCs restore cardiac function by regenerating the lost cardiomyocytes. When 
ISO injury was followed by a 4-week regime of the anti-proliferative agent 
5-FU for ablation of eCSC expansion and consequent differentiation, no car-
diac regeneration and functional recovery was apparent with animals ending in 
overt heart failure. However, the regenerative process is completely restored by 
replacing the ablated eCSCs with the progeny of one eCSC. After regenera-
tion, selective suicide of these exogenous CSCs and their progeny abolishes 
regeneration, severely impairing ventricular performance. Thus, eCSCs are 
necessary and sufficient for the regeneration and repair of myocardial damage 
(Ellison et al. 2013). Incidentally, the acute ISO model should not be confused 
with chronic administration of ISO over a minimum of 7 days leading to heart 
failure and cardiac remodelling with significant fibrotic scar formation and as 
used by van Berlo et al. (2014).

2.4  Origin of eCSCs

An intriguing question concerning eCSCs resident in the heart is whether they are 
directly descended from lineages which have been present since early development 
or have possibly ‘migrated’ to the heart later in life. c-kitpos/Nkx2.5pos eCSCs have 
been identified in early cardiogenic mesoderm (Wu et al. 2006) and in murine 
embryonic hearts at E6.5 (Ferreira-Martins et al. 2012), a period of development 
currently thought to be confined solely to first heart field progenitors during primi-
tive heart tube formation.

A study of Nkx2.5-positive, multipotent cardiac stem/progenitor cells early in 
development found expression of c-kit in ~28% of these cells, which were also 
negative for CD45, demonstrating that c-kit expression marks a major subset of 
cardiac progenitors during development (Wu et al. 2006). Furthermore, Nkx2.5pos, 
c-kitpos cells were more proliferative and less differentiated than Nkx2.5pos, c-kitneg 
cells; this correlation was not found with Sca-1 expression levels in Nkx2.5pos cells 
(Wu et al. 2006). However, it has not been determined if the adult c-kitpos eCSCs are 
directly descended from these cells. Analysis of GFP-positive cells in the embryo of 
a c-kit-GFP transgenic mouse during cardiac development showed a c-kit- expressing 
population of progenitor cells that was resident in the heart and did not migrate from 
extra-cardiac tissue (although a contribution to the c-kit-positive population from 
extra-cardiac sources could not be excluded) and were present in the postnatal 
period (Ferreira-Martins et al. 2012). These cells were also shown to have 
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comparable properties to c-kitpos eCSCs in adult life in terms of proliferation, mul-
tipotency and myocardial regenerative capacity (Ferreira-Martins et al. 2012).

Recently, using high-resolution genetic fate-mapping approaches with 
c- kitCreERT2/+ and Wnt1::Flpe mouse lines, Hare and colleagues have shown that c-kit 
identifies a population of multipotent progenitors of cardiac neural crest origin 
(Hatzistergos et al. 2015). Recent evidence reviewed by Keith and Bolli (Keith and 
Bolli 2015) support the concept that c-kit-expressing cells in the heart are not lim-
ited to originating from one progenitor cell; rather c-kit expression is a property of 
cells that originate from multiple pools of progenitors in the developing and postna-
tal heart (e.g. FHF, proepicardium). Moreover, c-kit expression by itself does not 
define the embryonic origin, lineage commitment capabilities or differentiation 
potential of the various groups of progenitors (Keith and Bolli 2015).

2.5  Impact of Ageing and Senescence on eCSCs

Ageing poses the largest risk factor for cardiovascular disease (North and Sinclair 
2012). Although long-term exposure to known cardiovascular risk factors strongly 
drives the development of cardiovascular pathologies, intrinsic cardiac ageing is 
considered to highly influence the pathogenesis of heart disease (Dutta et al. 2012). 
However, the fields of the biology of ageing and cardiovascular disease have been 
studied separately, and only recently their intersection has begun to receive the 
appropriate attention.

Over the course of ageing, the heart undergoes a number of anatomical, functional 
and cellular alterations. Early diastolic left ventricular (LV) filling, LV contractility 
and ejection fraction all decrease during ageing leading to a reduced cardiac output 
(Schulman et al. 1992; Fleg et al. 1995; Lakatta and Levy 2003a). In an attempt to 
compensate for the reduction in cardiac output, the myocardium is triggered to 
increase its muscle mass by undergoing hypertrophy, which in the long- term results 
in weakened cardiac function. Ageing of the arterial system is exemplified by 
increased arterial thickening and stiffness, luminal enlargement and dysfunctional 
endothelium with decreased responsiveness to stress and injury (Lakatta and Levy 
2003b). Arterial stiffness contributes to LV pathological hypertrophy and stimulates 
fibroblast proliferation causing myocardial and arterial fibrosis. Impaired heart rate 
is another characteristic of the ageing heart. Loss of sinoatrial node cells together 
with fibrosis and hypertrophy, slow electric impulse propagation throughout the 
heart causes decreased maximum heart rate and arrhythmias (Antelmi et al. 2004). 
Thus, age-imposed anomalies of the cardiovasculature led to the onset of a variety of 
age-related pathologies, including ischemia, hypertension, atherosclerosis, age-
related macular degeneration and stroke (North and Sinclair 2012).

Mammalian ageing has been defined as a gradual loss of the capacity to maintain 
tissue homeostasis or to repair tissues after injury or stress (Jeyapalan and Sedivy 
2008). It is now well known that tissue regeneration and homeostasis are controlled 
by the tissue-specific stem-progenitor cell compartment present in every tissue 
(Weissman 2000; Li and Clevers 2010). Therefore, it is logical to postulate that 
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pathological and pathophysiological conditions associated with distorted homeosta-
sis and regenerative capacity, such as ageing, correlate with impairments in the cor-
responding stem cell pool (Sharpless and DePinho 2007; Rossi et al. 2008; Beltrami 
et al. 2011). Indeed, there is an already well-established overlap between ageing and 
stem cell impairment, observed in a number of organs and tissues (Martin et al. 
1998; Flores et al. 2005; Liang et al. 2005; Nishimura et al. 2005; Janzen et al. 2006; 
Krishnamurthy et al. 2004; Molofsky et al. 2006; Beerman et al. 2010). Tissue- 
specific stem cells decline with age due to several factors including telomere short-
ening, DNA damage and external influences affecting stem cell niche homeostasis 
(Sharpless and DePinho 2007). In recent years, accumulated evidence signified that 
cardiac ageing and pathology affects eCSC activity and potency, and therefore this 
diminishes the capacity of the myocardium to maintain homeostasis (Chimenti et al. 
2003; Torella et al. 2004; Urbanek et al. 2005; Sharpless and DePinho 2007; Rossi 
et al. 2008; Thijssen et al. 2009; Kajstura et al. 2010; Cesselli et al. 2011). As the 
majority of cardiovascular disease patients are of advanced age, we should focus on 
the biology of aged CSCs to reflect the aetiology of cardiovascular disease observed 
in the clinic.

In the heart, ageing and disease are shown to be associated with a significant 
accumulation of senescent and dysfunctional cardiomyocytes and eCSCs display-
ing attenuated telomerase activity, telomeric erosion, high incidence of telomere- 
induced dysfunction foci and elevated expression of the cyclin-dependent kinase 
inhibitors (CDKIs) p16INK4a and p21Cip1 (Chimenti et al. 2003; Torella et al. 
2004; Gonzalez et al. 2008; Kajstura et al. 2010; Cesselli et al. 2011; Rota et al. 
2006; Urbanek et al. 2005) (Fig. 2.3). Nevertheless, a population of functional 
eCSCs, which express telomerase, lack expression of senescent markers and express 
the cycling protein, Ki67, have been shown to persist in aged hearts (Urbanek et al. 
2003; Dawn et al. 2005). Indeed, in the setting of pathophysiological ageing, 
telomerase- competent eCSCs with normal telomerases can still be found in various 
cardiac regions, which have the capacity to migrate to injured zones and generate a 
healthy progeny partly reversing the senescent phenotype and improving cardiac 
performance (Gonzalez et al. 2008). Unpublished data from our lab has found that 
the number of eCSCs that can be isolated from human myocardial samples is simi-
lar regardless of age, gender and pathology (~45,000/g of tissue). While eCSCs 
isolated from human hearts showed age-correlated increased expression of ageing/
senescence markers and decreased expression of stemness/multipotency and prolif-
eration markers. Moreover, ‘aged-senescent’ eCSCs show limited cloning and 
growth capacity and impaired cardiac differentiation capacity. Importantly, although 
the cloning efficiency was inversely age-related, single-cell-derived eCSC clones 
obtained from younger and older human hearts are indistinguishable by their gene 
expression and differentiation potential. These data suggest that while the loss of 
functionally competent eCSCs may underlie the progressive functional deteriora-
tion documented with age, eCSC ageing itself may be a stochastic process that does 
not affect all eCSCs in a cell autonomous manner.

Senescent cells are characterised by impaired proliferation, an altered gene 
expression profile, resistance to apoptosis and epigenetic modifications, as well as 
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producing an altered secretome, which acts on adjacent as well as distant cells, 
causing fibrosis, inflammation and a possible carcinogenic response (Kuilman and 
Peeper 2009; Kuilman et al. 2010; Rodier and Campisi 2011; Baker et al. 2011; 
Tchkonia et al. 2013). Although a universal marker exclusively expressed in senes-
cent cells has not been identified, most senescent cells express p16INK4a, which is 
not commonly expressed by quiescent or terminally differentiated cells (Baker et al. 
2011; Rodier and Campisi 2011). p16INK4a, which becomes progressively 
expressed with age, enforces cell-cycle arrest by activating retinoblastoma (RB) 
tumour-suppressor protein (Krishnamurthy et al. 2004; Kim and Sharpless 2006).

Interestingly, a recent study demonstrated silencing of p16INK4a in geriatric 
satellite cells restored their quiescence and regenerative potential (Sousa-Victor 
et al. 2014). Similarly, induction of p16INK4a has been shown to induce features of 
ageing and inhibit proliferation of intestinal stem cells; however, subsequent with-
drawal of p16INK4a even after several weeks of induction is sufficient to allow 
rapid recovery of the affected cells (Boquoi et al. 2015). A recent study demon-
strated that genetic reduction of p16INK4a reverses the pathology observed in 
dilated cardiomyopathy (Gonzalez-Valdes et al. 2015). Together these findings sug-
gest that p16INK4a-expressing cells may exist in a pre-senescent state, which is 
potentially reversible.

Old eCSCs
Rejuvenation

IGF-1
Pim1
Wnt

SASP

e.g. IL-6, MMPs
TNF, TGFβ

Young eCSCs

Self-renewing

Multipotent

Telomere
shortening

Epigenetic changes

Senescence, Apoptosis,
Limited self-renewal

DNA damage

p16INK4a

Mitochondrial dysfunction

ROS

ROS
ROS

Fig. 2.3 Pathways contributing to eCSC dysfunction in the ageing process. eCSC ageing is regu-
lated by a combination of intrinsic and extrinsic factors. Intrinsic changes include increased senes-
cent marker expression, e.g. p16INK4a, DNA damage, telomere attrition, increased intracellular 
ROS, mitochondrial dysfunction and ageing-associated epigenetic changes, all of which are chal-
lenging to reverse in a clinically translatable manner. Extracellular changes include systemic cir-
culating factors, local factors secreted by the niche and the SASP, which can negatively modulate 
cell function. These extrinsic pathways are potentially reversible and provide potential therapeutic 
targets to rejuvenate eCSCs and reverse the senescent, dysfunctional phenotype
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Accumulation of p16INK4a-positive senescent cells within a tissue has been 
reported to exacerbate dysfunction as these impaired cells have an altered secre-
tome consisting of matrix metalloproteinases, growth factors and inflammatory 
cytokines, known collectively as the senescent-associated secretory phenotype 
(SASP) (Coppé et al. 2010) (Fig. 2.3). The SASP can promote senescence of 
neighbouring cells, and this bystander effect has been shown to negatively affect 
the host tissue composition in a paracrine fashion (Acosta et al. 2008; Campisi 
2005). Researchers at the Mayo clinic have shown that in the BubR1 progeroid 
mouse, removal of p16Ink4a senescent cells delayed the acquisition of age-related 
pathologies in adipose, skeletal muscle and eye, while late-life clearance attenu-
ated progression of already established age-related disorders (Baker et al. 2011). 
Moreover, recently Kirkland and colleagues have also shown that the SASP can be 
supressed by targeting the JAK pathway and activin A, contributing to alleviating 
frailty (Xu et al. 2015a, b). Once the process of senescence is initiated in an organ 
of limited regenerative potential, such as the heart, this can lead to widespread cel-
lular deterioration with the remaining unaffected cells unable to compensate for 
this cellular loss, ultimately leading to impaired cardiac function (Siddiqi and 
Sussman 2013). Therefore, therapeutic approaches inhibiting the SASP-mediated 
decline may improve eCSC, cardiomyocyte and vascular function and alleviate 
global cardiac deterioration.

2.6  Therapeutic Targets to Activate eCSCs and Reverse 
the Senescent, Dysfunctional eCSC Phenotype

To reverse the senescent eCSC phenotype, targeting extracellular signals appears to 
be a promising therapeutic avenue with early work showing that exposure of old 
skeletal muscle satellite cells to a youthful environment promotes restoration of 
their function (Conboy et al. 2005). Thus, manipulation of the cardiac microenvi-
ronment could alleviate eCSC dysfunction (Fig. 2.3). The IGF-1 signalling pathway 
has been implicated as a mediator of eCSC senescence, with increased IGF-1 sig-
nalling shown to attenuate ageing-associated markers (Torella et al. 2004). In a 
22-month-old mice, c-kitpos eCSCs show senescence, evidenced through impaired 
proliferation and differentiation potential, p16INK4a expression, reduced telomer-
ase activity, telomere shortening, senescence and increased apoptosis (Torella et al. 
2004). Senescent eCSCs become largely unable to generate new functionally com-
petent myocytes, compromising cardiomyocyte turnover and favouring the accumu-
lation of old poorly contracting cardiomyocytes (Torella et al. 2004). These findings 
show that cardiovascular ageing impairs eCSCs, leading to their decline and dys-
function, which leads to the development of cardiac dysfunction and failure. 
Interestingly, this progression is altered favourably in IGF-1 transgenic mice 
(Torella et al. 2004). Moreover, reduced phos-Akt expression associated with age-
ing is now thought to act as a main modulator of telomerase activity; thus, therapies 
aimed at counteracting this through stimulation of Akt have been shown to circum-
vent some of the effects of ageing (Torella et al. 2004; D'Amario et al. 2011). 
Another promising study focused on ex vivo modification with Pim-1, a serine/
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threonine kinase to alleviate senescent characteristics. Mohsin et al. (2013) showed 
that Pim-1 rejuvenated the phenotypic and functional properties of eCSCs with res-
toration of youthful telomeric length, enhanced replicative capacity and decreased 
levels of p16Ink4a and p53 (Mohsin et al. 2013). More recently the cardioprotective 
effects of Pim-1 have been shown to be most effective when targeted to nuclear or 
mitochondrial compartments of eCSCs (Samse et al. 2015).

A number of molecular pathways involved in the reversal of eCSC senescence 
still remain unexplored; however, given the evidence available for other self- 
renewing tissues, potential future directions can be identified. One potential target 
is the Wnt signalling pathway, with a shift from canonical to non-canonical Wnt 
signalling reported in aged haematopoietic stem cells (HSCs) due to elevated 
expression of Wnt5a. Conversely, stem cell-intrinsic reduction of Wnt5a expression 
resulted in functionally rejuvenated aged HSCs (Florian et al. 2013). Mice which 
overexpressed the Wnt receptor, Frizzled, had reduced infarct size and improved 
cardiac function (Barandon et al. 2003), suggesting that this pathway may have a 
role to play in maintaining eCSC regenerative capacity. Bmi-1, necessary for self- 
renewal and regulator of p16Ink4a and p19, has also been shown to limit dilated 
cardiomyopathy by limiting heart senescence (Gonzalez-Valdes et al. 2015). The 
precise role played by reactive oxygen species, mitochondrial dysfunction and epi-
genetic changes associated with aged eCSCs also remains to be determined. 
Moreover, to date many of these pathways have only been studied either in cardio-
myocytes in vitro or in rodent models; therefore, it is vital that we begin to uncover 
the mechanisms regulating senescence in human eCSCs and cardiomyocytes in 
order to move towards translation into clinical therapies.

In summary, the adult heart harbours a small population of cells, which exhibit 
all the necessary properties to be defined as bona fide stem and progenitor cells, 
being clonogenic, self-renewing and multipotent, in vitro and in vivo. In order to 
assess the role of the eCSCs in the adult myocardium, it is indispensable to first be 
able to identify and track the fate of these cells in contradistinction from other myo-
cardial cells with which they share some specific marker(s), particularly expression 
of c-kit. Therefore, alternative markers should be sought and an in-depth sequenc-
ing analysis carried out. Finally, eCSCs are affected by ageing rendering a propor-
tion of them senescent and dysfunctional. Regulation of eCSC ageing and senescence 
will impact the efficacy of regenerative therapies, considering the majority of 
patients in need of treatment are of advanced age. This should not be overlooked 
and should be considered at the forefront when designing and optimising protocols 
to repair and regenerate the injured and old myocardium.
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Abstract
Over the last decade, our knowledge of the function(s) of the epicardium in ver-
tebrate heart development and repair has increased considerably. In develop-
ment, the epicardium is required for proper heart formation by regulating 
myocardial compaction and contributing major cardiovascular cell types. In the 
adult heart, the idea of a dormant epicardium has been challenged by the obser-
vation that it can reacquire embryonic properties after heart injury and may con-
tribute to tissue repair and regeneration. This has elevated the status of the adult 
epicardium to a resident source of regenerative cells with potential to restore 
cardiac structure and function after injury. Yet, many questions remain to be 
answered, in particular whether the observations arising from studies on model 
organisms are applicable to the human (diseased) heart. Here, we review the key 
established and emerging findings regarding epicardium formation, heterogene-
ity, and its therapeutic potential in heart repair. Moreover, we draw attention to 
studies focusing on the human epicardium, highlighting new tools that are being 
developed to promote further insight into the epicardium and its regenerative 
potential.

3.1  Epicardial Development Across Species

Different animal models including zebrafish, chick, and mouse have been used to 
study the development of the epicardium. Historically, the chicken embryo was the 
most widely used model to study the proepicardium and epicardium development. 
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More recently, these findings have been validated in teleost and mammalian models, 
and much of the current knowledge regarding the formation of the epicardium in the 
human heart has been extrapolated from findings in the latter. The formation and 
role of the epicardium in general seems to be a conserved process in vertebrate heart 
development, but some species-specific features have been identified. The epicar-
dium arises from the transient proepicardium (PE), which forms around embryonic 
day (E) 8.5 in the mouse (Komiyama et al. 1987; Schulte et al. 2007), Hamburger- 
Hamilton stage (HH) 14 in chick embryos, and 48 h postfertilization (hpf) in zebraf-
ish (Serluca 2008). The proepicardium appears as a bilateral bulge forming close to 
the sinus venosus and fusing at the midline in both zebrafish (Serluca 2008) and 
mouse (Schulte et al. 2007), whereas in chick, the left region regresses (Schulte 
et al. 2007). Whether this difference has functional implications is not known, but in 
the chick embryo both proepicardium and epicardium formation seem to differ to 
that of teleosts and mammals, suggesting an evolutionary divergence in avians. The 
mechanism by which proepicardial cells migrate to cover the surface of the heart 
has also been reported to be different between species. In chick, cells are transferred 
to the surface of the heart via the formation of a cellular bridge, as was shown in 
early studies using electron microscopy (Manner 1992) (Fig. 3.1). In mice and fish, 
based on histological assays, this transfer was initially thought to happen via proepi-
cardial vesicles floating in the pericardial cavity (Serluca 2008; Komiyama et al. 
1987). Subsequently, it was documented, using combined optical and electron 

Fig. 3.1 Epicardial development across species. (a) Schematic of heart development in the zebraf-
ish at forty-eight hours postfertilization (hpf). Ventral to the yolk (Y) is the pericardial cavity 
containing the heart (H) consisting of a single atrium (A) and ventricle (V). The pericardial cavity 
is enlarged in the boxed image. The proepicardium releases vesicles that attach to the myocardial 
surface. The proepicardium arises from different regions in the dorsal pericardial wall: a cluster 
next to the atrioventricular canal (avcPE), another one close to the venous pole (vpEP), and a third 
source generated close to the arterial pole. The attachment of vesicles to the myocardial surface 
requires fluid forces generated by the heartbeat. (b) Schematic of heart development in the chick 
embryo. The heart (H) formed by the developing atria (A), ventricles (left ventricle, LV; right 
ventricle, RV), and outflow tract (OFT) is enlarged in the boxed image. At Hamburger-Hamilton 
stage (HH) 14, the proepicardium (PE) appears as a structure that forms close to the sinus venosus 
myocardium. The proepicardium is transferred to the heart by formation of a cellular bridge that 
adheres to the surface (PEb). (c) Schematic of murine heart development. The pericardial cavity is 
enlarged in the boxed image. Around embryonic day (E) 8.5, the proepicardium (PE), located close 
to the sinus venosus, migrates by emitting “fingerlike” protrusions through differential growth 
(PEb) and contacting the surface of the heart (H). It is also possible that the proepicardium migrates 
by shedding of vesicles and that both mechanisms play a role in epicardial formation in mammals. 
Y yolk, H heart, vpPE venous pole proepicardium, avcPE atrioventricular canal proepicardium, 
apEP arterial pole epicardium, OFT outflow tract, PE proepicardium, PEb proepicardium bridge, 
A atria, BA branchial arch, LV left ventricle, RV right ventricle
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microscopy, that in the mouse embryo, proepicardial protrusions reach the surface 
of the developing heart by differential growth and then flatten out, expanding to 
form the epicardial layer (Rodgers et al. 2008). The authors of the latter study, how-
ever, did not rule out a contribution from free-floating proepicardial vesicles to the 
epicardium, alongside these fingerlike protrusions (Rodgers et al. 2008) (Fig. 3.1). 
More recently, in vivo fluorescent microscopy has been used to directly visualize 
epicardial formation in a zebrafish transgenic model expressing green fluorescent 
protein (GFP) driven by a regulatory element of Wt1b (Wilms’ tumor 1b), which 
labels the PE (Peralta et al. 2013). This elegant approach confirmed the release of 
proepicardial vesicles into the pericardial cavity, through a process dependent on 
fluid forces generated by the heart beating (Fig. 3.1). Of significance, the same 
study also revealed that the PE appeared at two distinct sites in the zebrafish embryo, 
the venous pole of the heart (vpPE), which contributed 10% of the epicardial cells, 
and the atrioventricular canal region (avcPE), which contributed 80% of the epicar-
dial cells. Moreover, the authors reported a third source of epicardial progenitors, 
the arterial pole epicardium (apEP) that derives from the pericardial wall adjacent to 
the ventricle, rather than a PE cluster, and is transferred upon direct contact with the 
ventricle. These cells contributed to the remaining 10% of the epicardium (Peralta 
et al. 2013). Further research is required to gain insight into the possible functional 
implications of these multiple PE origins and whether it results in different epicar-
dial cell subpopulations, leading to heterogeneity in cell fate or function. Likewise, 
whether multiple or different PE-derived sources of epicardial cells are present in 
other vertebrates, including humans, is yet to be elucidated.

3.2  EPDC Derivatives and Epicardial Heterogeneity

The fate of epicardium-derived cells (EPDCs) has been a topic of great interest and 
debate in the field. EPDCs have been shown to be a multipotent cardiovascular pre-
cursor not only during heart development but also following pathological stress or 
injury in the adult setting. Upon epicardium formation, a subset of epicardial cells 
undergoes a process of epithelial-to-mesenchymal transformation (EMT) at E12.5 in 
mice, HH20 in chick, and 4 days postfertilization (dpf) in fish (Perez-Pomares et al. 
1997; Gittenberger-de Groot et al. 1998; Liu and Stainier 2010), giving rise to 
EPDCs that invade the subepicardial compartment. Some EPDCs migrate further, 
colonizing the underlying ventricular layer and differentiating in situ into the major 
cardiovascular cell types. EPDCs have been shown to give rise to the smooth muscle 
and endothelium of the coronaries, fibroblasts, myocardium, and, more recently, 
adipose tissue. However, the extent of each of these contributions is still not clear, 
and the molecular signature of EPDCs is ill-defined. Whether all epicardial cells 
share a multipotent progenitor phenotype or whether they are a heterogeneous pop-
ulation of already pre-committed cells is yet to be answered.

The first studies investigating the contribution of EPDCs to the developing 
heart were performed in chick embryos using a diverse array of techniques such 
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as cell labeling with virus injection, cellular transplants, and tissue engraftment 
and explants. These studies revealed EPDCs giving rise to coronary smooth mus-
cle cells (Mikawa and Gourdie 1996; Perez-Pomares et al. 1997; Dettman et al. 
1998; Manner 1999) and perivascular fibroblasts (Dettman et al. 1998; Manner 
1999), mesenchymal cells of the valve cushions (Gittenberger-de Groot et al. 
1998), interstitial fibroblasts, and a subset of endocardial cells (Dettman et al. 
1998). In mice, most fate-mapping studies of EPDCs within the developing heart 
have been performed taking advantage of the Cre-Lox system (Sauer and 
Henderson 1988) to perform genetic lineage tracing. Cre-Lox allows tracing the 
progeny of a given cell and is based on the expression of the Cre recombinase 
under the control of a tissue- specific promoter/enhancer region of a gene expressed 
in the lineage of interest. The first epicardial marker used to study EPDC fate in 
mouse was the transcription factor Gata5 (Merki et al. 2005), followed by the 
transcription factors Tbx18 (Cai et al. 2008) and Wt1 (Wilm et al. 2005; Zhou 
et al. 2008; Wessels et al. 2012). Through the use of the aforementioned Cre lines, 
a contribution of EPDCs to coronary smooth muscle, interstitial and vascular 
fibroblasts, and valve mesenchyme has been established (Perez-Pomares et al. 
2002a; Zhou et al. 2010), in agreement with fate-mapping studies previously per-
formed in chick (Fig. 3.2). These findings were corroborated by the use of another 
epicardial transcription factor, Tcf21. Indeed, lineage tracing using Tcf21-
mediated Cre expression showed a contribution to coronary smooth muscle cells 
and interstitial and perivascular fibroblasts (Acharya et al. 2012). Of significance, 
fate mapping in zebrafish using Tcf21-based lineage tracing supports these find-
ings by reporting EPDC contribution as restricted to fibroblasts and smooth mus-
cle cells (Kikuchi et al. 2011).

Cardiomyocytes and other cardiac cell types
Smooth muscle cell

Fibroblast

Endothelial cell

Cardiac myocyte

Epicardium derivativesProepicardium progenitorMesodermal precursor

Mesp1
Brachyury

Nkx2.5
Isl1

Sema3D/Scx

WT1/Tbx18
Pdgfra
Tcf21

Fig. 3.2 (Pro)epicardial heterogeneity and EPDC potential. Proepicardial precursors arise from 
the lateral plate mesoderm and share a common origin with cardiomyocytes of the first heart field 
and other cell types. In the proepicardium, distinct proepicardial compartments characterized by 
heterogeneous marker expression give rise to coronary endothelial cells, vascular smooth muscle 
cells, fibroblasts, and, potentially, cardiomyocytes. Arrows indicate potential contribution; the 
thickness of arrows represents the relative extent of epicardial cell contribution
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3.2.1  Epicardium Contribution to Coronary Endothelial Cells

Besides the aforementioned derivatives, EPDCs have been suggested to contribute 
to the endothelial lineage in the chick embryo based on retroviral labeling, dye 
labeling, and quail-chick chimeras (Dettman et al. 1998; Mikawa and Fischman 
1992; Perez-Pomares et al. 1998, 2002a, b). However, this has since been disputed 
on the basis that endothelial cells in the transplanted grafts were liver-derived 
(Poelmann et al. 1993). In mice, an epicardial origin for endothelial cells has also 
been reported. Contribution to the coronary endothelium was detected using Wt1 to 
drive Cre expression (Zhou et al. 2008); but subsequently, endogenous activity of 
Wt1 was reported in endothelial cells during development (Rudat and Kispert 2012; 
Duim et al. 2015) and in the adult heart after injury in rats (Wagner et al. 2002), 
confounding data interpretation based on the use of the Wt1-Cre driver. An epicar-
dial contribution to the coronary endothelium has been further suggested in a study 
that also highlighted the heterogeneity of the proepicardium (Katz et al. 2012) (also, 
Fig. 3.2). Katz and colleagues described distinct cell populations within the proepi-
cardium that contribute differently to cardiovascular cell lineages. Using two differ-
ent Cre lines, driven by the transcription factor Scx (scleraxis) and the secreted 
guidance factor Sema3D (semaphorin 3D), the authors reported a distinctive proepi-
cardial population, which only partially overlapped with the Wt1-/Tbx18-expressing 
cells and contributed to the (coronary) endothelial lineage (Katz et al. 2012). Both 
Scx and Sema3D are expressed in the proepicardium, and their expression is main-
tained in the epicardium. Sema3D-based lineage tracing showed derivatives con-
tributing to endothelial cells (6.9%). The derivatives of Scx contributing to 
endothelium were even in larger number, up to 24%. It is still unclear whether this 
contribution takes place via an initial differentiation of Scx+/Sema3D+ progenitors 
into endocardium and posterior contribution of the latter to the coronary endothe-
lium, as described in the chick (Dettman et al. 1998), or a direct conversion of 
EPDCs into endothelial cells. More recently, Cano and colleagues showed a contri-
bution from the septum transversum/proepicardium to endothelial cells, which is 
necessary for proper coronary formation (Cano et al. 2016). Using a PE-specific 
Gata4 enhancer to perform lineage tracing, the authors revealed that 20% of embry-
onic endothelial cells in the coronary vasculature are derived from the proepicar-
dium. Interestingly, deletion of Wt1 expression in these PE-derived cells resulted in 
abnormal formation of the coronaries, with irregular vessels that fail to migrate and 
colonize the myocardial layer, further suggesting a role for the (pro)epicardium in 
coronary vasculogenesis (Cano et al. 2016).

In addition to a (pro)epicardial contribution, other origins for coronary endothe-
lium have been proposed, fueling a debate on the precise spatiotemporal develop-
ment of coronary vessels arising from multiple sources. Red-Horse and colleagues 
reported that endothelial cells, sprouting from the sinus venosus endothelium in the 
ventral region of the heart, colonized both subepicardial and deeper myocardial 
regions (Red-Horse et al. 2010). This angiogenic process has been shown to be 
mediated by epicardial-derived vascular endothelial growth factor C (VEGF-C) sig-
naling (Red-Horse et al. 2010; Chen et al. 2014). A second source of endothelial 
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cells was shown to colonize the dorsal region of the heart, arising from the endocar-
dium (Red-Horse et al. 2010). Indeed, the endocardium has also been proposed to 
be a source of coronary endothelial cells through a differentiation process depen-
dent on VEGF-A (Wu et al. 2012). The latter was shown by using an endocardium- 
specific transcription factor to drive Cre expression, Nfatc1 (nuclear factor of 
activated T cells, cytoplasmic, calcineurin-dependent 1). In addition, a third wave of 
coronary vasculogenesis has been proposed to take place postnatally (between post-
natal (P) days P3 and P7), with endothelial cells arising from both the subepicardial 
and endocardial layers (Tian et al. 2014).

Taken together, the emerging picture suggests heterogeneity in origin for the 
endothelial compartment of the coronary vasculature. The implications for different 
sources contributing to specific regional vascularization of the developing heart 
remain unknown, and with respect to epicardial contribution, further technical 
advances in lineage tracing understanding the precise derivation of ECs from the 
epicardium during development are warranted, as this may have therapeutic appli-
cations in the context of adult heart injury and EPDC-based neovascularization (see 
Sect. 3.4.2).

3.2.2  Epicardial Contribution to Cardiomyocytes

A significant area of contention regarding the fate of the developing epicardium 
relates to a putative contribution of EPDCs to cardiomyocytes. Studies using pro-
epicardial explants derived from chick embryos first reported the potential of the 
proepicardium to give rise to cardiomyocytes (Guadix et al. 2006). However, this 
was inconsistent with previous published observations arising from quail-chick 
chimeras transplant models (Manner 1999). Proepicardium differentiation to car-
diomyocytes has been also shown in mice ex vivo (Ruiz-Villalba et al. 2013; del 
Monte et al. 2011), but other studies using epicardial explants failed to recapitu-
late a cardiomyocyte fate (Zamora et al. 2007; Austin et al. 2008; Ruiz-Villalba 
et al. 2013). Of significance, Cre-based reporter lines revealed a putative contribu-
tion of EPDCs to cardiomyocytes. Two reports published in 2008 showed cardio-
myocytes arising from EPDCs using both Tbx18 and Wt1 as Cre drivers (Cai et al. 
2008; Zhou et al. 2008). Fate mapping using the Tbx18Cre line revealed an epi-
cardial contribution to cardiomyocytes in the interventricular septum and left ven-
tricle of the embryonic heart (Cai et al. 2008). However, in a subsequent study by 
Christoffels and colleagues (Christoffels et al. 2009), endogenous expression of 
Tbx18 was detected in cardiomyocytes in the left ventricle, raising concerns about 
the conclusions from the Tbx18-based lineage tracing (Cai et al. 2008). The paral-
lel use of a Wt1EGFP-Cre line (Zhou et al. 2008) to establish a cardiomyocyte 
contribution of Wt1-expressing EPDCs has also been challenged on the basis that 
Wt1 expression could be detected in cardiomyocytes and that available Wt1-Cre 
lines do not faithfully recapitulate Wt1 endogenous expression (Rudat and Kispert 
2012). Nevertheless, it is worth mentioning that subsequent lineage-tracing stud-
ies using the proepicardial drivers Scx-Cre and Sema3D-Cre have also shown a 
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modest contribution of the (pro)epicardium to the cardiomyocyte lineage, 6.6% 
and 0.36%, respectively (Katz et al. 2012). However, the tissue specificity in the 
expression of Scx and Sema3D remains to be addressed. Collectively, these stud-
ies indicate a potential (albeit modest) epicardial contribution to the myocardial 
lineage, but equally they highlight the requirement for improved lineage-tracing 
approaches to further define the extent of EPDC conversion into cardiomyocytes 
during vertebrate heart development.

3.2.3  Epicardial Contribution to Fat Cells

Visceral fat, unlike subcutaneous fat, has a mesothelial origin (Chau et al. 
2014), and recently, the epicardium has been implicated in adipose tissue 
development in the forming of the heart. A lineage-tracing study, based on the 
use of the Wt1EGFP- Cre line, revealed that EPDCs within the interventricular 
groove co-localized with adipocyte markers, suggesting that the epicardium 
contributed to adipose cells through a process coined epicardial-to-fat transi-
tion (EFT) (Liu et al. 2014). These observations were confirmed by using a 
viral vector driving Cre expression under the control of mesothelin, which 
encodes for a mesothelium-restricted membrane protein (MSLN). In addition, 
the authors reported a reactivation of the epicardial contribution to fat cells 
upon myocardial injury in the mouse adult heart (Liu et al. 2014). The latter 
was also described in a recent lineage-tracing study using the Tbx18Cre line 
(Yamaguchi et al. 2015), and importantly Tbx18 has not been reported to be 
endogenously expressed in fat cells. Specifically, murine EPDCs adopted an 
adipose fate after mesenchymal transformation, via a mechanism dependent on 
the expression of the peroxisome proliferator-activated receptor gamma 
(PPARγ), a nuclear receptor and master regulator of adipocyte differentiation 
and lipid metabolism (Yamaguchi et al. 2015). As such, these studies raise 
questions about the possible role of fat of epicardial origin and support the 
multipotent progenitor status of EPDCs. Whether the process of EFT is exclu-
sive to mouse or conserved across other vertebrates, including humans, is yet 
to be elucidated.

In summary, a contribution of EPDCs to coronary smooth muscle, mesenchy-
mal cells in the valve primordium, and fibroblasts, both interstitial and perivascu-
lar, seems to be widely accepted by the cardiovascular research field. Additional 
studies are warranted in order to fully determine the potential and extent of EPDC 
contribution to the different cardiovascular lineages discussed, in particular the 
coronary endothelium, myocardium, and adipose tissue. Of significance, the pro-
epicardium is now regarded as a heterogeneous source of precursor cells. As 
described by Katz and colleagues (Katz et al. 2012), the PE reveals a heteroge-
neous expression of markers that appear to direct their commitment to different 
cell types. Whether this is predetermined in the proepicardium or via specification 
of PE cells from mesoderm progenitors (Fig. 3.2), and how this process occurs, 
requires further investigation.
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3.3  The Epicardium as a Signaling Center in the Developing 
Heart

Cardiac organogenesis relies on interactions via paracrine signaling between the 
different cell types that form the heart. As such, cardiomyocytes promote EMT of 
endocardial (Potts and Runyan 1989; Potts et al. 1991; Boyer et al. 1999) and epi-
cardial cells (Zamora et al. 2007; von Gise et al. 2011), whereas epicardial and 
endocardial signaling to the myocardium promotes cardiomyocyte proliferation and 
differentiation (Lee et al. 1995; Hertig et al. 1999; Lavine et al. 2005). Likewise, the 
epicardium promotes coronary artery formation (Chen et al. 2014), while the coro-
nary endothelium and EPDCs regulate formation of the conduction system (Eralp 
et al. 2006; Gourdie et al. 1998). Importantly, all of these coordinated events are 
essential and mediate the maturation of the heart, leading to a functional organ. 
Recent findings have begun to elucidate the role of epicardium-specific signaling in 
heart development.

3.3.1  Epicardial Signals Promoting Cardiomyocyte Proliferation

A non-cell-autonomous role for the epicardium was first evident in studies using 
chick heart explants where physical removal of the epicardial layer resulted in a 
decrease in cardiomyocyte proliferation (Stuckmann et al. 2003; Gittenberger-de 
Groot et al. 2000; Perez-Pomares et al. 2002b; Pennisi et al. 2003). This finding was 
supported by mouse models defective for the vascular cell adhesion molecule 
(VCAM) or integrin alpha 4, key molecules mediating epicardial attachment to the 
myocardium. In these mouse mutants, the epicardium and myocardium were 
detached from each other and epicardial signaling was lost, causing arrest of heart 
growth and hypoplasia of the myocardial layer, which in turn led to embryonic 
lethality (Kwee et al. 1995; Yang et al. 1995). Moreover, epicardial cells in culture 
were shown to secrete growth factors that induced a mitogenic response on primary 
embryonic cardiomyocytes (Chen et al. 2002; Kang and Sucov 2005), suggesting 
that epicardial cells could promote cardiomyocyte proliferation through secretion of 
diffusible molecules. One secreted factor suggested to induce myocyte proliferation 
was retinoic acid (RA), which is synthetized in the epicardium by the enzyme reti-
naldehyde dehydrogenase 2 (Raldh 2)(Xavier-Neto et al. 2000) and exerts its effects 
via heterodimeric retinoic acid receptors, promoting epicardial release of further 
mitogenic soluble signals (Chen et al. 2002; Merki et al. 2005). Retinoic acid sig-
naling is controlled by Wt1 (Guadix et al. 2011) and drives the expression of several 
members of the fibroblast growth factor (FGF) family in the epicardium. Accordingly, 
it has been shown that FGFs −2, −4, −9, −16, and −20 are expressed by EPDCs in 
response to RA and convey mitogenic signaling to the myocardium via FGF recep-
tors −1 and −2 (Pennisi et al. 2003; Lavine et al. 2005). Moreover, RA regulates 
myocardial proliferation by a parallel signaling pathway, whereby it promotes 
secretion of the hormone erythropoietin (EPO) from the liver (Brade et al. 2011). 
EPO then induces epicardial expression and secretion of the insulin growth factor 
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(IGF), which in turn promotes cardiomyocyte proliferation by activation of the 
MAPK/ERK (mitogen-activated protein kinase, originally termed extracellular 
signal- regulated kinase) signaling pathway (Brade et al. 2011).

More recently, follistatin-like 1 (Fstl1) has been identified as an epicardium- 
secreted factor that holds therapeutic potential in the context of adult heart injury 
(Wei et al. 2015) (see Sect. 3.4.2). In the developing heart, the expression of Fstl1 in 
the epicardium suggests a potential paracrine mode of action, but its interplay with 
the other components of the epicardial secretome (e.g., RA, FGFs) is yet to be deter-
mined. Likewise, the molecular mechanism underpinning Flstl1-mediated cardio-
myocyte proliferation remains poorly understood.

Epicardial expression of Crim1, the cysteine-rich transmembrane BMP (bone 
morphogenetic protein) regulator 1 (chordin-like) known to bind a variety of growth 
factors, has been shown to be required for myocardial development (Iyer et al. 
2016). In detail, epicardial-restricted deletion of Crim1, via the use of Wt1-Cre and 
Wt1-CreER drivers, led to abnormal heart development, with an increase in epicar-
dial EMT and thinned compact myocardial layer, suggesting an autocrine and para-
crine mode of action for Crim 1. The molecular mechanism by which Crim 1 exerts 
its cell-autonomous effects is not known. Similarly, it is unclear whether the myo-
cardial phenotype is secondary to a defect in epicardial EMT or in mitogen secre-
tion by the epicardium and whether Crim 1 signaling is required in cardiomyocytes 
to promote proliferation and growth of the compact layer.

3.3.2  Epicardial Signals Directing Coronary Angiogenesis

In addition to contributing components of the coronary vasculature, the epicardium 
signals to regulate coronary vessel formation. Indeed, in vivo loss-of-function stud-
ies have revealed that epicardial cells secrete growth factors and cytokines that act 
directly on the forming coronary vasculature. For example, epicardial-derived 
VEGF-C targets the sinus venosus endothelium, inducing vessel sprouting and sub-
sequent formation of coronary vessels (Chen et al. 2014). However, such secreted 
molecules may also act on cardiomyocytes, which in turn secrete angiogenic sig-
nals, such as VEGF-A, further promoting angiogenesis (Majesky 2004; Lavine 
et al. 2006, 2008; Tomanek et al. 2001).

To better understand and exploit, in a disease setting, the role of epicardial sig-
naling underlying coronary angiogenesis, further mechanistic studies at a molecular 
level are warranted. Hypoxia and hypoxia-induced factor (HIF) signaling are widely 
accepted to play an essential role in heart development (Bishop and Ratcliffe 2015). 
This oxygen-sensing mechanism allows for direct transcriptional regulation via the 
heterodimeric complex HIF composed of alpha and beta subunits, the latter being 
constitutively expressed (Bishop and Ratcliffe 2015). Three HIF-alpha subunits 
have been described (HIF-1alpha, HIF-2alpha, and HIF-3alpha), and these are post-
transcriptionally modified, being targeted for proteasomal degradation in normal 
oxygen tension. This enzymatic process is oxygen-dependent, and, therefore, under 

C.V. del Campo et al.



51

hypoxia HIF-alpha escapes destruction, translocates into the nucleus, and regulates 
its downstream targets through direct DNA binding. More than 100 direct HIF tar-
get genes have been identified and implicated in a variety of cellular responses 
(Bishop and Ratcliffe 2015). Importantly, HIF stimulates angiogenesis by activating 
the transcription of growth factors, such as VEGF (reviewed in Liu et al. (2012)). 
Recent studies have also implicated hypoxia in cardiomyocyte homeostasis, sug-
gesting that HIF signaling is required for proliferation and regulation of cardiomyo-
cyte metabolism (Guimaraes-Camboa et al. 2015). Moreover, it has been shown that 
environmental oxygen regulates postnatal cell cycle arrest in cardiomyocytes 
through DNA damage response (Puente et al. 2014) and that hypoxic cardiomyo-
cytes in the adult heart have proliferative ability (Kimura et al. 2015). However, 
little is known about the role of hypoxia in the epicardium in the developing and 
adult heart. In the developing heart, hypoxic regions are localized within the epicar-
dium and subepicardial space, and low oxygen tension has been shown to regulate 
EPDC migration (Kocabas et al. 2012). In addition, constitutive overexpression of 
HIF1-alpha in chick embryos prevents migration and differentiation of EPDCs 
through inhibition of the VEGF signaling pathway. In this context, epicardial VEGF 
acts in a paracrine manner, as a target of HIF1-alpha, promoting epicardial cell inva-
sion and EMT (Tao et al. 2013). Further studies are needed in order to ascertain 
whether HIF signaling in the epicardium also extends to regulation of EPDC cycling 
and metabolism, as has been described in cardiomyocytes.

3.3.3  Other Epicardial Signals Contributing to Heart 
Development

The Purkinje fibers are specialized cardiac cells that control the propagation of elec-
tric activity across the heart, modulating the heart rate through an autonomic 
response. Due to the close spatial relationship between differentiating EPDCs and 
Purkinje fibers within the developing ventricular myocardium, epicardial cells have 
been suggested to play a role in supporting the formation of the cardiac conduction 
system (Eralp et al. 2006). Accordingly, mechanical or genetic disruption of epicar-
dial development in the chick embryo, by suppressing epicardial EMT and subse-
quent EPDC migration, resulted in hypoplasia of the Purkinje fiber network (Eralp 
et al. 2006), although no specific signaling mechanism for this paracrine process 
was described. More recently, it has been reported that in the absence of the epicar-
dial layer, the heart is also unable to increase its rate of contraction in response to 
adrenaline (Kelder et al. 2015), a mediator of the autonomic response, which modu-
lates heart rate in response to environmental stimuli. Taken together, these two stud-
ies highlight additional roles for epicardium-derived signaling during heart 
development; however, the implications of these findings remain unclear. The 
mechanism by which the epicardium regulates autonomic response and Purkinje 
cell development is still unexplored, as is the extrapolation to the adult epicardium 
and contractile function.
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3.4  Adult Epicardium

3.4.1  Physiological Role of the Epicardium in Homeostatic 
Conditions

The adult epicardium has been generally assumed to be a quiescent tissue restricted 
to a protective role covering the myocardium. This was supported by the fact that 
adult epicardial cells in homeostatic conditions show a downregulation of embry-
onic genes (Smart et al. 2011), low proliferation rates (Wu et al. 2010), and no active 
EMT (Zhou et al. 2011). In adult zebrafish, despite the fact that the epicardium has 
a low proliferation rate, ablation of the epicardium through the expression of a cyto-
toxin resulted in increased proliferation rates and complete restoration of the epicar-
dial layer in 2 weeks. Cues secreted from the outflow tract, including the diffusible 
morphogen sonic hedgehog (SHH), were essential in the recovery of the epicardium 
integrity, as shown ex vivo using whole-heart transplant assays (Wang et al. 2015). 
Likewise, pulse-chase and lineage-tracing experiments revealed that in teleosts the 
epicardium contributes to adult heart function by continuously supplementing the 
ventricular wall with new EPDCs in a process dependent on FGF signaling (Wills 
et al. 2008). Thus, the epicardium may act as a reservoir of progenitor cells in the 
adult heart evoking its embryonic function. This hypothesis extends to mammals 
and is further supported by the observation that in the adult murine heart, the epicar-
dium and subepicardium form a hypoxic microenvironment (Kocabas et al. 2012) 
similar to that described in bona fide organ-specific stem cell niches, such as in the 
bone marrow or the subventricular zone in the brain (Parmar et al. 2007) (reviewed 
in Mohyeldin et al. (2010)). Cells in the epicardium-subepicardium displayed a 
glycolysis-based metabolism, rather than relying on mitochondrial oxidative phos-
phorylation, and expressed markers of cardiac progenitor cells including Nkx2.5, 
Gata4, Wt1, and Tbx18 (Kocabas et al. 2012). These hypoxic cells also exhibited a 
phenotype with intermediate features between a stem cell and a cardiomyocyte, 
e.g., disorganized bundles of filaments and intracytoplasmic dense bodies similar to 
primordial Z-lines (Gherghiceanu and Popescu 2010), as detailed by electron 
microscopy. More recently, cluster-like ultrastructures have been described in the 
adult epicardium, challenging the idea of the epicardium being a single mesothelial 
cell layer and further supporting the notion of the epicardium and subepicardium 
space as a progenitor cell “niche” (Balmer et al. 2014). The epicardial cell “clus-
ters” were established postnatally, during the neonatal period ranging between post-
natal day (P)1 and P7, and responded dynamically upon myocardial infarction (MI), 
displaying cluster breakdown with subsequent epicardial expansion prior to refor-
mation of the ultrastructure at later stages after injury (Balmer et al. 2014). Moreover, 
these cluster-like structures contained CD45+ hematopoietic progenitors, which 
were replenished throughout adult life by the bone marrow (BM), and were impli-
cated in EPDC turnover, which was decreased with age, suggesting the adult epicar-
dium is active even at baseline (Balmer et al. 2014).

Despite significant effort devoted to understanding cardiac myocyte turnover 
both in mouse and human in vitro and in vivo models (Bergmann et al. 2009; Senyo 
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et al. 2013), epicardial cell turnover remains relatively unexplored. It has been 
shown that epicardial cells reach their proliferative potential by E11.5, and then 
proliferation progressively decreases, leading to quiescence by the end of the first 
postnatal week (Wu et al. 2010). Of significance, dividing epicardial cells display 
two distinct mitotic spindle orientations, and a model has been put forward by Wu 
and co-workers to explain EPDC “asymmetric division.” If the mitotic spindle is 
established parallel to the basal membrane, two epicardial cells are formed that 
remain on the surface of the heart, whereas epicardial cells undergoing perpendicu-
lar cell division give rise to one cell that invades the subepicardial space, entering 
the myocardial compartment, and another that remains in the surface, dependent on 
beta-catenin regulation of adherens junctions (Wu et al. 2010). Whether these two 
distinct mitotic spindle orientations in epicardial cell division are maintained in the 
adult heart or whether the ability of the adult epicardium to supplement cells to the 
heart in homeostatic conditions is dependent on asymmetrical cell division is yet to 
be explored.

Studies based on carbon (C)-14 integration during the Cold War nuclear bomb 
testing to date cardiomyocytes in the human adult heart, have reported a 1% turn-
over of cardiomyocytes that decreased with age (Bergmann et al. 2009). More 
recently, this approach has been applied to mesenchymal and endothelial cell popu-
lations to reveal that while cardiomyocyte number varies very little with age, the 
number of endothelial and mesenchymal cells significantly increases during the 
adult life (Bergmann et al. 2015). Specifically, endothelial cells have a very fast 
turnover that is irrespective of age (around 5.8 years), and mesenchymal cells have 
a slower turnover, which declines with age (17.3 years on average) (Bergmann et al. 
2015). However, neither the turnover of epicardial cells nor a possible epicardial 
origin for the newly formed cells during adult life in the human heart was explored 
in this model. As such, similar approaches are warranted to gain insight into epicar-
dial cell behavior under homeostatic conditions in the adult heart, in order to har-
ness its potential for self-renewal, leading to development of resident cell-based 
therapies to regenerate the failing heart.

3.4.2  The Epicardium to Regenerate the Adult Heart

The first study suggesting that the adult epicardium can respond to heart injury was 
performed in zebrafish. Upon amputation of 20% of the ventricle, the epicardial 
layer became activated, reexpressing markers associated with embryonic develop-
ment, e.g., Raldh2 and Tbx18, and increasing its proliferation rate (Lepilina et al. 
2006). This response was initially organ-wide and then became restricted to the 
injury site, whereby the adult epicardium contributes EPDCs in response to FGF 
signaling to induce neovascularization. More recently, epicardial ablation in the 
zebrafish has shown to impair heart regeneration by preventing cardiomyocyte pro-
liferation (Wang et al. 2015).

As opposed to the zebrafish, the mammalian adult heart is unable to regenerate. 
Upon ischemic injury, there is permanent cardiomyocyte cell loss, inflammatory 
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response and scar formation, downstream of fibroblast proliferation, and subsequent 
extracellular matrix (ECM) deposition (Li et al. 2014; Frangogiannis et al. 2002; 
Frangogiannis 2014). The epicardial layer has been shown to respond to injury 
(Zhou et al. 2011; Smart et al. 2007a, 2011; van Wijk et al. 2012), where epicardial 
cells reexpress embryonic markers such as Wt1, Tbx18, and Raldh2, followed by 
thickening of the epicardium with increased proliferation rates (van Wijk et al. 
2012) in an organ-wide manner, similar to what had been described for zebrafish. 
This activation of epicardial cells induced expression of EMT markers (e.g., Snail/
Slug and α-smooth muscle actin) and mobilization of EPDCs, which remained 
within the surface of the heart (van Wijk et al. 2012). Fluorescence-activated cellu-
lar sorting (FACS) and transcriptional profiling of these EPDCs revealed expression 
of fibroblast and smooth muscle markers. Notably, reactivation of embryonic genes 
in EPDCs also recapitulated secretion of paracrine factors (Zhou et al. 2011). 
Accordingly, conditioned medium from (post cardiac injury) ex vivo cultures of 
adult EPDCs was shown to improve blood vessel formation in vitro and reduce 
infarct size, improving heart function in vivo (Zhou et al. 2011). Despite the reacti-
vation of embryonic genes and generation of mesenchymal cells through EMT, 
these newly formed cells remained within the subepicardial region and did not 
migrate into the myocardial layer, limiting their paracrine protective effect and pro-
genitor cell potential. However, this response to injury in the adult heart was 
enhanced by priming the epicardium with the G-actin monomer-binding peptide 
thymosin β4 (Tβ4) (Smart et al. 2011). Tβ4 has pleiotropic effects in the adult heart, 
promoting, among others, cell survival in cardiomyocytes (Bock-Marquette et al. 
2009) and modulation of the inflammatory response post-injury (Sosne et al. 2007; 
Evans et al. 2013) (reviewed in (Bollini et al. 2015)). Moreover, Tβ4 enhanced the 
ability of the adult epicardium to reactivate an embryonic gene program and 
increased EPDC migration, differentiation, and signaling in vitro (Smart et al. 
2007a, 2010). Likewise, in vivo-based studies (Bock-Marquette et al. 2009; Smart 
et al. 2007b, 2010) revealed thickening of the epicardial layer and neovasculariza-
tion after treatment (priming) with Tβ4 in a murine model of MI. In addition to de 
novo vessels (Smart et al. 2007b, 2010), the adult epicardium has also been shown 
to contribute new cardiomyocytes, albeit at a low yield (Smart et al. 2011), in 
response to priming with Tβ4 prior to MI. Noteworthy, treatment with Tβ4 post-MI 
was not sufficient to induce cardiomyogenesis (Zhou et al. 2012).

Despite the ability of Tβ4 to induce a reexpression of embryonic epicardial 
genes, a recent study has highlighted that these adult Tβ4-primed EPDCs are molec-
ularly distinct from their embryonic counterpart (Bollini et al. 2014). Briefly, 
EPDCs were isolated from adult hearts after Tβ4 treatment followed by MI, using 
FACS, and compared with embryonic EPDCs. The number of EPDCs detected after 
MI was higher at 4 days post-injury (dpi), and these exhibited a highly heteroge-
neous phenotype, with variable expression of progenitor and mesenchymal cell 
markers (e.g., Sca1, c-kit, CD29, CD90, CD44, and CD105) and a phenotypical 
signature that differed from the embryonic EPDCs, e.g., higher expression of the 
stem cell marker Sca-1 and the mesenchymal markers CD90, CD44, and CD105 
(Bollini et al. 2014). Specifically, the Sca1-/Wt1-expressing population showed a 
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strong progenitor cell trait, expressing high levels of embryonic markers, such as 
Tbx18, Islet-1, or Gata4, which suggested that this pool of EPDCs might retain the 
potential to give rise to cardiovascular derivatives including cardiomyocytes. Of 
significance, follistatin-1 (Fstl-1) has been recently identified as a further potential 
therapeutic factor in cardiac repair (Wei et al. 2015). Fstl-1 is expressed throughout 
the embryonic heart, but becomes restricted to the epicardium in the adult heart, 
being reexpressed in cardiomyocytes after injury. Fstl-1 was detected in conditioned 
medium from the rat-derived epicardial cell line EMC (Wada et al. 2003), using 
mass spectrometry. Coculture of these cells with embryonic stem cell (ESC)-derived 
cardiomyocytes increased their number, which was recapitulated when treating car-
diomyocytes with EMC-conditioned medium. Interestingly, treatment with recom-
binant follistatin-1 generated a similar response in vitro and, when administered via 
patches during MI, improved the post-injury outcome by increasing neovasculariza-
tion, reducing fibrosis, and promoting cardiomyocyte proliferation (Wei et al. 2015).

It has been shown that the neonatal mouse heart has a potential to regenerate 
after ventricular amputation via cardiomyocyte proliferation (Porrello et al. 2011) in 
an analogous way to that observed in the adult zebrafish; however, this process is 
only active during the first week of life (from P1 to P7). Of significance, epicardial- 
associated embryonic gene expression declines within this period, but upon injury 
between stages P1 and P4, the postnatal epicardium reactivates supporting myocar-
dium regeneration (Porrello et al. 2011). Whether epicardial signals underpin car-
diomyocyte proliferation in response to injury remains to be determined; as does 
whether loss of epicardium signaling by P7 may contribute to cardiomyocyte cell 
cycle exit and terminal differentiation.

3.5  Human Epicardium

Almost all of the existing knowledge on the biology of the epicardium originates 
from the study of animal models. The number of studies performed using human 
samples is limited, due to the difficulty in sourcing human material. Therefore, it 
has generally been assumed that the findings arising from studies using the mouse 
model are likely to be applicable to humans. However, even if most processes 
regarding epicardial formation and function seem to be conserved across species, 
some differences have been reported (see Sect. 3.1), highlighting the need for exper-
imental characterization of the human epicardium.

It was initially thought that the epicardium starts covering the surface of the 
human heart at Carnegie stage (CS) 12 (equivalent to E9.5 in mouse), forming a 
squamous epithelial layer that completely envelops the heart by the late CS 16 
(equivalent to E11.5 in mouse). This was assumed from an early descriptive study 
based on light microscopy observation of sections of human embryonic hearts at 
different stages of development (Hirakow 1992) and from extrapolation of what had 
been previously described in chick and rodent models (Sylva et al. 2014). A recent 
characterization of the human embryonic and fetal (F) epicardium between CS11 
and F3 (equivalent to E8.5–9.0 and E17.5–18.5 in mouse, respectively) using 
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three- dimensional (3D) optical projection tomography (OPT), however, revealed 
that the epicardium is formed by day CS14, significantly earlier than previously 
thought (Risebro et al. 2015). Interestingly, it was revealed that the human embry-
onic and fetal epicardium displayed a more complex structure; confocal microscopy 
revealed that the ventricular, but not the atrial, epicardium comprised regions con-
taining several layers of cells, as opposed to being a stereotypical squamous mono-
layered epithelium, as was initially thought. Of significance, this heterogeneity also 
affected epicardial cell behavior, and it was shown in explants that the ventricular 
epicardium undergoes EMT spontaneously, whereas the atrial epicardium retains an 
epithelial morphology (Risebro et al. 2015). Whether the differences between the 
epicardium of different chambers are retained or lost in the postnatal heart remains 
to be explored, as does the implications of these differences regarding the potential 
of the epicardium to give rise to different cardiovascular lineages. Likewise, it will 
be important to understand their relevance in the context of adult heart remodeling 
after myocardial infarction. Recently, a contribution of the human embryonic epi-
cardium to the coronary vasculature has been experimentally investigated (Tomanek 
2015). By imaging sections from hearts at different developmental stages, it was 
reported that the formation of the coronary system in the human embryo is similar 
to what had been described in other animal models, i.e., the epicardium supplies 
spindle-like cells that integrate into the coronary capillaries. The descriptive nature 
of the study highlights the need for further experimental validation and the develop-
ment of new models.

Two recent studies have reported in vitro differentiation of epicardial-like cells 
from human embryonic stem cells (hESC) and induced pluripotent stem cells 
(hiPSC) (Iyer et al. 2015; Witty et al. 2014). As such, these studies provide an alter-
native experimental approach to overcome the limited supply of human samples for 
primary cultures and establish new models to study human epicardial developmen-
tal cell biology. Of significance, both studies reported expression of key epicardial 
factors in epithelial-like cells with cobblestone morphology, after a stepwise pro-
cess of cell differentiation. There are, however, some differences in the experimen-
tal approach to generate epicardial cells. Iyer and colleagues reported generation of 
epicardial cells from the lateral mesoderm using a monolayer differentiation 
approach, whereas Witty and colleagues used combined embryoid bodies and 
monolayer differentiation. Also, even though both protocols included BMP and 
WNT signaling as necessary to promote differentiation, the former also used reti-
noic acid (RA) to enhance expression of epicardial proteins. While both studies 
reported TGFβ-driven epicardial EMT and contribution to smooth muscle and fibro-
blasts, Iyer and colleagues reported that human epicardial-like cells can be trans-
planted into the chick embryo, differentiating and integrating within the developing 
coronary vasculature (Iyer et al. 2015). Derivation of epicardial cells from pluripo-
tent cells may therefore represent a valuable tool to study the human epicardium. 
Generation of epicardial cells from human inducible pluripotent stem cells (hiPSCs) 
could be useful to experimentally investigate patient-specific mutations or variants 
with increased susceptibility to coronary disease, specifically since single nucleo-
tide polymorphisms (SNPs) in the TCF21 locus have been associated with coronary 
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heart disease in population studies (Miller et al. 2013; Sazonova et al. 2015). Besides 
helping to provide understanding on the genetic basis of cardiac disease, in vitro 
differentiation of human epicardial cells could also be a powerful tool in the devel-
opment of new small molecules for future pharmacological therapies. The system 
allows the generation of large cell numbers that are required for high-throughput 
screenings and subsequent identification of molecular targets to harness the regen-
erative potential of the adult heart (Fig. 3.3).

The human adult epicardium has been studied in vivo using postmortem samples 
from patients with different cardiac pathologies, such as MI, congestive heart fail-
ure, and hypertension (Braitsch et al. 2013). The epicardial layer reportedly under-
goes thickening and reexpression of the embryonic markers WT1, TBX18, and 
TCF21 during heart failure, in a similar way to what had been shown in mouse 
models of myocardial infarction. However, a major difference between human and 
mouse diseased hearts is the higher accumulation of adipose tissue in the epicardial 
layer of human hearts. As such, the human adult epicardium may show a higher 
tendency to give rise to adipose tissue, a feature of the epicardium that was recently 
reported in murine heart development and in response to injury in the adult heart 
(Liu et al. 2014). Further validation of these observations is needed to gain insight 
into the role of epicardial-to-fat transformation in the human heart, since the origin 
of the fat tissue may have important implications in the human response to cardiac 
injury and disease.

The human adult epicardium has also been studied ex vivo by deriving EPDCs 
from right atrial appendage biopsies obtained during coronary artery bypass graft 
(CABG) surgery (Bax et al. 2011; van Tuyn et al. 2007; Winter et al. 2009; Clunie- 
O'Connor et al. 2015). These cells can be maintained in culture for several passages 
and exhibit a cobblestone morphology (van Tuyn et al. 2007) expressing markers such 
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Fig. 3.3 Tools to study the 
human epicardium. (a) 
Epicardial cells can be 
generated from human 
pluripotent stem cells and 
patient-derived atrial 
appendages in vitro. (b) In 
vitro expansion of 
epicardial cells can be used 
to gain insight into human 
epicardial cell development 
and basic physiology, and 
to develop new therapies 
based on high-throughput 
screens (c), as a potential 
treatment for the failing 
heart (d)
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as WT1 and TBX18 (Bax et al. 2011). Moreover, atrial appendage-derived epicardial 
cells can undergo EMT upon treatment with the transforming growth factor beta 
(TGFβ) and differentiate to different cell types, including smooth muscle cells and 
fibroblasts (Bax et al. 2011). Interestingly, when cocultured with human cardiomyo-
cytes in hypoxic conditions, biopsy-derived cells increased their proliferation and 
secreted several growth factors including VEGF, placental growth factor, and platelet-
derived growth factor (PDGF). Importantly, this study showed how both cell types can 
act synergistically in vitro, promoting an increase in cell proliferation (Winter et al. 
2009). Moreover, primary human EPDCs were shown to improve cardiac function in 
a mouse model of MI. Recently, this ex vivo model to study human epicardial cells 
has been proposed to be a valuable resource to develop high-throughput phenotypic 
screens for potential drug discovery (Clunie-O'Connor et al. 2015) (Fig. 3.3).

From the early studies of the epicardium using the chick embryo moving forward 
to studies using the state-of-the-art experimental approaches (e.g., ESC-derived 
epicardial-like cells), our understanding of the role of the epicardium in mammalian 
heart development and repair has increased considerably. Nevertheless, there are 
still many unanswered questions to be addressed, such as the functional implica-
tions of proepicardium and epicardium cell heterogeneity, the role of the epicardium 
in adult homeostatic conditions, and how to fully harness the therapeutic potential 
of EPDCs to promote an efficient response following cardiac injury, acting as a resi-
dent cell source to promote regeneration. As a consequence, further research is war-
ranted to meet these answers. The next years, therefore, offer significant potential 
regarding the exploitation of the therapeutic potential of the epicardium in cardio-
vascular regenerative medicine.
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Abstract
Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) are 
a powerful technology with established applications in regenerative medicine, 
disease modeling, drug testing and discovery, and developmental biology. The 
in vitro generation of human cardiomyocytes has progressed rapidly over the last 
15 years, and cardiac differentiation of human pluripotent stem cells (hPSC) is 
now a simple and routine process for many laboratories, generating contracting 
fetal-like cardiomyocytes that recapitulate a variety of known cardiovascular dis-
ease phenotypes. Here we discuss the history and existing knowledge in the field 
on the generation of cardiomyocytes from human pluripotent stem cells. We 
cover the potential clinical and investigational applications of hPSC-CMs, as well 
as the role of the pluripotent state in differentiation, and current methodologies 
for differentiation, purification, directed cardiomyocyte subtype specification 
and maturation, and large-scale production. We conclude with a discussion on 
the future of the field.
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4.1  Introduction

The last two decades have witnessed a sea change in cardiology, in which the heart 
has gone from being perceived as incapable of regenerating new cardiomyocytes to 
an organ which contains potential for cardiomyocyte replacement by proliferation 
of existing cardiomyocytes, differentiation of resident or circulating stem and pro-
genitor cells, the transdifferentiation of endogenous cardiac fibroblasts, or the 
engraftment of exogenous human pluripotent stem cell-derived cardiomyocytes 
(hPSC-CMs). Heart disease remains the leading cause of death in both men and 
women in the USA (Mozaffarian et al. 2016). It has been estimated that 1–1.7 billion 
cardiomyocytes have been lost in a failing heart (Murry et al. 2006; Beltrami et al. 
1994). Yet, in the face of such a large contractile cell deficit, the level of in situ car-
diomyocyte renewal in humans remains low. While medical therapies for coronary 
heart disease and heart failure have improved mortality related to heart disease since 
1980 (Mozaffarian et  al. 2016), these therapies usually do not represent cures. 
Furthermore, a number of genetic cardiac diseases have limited treatment options 
available. Progress in treating these diseases is hindered by the limitations inherent 
to studying animal models that are often inadequate mimics of human disease and 
may involve different pathophysiology despite a similar phenotype.

Several cell types have been proposed as candidates for use in cardiac regenerative 
therapies, and most of these have demonstrated limited success in generating new car-
diomyocytes in vivo, particularly in large animal studies (Bolli et al. 2013; Johnston 
et al. 2009; Leiker et al. 2008; Hatzistergos et al. 2010), with observed improvements in 
cardiac parameters being largely attributed to paracrine effects (Gallina et al. 2015; 
Broughton and Sussman 2016; Khanabdali et al. 2016; Tang et al. 2010). Among these 
cells, hPSCs have proven to have the greatest potential for cardiomyocyte differentia-
tion and myocardial repair. Initially, this option was limited to embryonic stem cells 
(ESC); however, their use for therapeutic purposes entails an allogenic therapy with 
concerns over immune rejection and the need for immunosuppression. In 2006, 
Takahashi and Yamanaka opened the field of induced pluripotent stem cells (iPSC) 
with their creation of cells that behaved like mouse embryonic stem cells (mESC) from 
mouse fibroblasts that had been retrovirally transduced with four genes: Pou5f1 
(Oct4), Sox2, Klf4, and Myc (Takahashi and Yamanaka 2006). These cells showed gene 
expression profiles similar to mESCs, potential to form teratomas and differentiate 
into cells from all three germ layers, and had clonogenic potential. Subsequently, 
germline competence was established by selecting for Nanog- or native Oct4-
expressing miPSCs (Okita et al. 2007; Wernig et al. 2007; Maherali et al. 2007). In 2007 
and 2008, reports of iPSCs derived from human cells (hiPSC) were published using 
the same OCT4, SOX2, KLF4, and MYC combination of factors (Takahashi et al. 2007; 
Park et al. 2008). Despite the identification of numerous other reprogramming gene 
combinations, the use of the four “OSKM” Yamanaka factors with non-integrating 
Sendai viruses for transduction (Fusaki et  al. 2009) remains the most common 
approach for generation of hiPSCs today.

The advances in hiPSCs make autologous regenerative cardiac therapies more 
plausible and also introduce a platform upon which to model genetic cardiac 
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diseases by way of creating disease-specific and even patient-specific models for 
investigation. Despite this progress, there remains a great deal of work to be done to 
improve our understanding of the genetics and epigenetics of human heart develop-
ment, the generation of de novo cardiomyocytes both in vitro and in vivo, and fac-
tors involved in cardiac repair before safe and effective approaches for human 
cardiac regenerative medicine can be developed for large-scale use.

4.2  Applications

The creation of hiPSC-CMs has opened the floodgates to possibilities for therapeutic 
applications of these cells as well as never-before-available models for investigation 
of development, disease processes, and drug and toxicity screening. The ability to 
easily and reproducibly generate large numbers of human cardiomyocytes from hiP-
SCs has placed a powerful tool in the hands of investigators to accelerate progress in 
a number of areas, several of which are outlined here.

4.2.1  Regenerative Medicine

While regenerating over a billion cardiomyocytes in a failing heart is a lofty goal, 
current evidence would support its pursuit. Multiple stem and progenitor cell popu-
lations have been proposed as candidates to meet this challenge, including bone 
marrow-derived stem cells (e.g., mesenchymal stem cells, c-KIT+ cells, CD34+ cells, 
Hoechst exclusion or “side population cells”), resident cardiac progenitor cells (e.g., 
c-KIT+, CD34+, ISL1+, Hoechst exclusion, and cardiosphere-derived cells), cord 
blood cells, and fat-derived stem cells. Indeed, several of these cell types have shown 
modest improvements in cardiac function in post-injury models, as measured by 
parameters such as left ventricular ejection fraction (LVEF), regional systolic func-
tion, or scar reduction following myocardial infarction (MI). However, scant evi-
dence supports clinically meaningful levels of cardiomyocyte differentiation of any 
of these cell types in vivo (Bolli et al. 2013; Johnston et al. 2009; Leiker et al. 2008; 
Hatzistergos et al. 2010; Gallina et al. 2015; Broughton and Sussman 2016; Khanabdali 
et al. 2016; Tang et al. 2010).

In contrast, ESCs and iPSCs have demonstrated far greater capacity to generate 
de novo cardiomyocytes in  vitro (Kattman et  al. 2011; Lian et  al. 2012, 2013; 
Hudson et al. 2012; Burridge et al. 2014), as well as in vivo (Chong et al. 2014; 
Carpenter et al. 2012). Despite the successes with in vitro cardiomyocyte differen-
tiation, in vivo data demonstrating significant regeneration of cardiac tissue is less 
plentiful. Nevertheless, there is a reason for optimism. Since a defining character-
istic of PSCs is the ability to form teratomas, most in vivo studies have focused on 
delivery of PSC-CMs, rather than PSCs themselves. Delivery of 2 × 106 hiPSC- 
CMs to a rat heart post-MI demonstrated the presence of cardiomyocyte markers 
in engrafted cells as late as 10 weeks after injection, although there was no signifi-
cant improvement in cardiac function by MRI (Carpenter et al. 2012). However, 
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Ong and colleagues delivered the same dose of hiPSC-CMs to an immunodeficient 
mouse heart post-MI and observed poor engraftment at 35 days using biolumines-
cent imaging despite improvements in cardiac function by MRI and invasive 
hemodynamic monitoring (Ong et  al. 2015). Further analyses suggested that 
release of proangiogenic and antiapoptotic factors by the transplanted cells might 
underlie the observed improvement in cardiac function after injury (Ong et  al. 
2015). In the first study in nonhuman primates, delivery of 1 billion hESC-CMs to 
post-MI macaque hearts resulted in extensive remuscularization with human car-
diomyocytes with evidence of electrical integration with host myocardium (Chong 
et al. 2014). This study demonstrated the feasibility of generation of large numbers 
of hPSC-CMs in addition to providing strong evidence of myocardial 
regeneration.

A growing body of evidence supports the notion that combination cell therapy 
may improve transplanted cell retention and cardiac repair. Ye et al. (2014) deliv-
ered a combination of hiPSC-derived cardiomyocytes, endothelial cells, and 
smooth muscle cells to a porcine heart following MI. In addition, they placed a 
fibrin patch containing IGF1-releasing gelatin microspheres over the site of injury 
prior to cell injection. The use of the fibrin patch resulted in improved cell reten-
tion (~9% of injected cells vs. ~4% without the patch, as assessed by quantitative 
PCR for human Y chromosome in tissue digests). Histological analyses confirmed 
hiPSC-CMs within muscle fibers in the heart. This treatment resulted in signifi-
cant improvements in LVEF, wall stress, apoptosis, myocardial energetics, and 
arteriole density.

4.2.2  Biological Pacemaker Development

In addition to treating disorders of cardiac mechanical pump function, there has 
also been interest in using cell-based therapies to treat electrical heart problems. 
Patients who suffer from sinoatrial node dysfunction and bradycardia currently rely 
on electronic pacemakers to take over pacing of the heart. While these devices are 
highly effective, they do have shortcomings which include limited battery life neces-
sitating generator changes, the potential for devastating infections, lack of auto-
nomic responsiveness, pacing-induced cardiomyopathy, and lead fracture or 
dislodgement, which is particularly problematic in the pediatric population as they 
grow and attempt to carry out a normal active life (Rosen et al. 2011). The ability to 
biologically replace a failing sinoatrial node might alleviate several of these prob-
lems. In the case of genetic causes of sinus node dysfunction, nodal cells could be 
created from autologous hiPSCs that have been genetically modified to correct the 
defect and restore normal pacing function. For example, overexpression of HCN4 
(the ion channel responsible for the pacemaker current, If, which has been impli-
cated in sick sinus syndrome) in mESC-CMs increased their spontaneous beating 
rate and allowed them to pace hiPSC-CMs in co-culture (Saito et al. 2015). These 
cells also demonstrated β-adrenergic responsiveness.
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To date, all efforts at cardiomyocyte generation from hiPSCs have produced a 
mixed population of cardiac myocytes which resemble ventricular, atrial, and 
nodal cells, based on their action potential characteristics. On the one hand, this 
heterogeneity raises concerns about potential arrhythmia generation in clinical 
applications (see “Cardiomyocyte Subtype Specification” below). However, this 
also highlights the fact that the creation of nodal cardiomyocytes from hPSCs 
appears to be possible in vitro, and ongoing efforts to control the subtype of car-
diomyocytes produced will likely allow for the generation of pure ventricular as 
well as nodal cells for their respective applications. Kehat and colleagues were the 
first to demonstrate the principle that hPSC-CMs could provide cardiac pacing by 
delivering hESC-CMs to porcine hearts with complete atrioventricular block 
(Kehat et al. 2004). The delivered cells integrated into the cardiac syncytium and 
paced the hearts, as demonstrated by 3D electrical mapping. Similar results might 
be expected from hiPSC-derived cells, although Lee et al. (2011) provide reason 
for caution. They investigated the calcium- handling characteristics of hiPSC- and 
hESC-derived cells and found that the calcium handling of hiPSC-CMs was rela-
tively immature compared to hESC-CMs (Lee et al. 2011). This could limit their 
potential as biological pacemakers (Barbuti and Robinson 2015), although efforts 
to improve maturation of hiPSC-CMs cells are currently a major focus of research 
by several groups.

4.2.3  Understanding of Human Cardiac Development

While the use of hiPSCs for regenerative therapies may be their most obvious applica-
tion in the cardiovascular space, there are multiple other areas in which these cells are 
already proving valuable. Improving the efficiency of hiPSC differentiation into car-
diomyocytes has relied upon a thorough understanding of normal cardiac develop-
ment. Human heart development is uniquely difficult to study, as embryonic and fetal 
heart tissue is difficult to obtain and raises obvious ethical concerns. Even adult pri-
mary cardiomyocytes are difficult to isolate and can only be maintained for days in 
active cell culture. These facts have forced the research community to utilize animal 
models to understand cardiac developmental biology, focusing largely on murine, 
avian, and frog cardiogenesis. The discovery and successful culture of ESCs opened 
new possibilities to study cardiac development in a human cell model. At present, 
much of what we know about human cardiac development has been discovered or 
verified by investigating hESC signaling and gene expression profiles. This knowledge 
has guided approaches to cardiomyocyte differentiation of hPSCs, while hPSC-CMs 
in turn provide ever improving models of cardiogenesis. Furthermore, hiPSCs pro-
vide a valuable model for studying cardiac development in both normal and diseased 
states. Human iPSCs can be created from patients with congenital or developmental 
heart disease and used to study abnormal development or the effects of various envi-
ronmental toxins or pharmacologic agents on development in the setting of various 
patient-specific genetic backgrounds that are known to produce a phenotype, thus 
greatly enhancing our understanding of these diseases.
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4.2.4  Disease Modeling

Human iPSCs provide a platform of unprecedented breadth for the study of virtually 
any disease process with a genetic association. The creation of hiPSC-CMs derived 
from patients allows for the study of their specific pathophysiology, whether it 
involves a genetic or acquired cardiomyopathy, arrhythmia, defect in development, 
or metabolic disorder. Several cardiac disease phenotypes have already been mod-
eled in hiPSC-CMs from affected patients.

Familial cardiomyopathies have been associated with several known mutations, 
often involving genes that encode for proteins that comprise the contractile appara-
tus of the cell. In one of the first examples of the use of patient-derived hiPSCs to 
study cardiac disease, Sun et al. created hiPSC-CMs from seven members of a family 
affected by familial dilated cardiomyopathy (DCM), including controls and indi-
viduals carrying a point mutation (R173W) in the cardiac troponin T (TNNT2) gene 
(Sun et al. 2012). The hiPSC-CMs from patients with the mutation showed impaired 
myofilament regulation, contractility, and calcium handling compared to controls, 
although the cardiomyocytes were notably immature. Subsequent work from this 
group demonstrated abnormal β-adrenergic signaling and contractile function in 
these DCM hiPSC-CMs and a possible role for nuclear localization of the mutated 
TNNT2 in epigenetic modifications resulting in upregulation of phosphodiesterase 
2A and 3A, which related to compromised β-adrenergic signaling and contractility 
(Wu et al. 2015).

Other mutations involved in DCMs have since been modeled in hiPSC-CMs 
as well, including a mutation in the gene encoding lamin A/C (LMNA), demon-
strating increased electrical stimulation-induced nuclear senescence and apop-
tosis in hiPSC- CMs, which could be reduced or eliminated by pharmacologic 
blockade of the MEK1/ERK1/2 pathway (Siu et  al. 2012). A mutation in the 
gene for desmin (DES) was identified in another DCM patient, and hiPSC-CMs 
derived from this patient demonstrated structural and functional abnormalities 
due to protein misfolding that recapitulated findings from pathologic speci-
mens (Tse et  al. 2013). Sarcomere insufficiency was identified as a cause of 
DCM in patients who carry truncating mutations in the gene for titin (TTN), a 
major structural protein in myofibrils (Hinson et al. 2015). In another example, 
hiPSC-CMs from a DCM patient carrying a phospholamban (PLN) mutation 
demonstrated abnormal Ca2+ handling, electrical instability, and abnormal 
cytoplasmic distribution of phospholamban protein, recapitulating findings in 
primary cardiomyocytes of patients with PLN mutations and DCM (Karakikes 
et al. 2015).

These efforts highlight the fact that there are now over 50 genes which have been 
implicated in familial DCMs (Skrzynia et al. 2015), and these various mutated genes 
confer nearly indistinguishable clinical phenotypes via very different mechanisms. 
The use of hiPSCs has been instrumental in defining these causative factors and may 
aid in identifying unique treatments for individual patients carrying specific muta-
tions. As such, the ability to create cardiomyocytes from hiPSCs represents one of 
the greatest steps toward the realization of personalized medicine, in which 
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treatments for diseases can be tailored to an individual patient based on their genet-
ics or the specifics of their pathophysiology.

Several other cardiac diseases have now been modeled in hiPSCs, including 
hypertrophic cardiomyopathy (Lan et al. 2013; Han et al. 2014; Birket et al. 2015a; 
Tanaka et al. 2014; Ojala et al. 2016); arrhythmogenic right ventricular cardiomy-
opathy (Kim et al. 2013; Ma et al. 2013a; Wen et al. 2015); diabetic cardiomyopathy 
(Drawnel et al. 2014); familial long QT syndrome type 1 (Moretti et al. 2010; Egashira 
et al. 2012; Ma et al. 2015), type 2 (Itzhaki et al. 2011; Matsa et al. 2011; Lahti et al. 
2012; Matsa et al. 2014; Jouni et al. 2015; Mehta et al. 2014), type 3 (Ma et al. 2013b; 
Fatima et al. 2013; Terrenoire et al. 2013; Malan et al. 2016), and type 8 (Timothy 
syndrome) (Yazawa et al. 2011); catecholaminergic polymorphic ventricular tachy-
cardia types 1 (CPVT1) (Fatima et  al. 2011; Jung et  al. 2012; Itzhaki et  al. 2012; 
Kujala et al. 2012; Zhang et al. 2013; Di Pasquale et al. 2013; Penttinen et al. 2015; 
Novak et al. 2015) and 2 (CPVT2) (Novak et al. 2012, 2015); hypoplastic left heart 
syndrome (Jiang et al. 2014; Kobayashi et al. 2014; Theis et al. 2015); and the cardiac 
phenotypes of Pompe disease (Huang et al. 2011; Raval et al. 2015; Sato et al. 2015) 
and Duchenne muscular dystrophy (Dick et  al. 2013; Guan et  al. 2014; Lin et  al. 
2015; Hashimoto et al. 2016).

Human iPSC-CMs also allow investigators to go beyond simply recreating dis-
ease physiology in human cells and tissues in vitro to demonstrating causality of a 
given mutation or signaling pathway by providing a platform for human gene 
knockdown and overexpression techniques or the introduction of mutations into 
control human cardiomyocytes to demonstrate reproducibility of a given pheno-
type. This is particularly important when one considers that observed differences 
between diseased hiPSC-CMs and control cells could be due to off-target genetic 
differences. For example, selective expression of a mutated titin gene in control 
hiPSC- CMs resulted in reduced contractile function, recapitulating the DCM phe-
notype seen in diseased cells (Hinson et  al. 2015), and knockdown of LMNA in 
control hiPSC-CMs using shRNA recreated the phenotypic changes and susceptibil-
ity to electrical stress seen in LMNA mutant hiPSC-CMs (Siu et al. 2012). Similarly, 
normal genes can be introduced into diseased hiPSC-CMs to demonstrate rescue of 
a disease phenotype. Karakikes et al. used both a TALEN-mediated gene correction 
and a combination strategy of knockdown of the mutant PLN and addition of the 
normal gene into hiPSCs prior to cardiomyocyte differentiation to confirm the role 
of the PLN mutation in the DCM phenotype (Karakikes et al. 2015). This approach 
rescued Ca2+ handling and PLN distribution and fully restored normal cardiac phe-
notype in hiPSC-CMs.

4.2.5  Drug Discovery, Pharmacogenomics, and Cardiotoxicity 
Screening

Human iPSC-CMs provide an unprecedented ability to study cellular signaling, 
metabolism, and ion channel function in human cardiomyocytes. Therefore, it is not 
surprising that several of the hiPSC-CM disease models outlined above have resulted 
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in the identification of novel drugs or potential therapeutic targets which may cor-
rect or improve the cardiac defects in question. Studying type 1 long QT syndrome 
(LQT1), Ma et al. observed decreased slowly activating delayed rectifier potassium 
channel current (IKs) in hiPSC-CMs from an LQT1 patient with a novel loss of func-
tion mutation in KCNQ1 (Ma et  al. 2015). This mutation resulted in prolonged 
action potential duration, which confers an increased risk of fatal arrhythmias in 
these patients. Application of the novel drug ML277 increased IKs in the LQT1 
hiPSC-CMs and shortened action potential duration, identifying this as a potential 
therapy for LQT1. In a hiPSC-CM model of CPVT1, dantrolene was shown to sup-
press arrhythmogenic spontaneous Ca2+ release events and abolish delayed afterde-
polarizations and spontaneous action potentials in CPVT1 hiPSC- CMs carrying an 
N-terminal mutation in the cardiac ryanodine receptor (Jung et al. 2012). And while 
recombinant enzyme replacement therapy effectively corrects lysosomal storage in 
Pompe disease, its effect is incomplete. The use of hiPSC-CMs from a patient with 
Pompe disease allowed investigators to screen for additional therapies, identifying 
l-carnitine as having potential benefit due to its ability to rescue mitochondrial 
function in diseased cardiomyocytes (Huang et al. 2011).

Just as hiPSCs can aid in the discovery of new drugs and drug targets, they also 
have great potential to improve the efficiency of bringing new therapies to market. 
Recent estimates suggest that the average cost to bring one new drug to market in 
the USA, including the cost of failures, is $1.24 billion (Kaitin 2010). Considering 
that only one in six drugs that made it into clinical trials in the USA actually made it 
to market (DiMasi et al. 2010), while the costs of clinical trials have been rising in 
recent years (Kaitin 2010), the wasted R&D expenditures involved are alarming. The 
high drug attrition rate is at least in part due to unforeseen toxicities encountered 
during clinical trials that were not predicted by suboptimal screening assays which 
rely on the use of nonhuman cells such as Chinese hamster ovary (CHO) cells or 
immortalized transgenically modified human cell lines, such as human embryonic 
kidney (HEK) cells, during drug development. Of particular concern is the potential 
for pharmacologically induced cardiac arrhythmias. Human iPSCs provide a model 
for testing drug toxicity in virtually any human tissue or cell type without having to 
rely on animal models which may produce very different results. As an example of 
such use, a recent initiative called the Comprehensive In Vitro Proarrhythmia Assay 
(CiPA) was begun in an effort to more accurately predict the risk of the potentially 
fatal cardiac arrhythmia, torsades de pointes (TdP). TdP has been associated with a 
long list of medications based on surrogate markers for TdP risk, which include 
inhibition of the potassium channel hERG and prolongation of the QT interval on 
an electrocardiogram (Fermini et al. 2016). Common practice has been to test an 
investigational drug on non-cardiomyocyte cells such as hERG transgenic CHO 
cells (Danker and Moller 2014) and monitor QT intervals in clinical trials. While 
this method is sensitive for TdP risk, it is not very specific and ignores potential for 
effects on other ion channels (Fermini et al. 2016). As a result, several drugs that may 
not truly increase risk of TdP have been forced to go through additional phase IIb 
and III trials to assess risk of QT prolongation and TdP, at a cost of approximately $1 
billion (Fermini et al. 2016). The CiPA initiative was designed to assess drug effects 
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on seven ion channels (not just hERG), generate in silico models of cardiac repolar-
ization from these data, and utilize standardized hiPSC- CM protocols to assess 
effects on repolarization in an effort to screen out drugs with unacceptable risks of 
toxicity prior to reaching clinical trials. Combining such an approach with current 
state-of-the-art technology such as commercially available high-throughput robotic 
patch-clamp systems and microelectrode arrays could aid in rapid screening of mul-
tiple drugs at multiple doses using a panel of hiPSC-CMs from subjects with varying 
genetic backgrounds (Mordwinkin et al. 2013).

Importantly, patients with underlying cardiac disease or rare genetic mutations 
may not be included in investigational drug trials, making identification of cardio-
toxicity risk virtually impossible until post-market analyses are performed. 
Furthermore, Liang et al. demonstrated increased susceptibility to cardiotoxicity in 
diseased cardiomyocytes by creating hiPSC-CMs from healthy subjects and patients 
with hereditary long QT syndrome, familial HCM, and familial DCM and perform-
ing assessments of the effects of known cardiotoxic drugs on ion channel currents in 
these cells (Liang et al. 2013). Diseased hiPSC-CMs demonstrated increased pro-
pensity for arrhythmias, which mimicked that of the patients from whom they were 
derived, and were superior to hERG assays alone. This work illustrates how high-
throughput technologies could be valuable in identifying cardiotoxicities in patients 
with varying cardiac conditions before they are given a new drug.

As an example, hiPSC-CMs have demonstrated benefit in modeling, and even 
predicting, chemotherapy-induced cardiotoxicity. Anthracyclines are effective in 
treating a wide range of malignancies, but a subset of patients go on to develop car-
diomyopathy and heart failure. Burridge et al. showed that hiPSC-CMs from breast 
cancer patients who had developed anthracycline-induced cardiomyopathy actually 
recapitulated the increased predilection toward cardiotoxicity relative to patients 
who received similar treatment but did not develop cardiotoxicity, suggesting that 
hiPSCs from cancer patients could be used to screen for risks of serious treatment 
side effects (Burridge et  al. 2016). Such an in  vitro model of chemotherapeutic- 
induced toxicity could be useful in screening cells from large numbers of individuals 
to identify particular gene variants or single nucleotide polymorphisms that might 
identify patients at risk for toxicity, moving healthcare closer to the goal of personal-
ized medicine.

4.3  Cardiomyogenesis during Mammalian Heart 
Development

The heart is the first functioning organ to develop in an embryo, bearing the respon-
sibility for pumping oxygen and nutrients to the other developing tissues. The heart 
forms through multiple stages of morphogenesis which begin with development of 
cardiac progenitor cells, formation of the linear heart tube, cardiac looping, chamber 
formation, septation, and finally maturation. Cardiac development begins following 
the formation of the blastocyst, when the inner cell mass (from which ESCs are 
obtained) undergoes gastrulation to form the three primitive germ layers: 
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endoderm, mesoderm, and ectoderm. Initiation of gastrulation and induction of the 
mesoderm layer is heavily dependent on NODAL, bone morphogenetic protein 
(BMP), Wnt, and fibroblast growth factors (FGF) signaling (Kimelman 2006; Noseda 
et al. 2011; Brade et al. 2013). Mesodermal induction is marked by expression of the 
T-box transcription factor Brachyury (T), which is itself a target of Wnt/β-catenin 
signaling. The mesoderm contains precursors of the first and second heart fields 
(FHF and SHF), which will ultimately give rise to the majority of the atria, ventricles, 
and the outflow tract myocardium (Brade et al. 2013).

The commitment and differentiation of mesodermal cells to a cardiac lineage is 
dependent on a complex interaction of signaling pathways. The T+ cells require 
NOTCH-mediated inhibition of canonical Wnt/β-catenin signaling and activation 
of noncanonical Wnt pathways for induction of cardiac transcription factors 
(Fig.  4.1, upper panel), leading to expression of KDR (FLK1) (Brade et  al. 2013; 
Kwon et  al. 2009; Gessert and Kuhl 2010). These T+/KDR+ cells give rise to the 
MESP1+ cardiogenic mesoderm, and finally the FHF and SHF, which form the car-
diac crescent. The more anterolaterally located FHF cells are exposed to BMP and 
FGF signals as well as canonical Wnt pathway inhibitors which further drives their 
differentiation, and they begin to express NKX2-5, GATA4, and TBX5, as well as 
contractile proteins myosin light chain-2a (MYL7) and sarcomeric myosin heavy 
chain (Brade et al. 2013). The FHF cells of the cardiac crescent give rise to the linear 
heart tube, while the SHF cells migrate into the heart tube later, where FGF signaling 
maintains progenitor cell proliferation, while Sonic hedgehog-mediated signals 
from the endoderm and canonical Wnt signaling from the midline neural tube 
inhibit differentiation and stimulate proliferation (Brade et al. 2013; Kelly 2012). As 
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with the FHF, BMPs, NOTCH, and noncanonical Wnt signals promote cardiac dif-
ferentiation of the SHF cells. The later stages of cardiac development include cardiac 
looping and chamber formation, as well as formation/septation of the outflow tract, 
which are reviewed elsewhere (Schleich et al. 2013).

4.4  Control of the Pluripotent State

Though all pluripotent cells harbor the ability to differentiate into somatic cell lin-
eages, it is now increasingly evident that pluripotency can exist in a small number of 
diverse stable states. Of these, two pluripotent phases corresponding to successive 
stages in development have been described: the naïve state, which corresponds to 
the pre-implantation blastocyst in mice, and the primed state, which remains plu-
ripotent but has undergone epigenetic modifications.

Historically, mESCs have been acquired from embryonic day 3.5 (E3.5) pre- 
implantation embryos at the blastocyst stage by explanting cells from the inner cell 
mass (ICM) and allowing for subsequent outgrowth (Evans and Kaufman 1981). 
These mESCs, still in the naïve state, form dome-shaped colonies and were classi-
cally cultured in media containing fetal bovine serum (FBS) and leukemia inhibi-
tory factor (LIF) (Smith et al. 1988) or bone morphogenetic protein 4 (BMP4) and 
LIF (Ying et al. 2003). These cells are now commonly maintained by a combination 
of MAPK/ERK kinase (MEK) and glycogen synthase kinase 3 beta (GSK3B) inhibi-
tion plus LIF, commonly referred to as “2i/LIF” (Nichols and Smith 2009). In con-
trast, mESCs acquired from E5.5–7.5 post-implantation epiblasts (EpiSC) (Tesar 
et al. 2007; Brons et al. 2007) represent the primed state. They grow in monolayer 
colonies, proliferate in response to Activin/NODAL/TGFβ and FGF2 signaling 
(Brons et  al. 2007), and have diverse propensities for differentiation (Bernemann 
et al. 2011). The discernable differences in morphology and varying dependence on 
exogenous factors between these two populations have been ascribed to the devel-
opmental stages from which these cells were derived.

In contrast, human PSCs, whether hESCs derived from blastocysts or hiPSCs 
reprogrammed from adult somatic cells, show morphological, epigenetic, and 
growth factor requirements reminiscent of the primed EpiSC-like state in mice. 
Early attempts at capturing a naïve state of human pluripotency similar to that of 
mESCs relied on the expression of transgenes, such as sustained doxycycline- 
dependent expression of OCT4, SOX2, KLF4, and MYC (De Los et  al. 2012). 
However, recent transgene-free methods of deriving human naïve pluripotent cells 
have been described, and methods for transferring human pluripotent cells between 
the naïve and primed states are being developed (Guo et al. 2016; Gafni et al. 2013; 
Theunissen et al. 2014).

In a recent study, Hanna and colleagues (Gafni et al. 2013) used an OCT4-GFP 
reporter with a doxycycline-inducible system to express reprogramming factors pre-
viously shown to convert cells to a naïve-like state. A subsequent screen for condi-
tions that allowed for sustained GFP expression in the absence of doxycycline found 
that a combination of 2i/LIF, TGFB1, FGF2, along with JNK and p38 inhibitors was 
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sufficient to maintain reporter construct expression and sustain a naïve-like state in 
primed hiPSCs. Human ESCs and hiPSCs grown under these conditions exhibited 
molecular and epigenetic features similar to those of naïve mESCs, including utiliza-
tion of the OCT4 distal enhancer and a lack of X chromosome inactivation. 
Furthermore, these cells generated cross-species chimeric mouse embryos and dis-
played a distinct gene expression pattern when compared to primed hESCs and hiP-
SCs, underscoring their pluripotency potential and suggesting a distinct pluripotent 
state.

In another study, a screen for factors that maintain the expression of a reporter of 
OCT4 distal enhancer activity identified five kinase inhibitors (of MEK, GSK3B, 
ROCK, BRAF, and SRC) that, in combination with Activin A and LIF, allow for the 
maintenance of hESCs in a naïve state as well as for the interconversion between 
primed and naïve states (Theunissen et al. 2014). Human ESCs cultured under these 
conditions exhibited an upregulation of transcription factors associated with naïve 
pluripotency in mice, including STELLA, DPPA2, DPPA5, REX1, KLF4, KLF5, 
TFCP2L1, and NANOG. However, they expressed a distinct gene expression pattern 
when compared to hiPSCs and previously described naïve hESC states. Contrary to 
findings in mESCs, these cells showed an upregulation of the X-chromosome inac-
tivator XIST and inactivation of X-linked gene expression. While this may indicate 
that the relationship between X inactivation and the naïve pluripotent state may not 
be evolutionarily conserved, the authors point out that it may also be attributable to 
X chromosome erosion in their late passage cells and thus warrants further investi-
gation. These reports illustrate the challenges in capturing a naïve state in hPSCs and 
the lack of consensus regarding what this state might look like.

Refining the relationship between the naïve and primed state provides the oppor-
tunity to explore the epigenetic and transcription factor networks governing the sta-
bilization of pluripotency (Guo et al. 2016; Gafni et al. 2013; Theunissen et al. 2014). 
Notably, a number of pathways appear to play contradictory roles in maintaining the 
naïve versus primed state. FGF2 signaling, classically used to maintain the pluripo-
tent state of primed hESCs and hiPSCs, plays an antagonistic role in maintaining the 
naïve state cells (Guo et al. 2016; Gafni et al. 2013). BMP4, which can be used to 
support naïve cells (Ying et al. 2003), results in the mesoderm or trophectoderm dif-
ferentiation of primed cells (Xu et al. 2002; Yu et al. 2011), while BMP inhibitors 
promote self-renewal of hPSCs (Frank et al. 2012). Likewise, JNK and p38 inhibition 
results in the stabilization of the naïve state but is not required for maintenance of 
primed cells (Gafni et al. 2013) (Fig. 4.2).

Further investigation of the distinct mechanisms by which these two pluripotent 
states are sustained may help explain subtle differences in their susceptibility to dif-
ferentiation and could allow for the derivation of pluripotent states with increased 
stability and wider differentiation potential. For example, in mice, BMP signaling 
through SMAD has been shown to be dispensable for pluripotency and instead has 
been implicated in lineage priming predisposition via control of DNA methylation 
(Gomes Fernandes et al. 2016). Because the elucidation of signaling networks gov-
erning pluripotency is complicated by the use of different media formulations and 
cell attachment matrices across studies, systematic design of experiments (DOE) 
approaches using chemically defined media will help better characterize the naïve 
state. If successfully captured and described, the naïve state of human pluripotency 

A.J.T. Schuldt et al.



79

may supply a source of unobstructed cells in a stable pluripotent state with the 
capacity for unrestricted and unbiased differentiation.

4.5  Human Pluripotent Growth Media

The use of patient-derived hiPSCs in regenerative medicine will require the homo-
geneous production of large quantities of cells cultured in defined and xeno-free 
environments (Fig. 4.3). Initial conditions for culturing hESCs relied heavily on fac-
tors known to support pluripotency in mESCs and involved the use of DMEM sup-
plemented with fetal bovine serum (FBS), glutamine, β-mercaptoethanol (BME), 
and nonessential amino acids. The use of a mouse embryonic fibroblast (MEF) 
feeder layer as a source for cell adhesion and of soluble factors was deemed neces-
sary for maintaining pluripotency in both the presence and absence of leukemia 
inhibitory factor (LIF) (Thomson et  al. 1998). Although these culture conditions 
provided a source of cells suitable for studying human development, the use of xeno-
genic factors rendered the cultures inadequate for clinical applications.

The elimination of FBS by KnockOut serum replacement (KSR), as well as the addi-
tion of human recombinant FGF2, improved the cloning efficiency of cells cultured in 
KnockOut DMEM (KO-DMEM) (Amit et al. 2000). Likewise, the use of a Matrigel 
matrix eliminated the need for an MEF feeder layer and established an important role 
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Fig. 4.2 Signaling pathways and reprogramming factors involved in deriving and sustaining the 
primed and naïve pluripotent states in humans. Multiple signaling pathways influence the primed 
and naïve states of hPSC. Notably, most of these pathways have opposite effects on stabilization of 
the primed vs. naïve state. Blue text indicates factors that have been utilized in vitro to induce or 
maintain the respective pluripotent state. Red arrows indicate pathways that promote the indicated 
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*KLF2, while not expressed in human pre-implantation epiblast cells (Blakeley et al. 2015), can 
promote the naïve pluripotent state when overexpressed

4 Generation and Application of Human Pluripotent Stem Cell-Derived Cardiomyocytes



80

for laminin in mediating cell-matrix interactions but required the use of conditioned 
media from heterologous sources (Xu et al. 2001). This obstacle was overcome by the 
addition of transforming growth factor β1 (TGFB1) (Amit et al. 2004) as well as the 
inclusion of higher levels of FGF2 (Xu et al. 2005a) and suppression of BMP signaling 
using NOGGIN (Xu et al. 2005b). While these factors allowed for the feeder-free main-
tenance of hESCs in basal media, the use of KSR and Matrigel remained problematic, 
as both contain undefined components of animal origin. Nonetheless, the shift away 
from conditioned media spurred the identification of key factors necessary to maintain 
pluripotency, such as the cooperation of the Activin/Nodal and FGF2 pathways. This 
allowed for the replacement of KSR and BMP inhibition with bovine serum albumin 
(BSA) and insulin (Vallier et al. 2005), as well as for the culture of hESCs in serum-free 
medium (X-VIVO 10) supplemented with high levels of human recombinant FGF2 (Li 
et al. 2005). The optimized development of defined medium containing DMEM/F12, 
human serum albumin (HSA), high FGF2, and TGFB1 (TeSR1) by Ludwig et  al. 
marked the first time hESCs had been both derived and maintained in defined condi-
tions free of nonhuman products (Ludwig et al. 2006), and its commercialization laid 
the groundwork for establishing standardized methods of culturing hESCs. A focus on 
highly expressed receptor tyrosine kinases in hESCs led to the development of pluripo-
tency media containing FGF2 and Activin A as well as the ERBB2/ERBB3 ligand 
heregulin 1β (commercialized as StemPro hESC) and established an important role for 
insulin signaling in maintaining pluripotency in the absence of KSR (Wang et al. 2007). 
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Fig. 4.3 Milestones in human pluripotent stem cell culture. Important publications in the evolu-
tion of pluripotent stem cell media. Included are key media components, growth factors, and small 
molecules employed to sustain pluripotency. Red text indicates the name of the media formulation 
when commercialized. Blue boxes indicate media derived for primed hPSCs, with naïve hPSC 
media in green boxes. Boxes below the timeline depict important milestones. Abbreviations: AA 
2-P l-ascorbic acid 2-phosphate, BMP4 bone morphogenetic protein 4, BSA bovine serum albu-
min, FBS fetal bovine serum, FGF2 basic fibroblast growth factor, HSA human serum albumin, 
KO-DMEM, KnockOut DMEM, KSR KnockOut serum replacement (Xu et al. 2001, 2005a, b; Amit 
et al. 2004; Hanna et al. 2010; Ware et al. 2014; Carter et al. 2016)
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However, the use of human or bovine serum albumin in these media limited their 
large-scale use for therapeutic applications. The careful examination of basal (DMEM/
F12) and TeSR components allowed for the formulation of albumin-free media by 
revealing BME-mediated toxicity in the absence of BSA and allowed for the identifica-
tion of components necessary to maintain pluripotency (Chen et al. 2011). The result-
ing formulation (E8) consists of chemically defined components including FGF2, 
TGFB1, insulin, l-ascorbic acid 2-phosphate, selenium, and transferrin and is free of 
xenogenic factors, making it suitable for use in clinical applications (Chen et al. 2011). 
Although hESCs and hiPSCs can now be maintained in chemically defined conditions, 
the further optimization of components using DOE approaches may result in formula-
tions that allow for improved culture conditions (Marinho et al. 2015).

4.6  Priming for Cardiac Differentiation

Just as optimization of culture conditions can improve maintenance of the pluripo-
tent state, the right conditions can also bias pluripotency toward cardiac cells. This 
approach requires the stabilization of a pluripotent cell in a state that is poised to 
become mesoderm. The derivation of such a cell state must consider determinants 
of fate, including the relative expression of pluripotency factors, as these can play 
both inductive and inhibitive roles in lineage determination.

Pluripotency has proven to be quite diverse. Various studies have noted differences 
in directed differentiation efficiency among hiPSC lines as well as in the distribution of 
cell types within teratomas formed by these cells. Furthermore, lineage-associated 
genes and pluripotency factors can be co-expressed and can fluctuate within a single 
culture (Montserrat et al. 2013; Cahan and Daley 2013). While it is unclear whether the 
diversity in gene expression and differentiation potential arises due to donor- or clone-
specific gene expression, time in culture, variability in culture conditions, or is simply 
a reflection of pluripotency in vivo, these observations lend support for the idea that 
cells can take on various stable states that are primed, yet undifferentiated. Therefore, 
the challenge in deriving a cell line primed specifically for cardiac differentiation lies in 
minimizing the heterogeneity observed and driving pluripotency toward a specific 
state that is exclusively poised for differentiation into the cell of interest.

Establishing a primed mesodermal state will require a delicate balance of 
expressed pluripotency factors and mesodermal genes. Pluripotency factors, includ-
ing OCT4, SOX2, and NANOG, were identified based on their expression in the 
pluripotent state. However, it is now clear that these factors also play a role in speci-
fying lineage commitment. OCT4 and SOX2 have been associated with the induc-
tion of mesendoderm and neuroectoderm fates, respectively (Thomson et al. 2011); 
therefore, their relative expression will need to be regulated in a way that allows for 
both pluripotency and facilitated entry into mesodermal lineages.

Recent reports show that pluripotency can also be achieved by overexpression of 
genes associated with embryonic lineages, such as the mesendodermal lineage specifier 
GATA3 (Montserrat et al. 2013; Shu et al. 2013). This suggests a model in which tran-
scription factors can act as lineage specifiers and repressors rather than as direct induc-
ers of pluripotency (Montserrat et al. 2013; Thomson et al. 2011; Shu et al. 2013). The 
successful reprogramming of human fibroblasts using lineage determinants to replace 
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core pluripotency factors OCT4 and SOX2 (Montserrat et al. 2013) implies that a meso-
dermally primed state may be achieved by sustaining pluripotency via controlled expres-
sion of optimal relative levels of mesodermal and endodermal lineage specifiers. 
Although cells reprogrammed via lineage specifiers appear indistinguishable from tra-
ditionally derived hiPSCs by genome-wide transcription analysis (Montserrat et  al. 
2013), it is possible that differences in gene expression may become evident only upon 
differentiation, as is observed in different hESC lines with varied differentiation propen-
sities (Osafune et al. 2008). Comparisons of directed differentiation success in hiPSC 
lines stabilized via different lineage determinants could address this issue and aid in the 
elucidation of conditions best suited for cardiac differentiation. Likewise, the develop-
ment of computational methods for predicting transcription regulatory networks and 
lineage specifiers for subpopulations within heterogeneous cultures (Okawa and del Sol 
2015) has the potential to increase our understanding of how the pluripotent state can 
be stabilized and expedite the discovery of favorable conditions for cardiac priming.

4.7  Maintenance of hiPSC-Derived Mesodermal 
Intermediates and Cardiac Progenitor Cells

A remaining barrier in the application of hiPSC-CMs is the variability in differentia-
tion success when using large numbers of hiPSC lines at varying passages. The devel-
opment of an expandable intermediate mesodermal cell line to provide a renewable 
source of cells fated to become mesodermally derived tissues could overcome this 
obstacle. An hiPSC-derived cardiac progenitor cell (CPC) line could also potentially 
be used directly in regenerative therapies. Although the stabilization of such cell lines 
has been challenging, several groups have recently reported diverse methods for effec-
tively capturing and expanding the mesoderm and cardiac progenitor states.

Cao and colleagues described the stabilization of self-renewing MESP1/MESP2+, 
SSEA1+, GATA4+, MEF2C+, ISL1+ CPCs through BMP4, Wnt, and MEK-ERK acti-
vation in defined conditions (Cao et al. 2013). In this approach, hESCs were cultured 
in medium containing BMP4, CHIR99021, and ascorbic acid and showed a loss in 
expression of pluripotency markers followed by an upregulation of early mesoder-
mal genes within 3 days of differentiation. Cells were subsequently stabilized and 
propagated for >15 passages with Activin/NODAL and BMP inhibition along with 
Wnt activation (CHIR99021). The resulting CPCs lacked in vivo tumorigenicity and 
readily differentiated into smooth muscle cells, endothelial cells, and beating, cross-
striated NKX2-5+/ TNNT2+ cardiomyocytes. However, while promising, the success 
of this protocol has still yet to be replicated.

More recently, a high-throughput screening method was used to identify a combi-
nation of small molecules and growth factors that allow for the sustained expression 
of T in mesoderm cells (Kumar et al. 2015). Cells cultured in RPMI/B27 with a com-
bination of FGF2 and the GSK3B inhibitor CHIR98014 on an extracellular matrix 
composed of fibronectin, vitronectin, and collagens I, III, IV, and V retained the abil-
ity to expand and stably express the mesodermal markers MESP1, MIXL1, and 
LHX1. Although the mesodermal progenitor cells successfully differentiated into 
renal cells, they failed to differentiate into other mesodermally derived lineages, 
including cardiac. However, these conditions could help increase our understanding 
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of development along mesodermal lineages and possibly improve differentiation into 
cardiac cells. Using a similar approach, Birket and colleagues demonstrated the sus-
tained culture of PDGFRA+, pre–NKX2-5+ CPCs using controlled MYC expression 
in the presence of IGF1 and hedgehog signaling (Birket et al. 2015b). In this study, 
MYC expression at differentiation day 4.75 blocked CPCs from transitioning to an 
NKX2-5+ state for over 40 population doublings (Birket et al. 2015b). While this dis-
covery will aid in an increased understanding of cardiac development, the use of 
transgenic elements currently precludes its use in clinical applications.

In contrast, two very recent studies focused on reprogramming mouse fibroblasts 
directly to an expandable CPC state in defined conditions. A candidate gene 
approach to identify transcription factors and chromatin remodelers that allow for 
reprogramming of mouse adult cardiac fibroblasts into CPCs revealed that five car-
diac factors (Mesp1, Tbx5, Gata4, Nkx2-5, and Smarcd3 (Baf60c)) along with JAK/
STAT and Wnt signaling (LIF and BIO) gave rise to Nkx2-5+ CPCs (Lalit et al. 2016). 
Although these CPCs could be passaged and successfully differentiated into cardio-
myocytes, smooth muscle cells, and endothelial cells, they did not spontaneously 
contract, suggesting that further optimization is necessary. Similarly, a second group 
has reported that the use of BMP4, Activin A, and Wnt activation (CHIR99021), 
along with FGF, VEGFA, and PDGF inhibition, allows for the sustained culture of 
KDR+, PDGFRA+ CPCs derived from murine fibroblasts (Zhang et al. 2016).

The approaches outlined above all result in the stabilization of a mesodermal pre-
cardiac state; however, each employs varied combinations of growth factors and 
small molecules, resulting in populations defined by different markers. This suggests 
that the resulting CPCs represent different stages of mesodermal differentiation, and 
continued analysis is necessary to define optimal conditions for deriving CPCs 
restricted to differentiation into intended cardiac subtypes. While transgene- free and 
chemically defined methods of capturing the mesodermal or cardiac precursor state 
in humans remain to be elucidated, the studies above are an auspicious beginning.

4.8  Directed Cardiac Differentiation of Human 
Pluripotent Stem Cells

The current efficiency of hiPSC-CM generation owes in large part to previous efforts to 
understand the pathways involved in cardiac development, including modulation of 
the TGFβ/Activin/NODAL, BMP, Wnt, NOTCH, FGF, vascular endothelial growth 
factor (VEGF), and Dickkopf-related protein-1 (DKK1) pathways (Fig. 4.1). Many of 
the methods used in differentiating hiPSCs along various lineages stems from earlier 
work using hESCs. Early on, growth of hESCs in suspension was found to produce 
spherical aggregates of cells termed embryoid bodies (EB) (Itskovitz-Eldor et al. 2000) 
and was shown by Kehat et al. in 2001 to result in spontaneous contractions in 8–10% 
of the EBs (Kehat et al. 2001). Cardiac-specific gene expression and calcium transients 
were observed in cells from the contracting EBs. Efforts to improve on this technique 
soon followed (Table 4.1). EBs of differing sizes resulted in inconsistent differentiation 
efficiencies, so attempts were made to control the size of EBs using forced aggregation 
techniques, in which a known number of hESCs were plated in U- or V-bottomed wells 
(Ng et  al. 2005; Burridge et  al. 2007). This method significantly improved the 
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reproducibility of EB formation within a given hESC line but highlighted the variability 
in CM differentiation between hESC lines (Burridge et al. 2007).

Turning to developmental biology, modulators of key signaling pathways involved 
in mesodermal induction and cardiomyocyte differentiation were added to the cul-
ture conditions. Considering the importance of signals from neighboring endoder-
mal cells during cardiac development, Mummery et al. co-cultured hESCs with a 
visceral endoderm-like cell line (END-2 cells), which resulted in cardiomyocyte dif-
ferentiation, although the efficiency remained low (Mummery et al. 2003). The com-
bination of Activin A and BMP improved cardiomyocyte differentiation of 
hEB-derived cells (Burridge et al. 2007; Yao et al. 2006). As protocols incorporated 
additional signaling pathways and improvements in the timing of their modulation, 
the efficiency of differentiation greatly improved. Using a staged approach, differen-
tiation could be boosted by mesodermal induction with Activin A and BMP4, fol-
lowed by canonical Wnt inhibition with DKK1, with subsequent FGF2 addition to 
promote expansion of the developing cardiomyocytes (Yang et  al. 2008). This 
approach improved the frequency of contracting cardiomyocytes to over 50%.

Although successful, the method of EB formation followed by selection of beating 
EBs and separation of cardiomyocytes was very labor intensive. Therefore, attempts to 
differentiate hESCs in monolayer cultures using defined media were undertaken. 
Human ESCs grown on Matrigel and treated with Activin A for 24 h, followed by 
BMP4 for 4 days, yielded >30% CMs (Laflamme et al. 2007). As with the EB approach, 
additional cytokines including FGF2 and DKK1 improved monolayer yields as well 
(Zhang et al. 2011). The small molecules CHIR99021, an inhibitor of the downstream 
canonical Wnt pathway inhibitor glycogen synthase kinase 3 (GSK3) (Lian et al. 2012; 
Lian et al. 2013), and inhibitor of Wnt Production-4 (IWP4) and -2 (IWP2) (Lian et al. 
2012, 2013; Hudson et al. 2012) were also shown to be effective and in sequential com-
bination could drive differentiation efficiency as high as 98%.

The efforts with hiPSCs began in 2007, when Takahashi et al. first demonstrated 
evidence of spontaneous beating and cardiac gene expression in hiPSCs (Takahashi 
et al. 2007). Zhang et al. followed with a more thorough characterization of hiPSC- CMs 
in  vitro (Zhang et  al. 2009). They observed spontaneous beating in up to ~10% of 
hiPSC-EBs, comparable to hESC-EBs (Zhang et al. 2009). From there, investigations of 
hiPSCs largely followed the work being done on hESCs. The role of Activin/Nodal and 
BMP signaling in hiPSCs was confirmed (Kattman et al. 2011), and small molecule Wnt 
and GSK3B inhibitors proved effective in hiPSCs as well (Lian et al. 2012).

In keeping with the move away from serum-containing media, effective cardiac dif-
ferentiation protocols were established using chemically defined media. Burridge et al. 
developed a protocol for highly efficient and reproducible differentiation using a low-
cost fully chemically defined medium (Burridge et al. 2014). Supplementing the basal 
medium RPMI 1640 with recombinant human albumin and l-ascorbic acid 2-phos-
phate and use of sequential CHIR99021 and the Wnt inhibitor Wnt-C59, cardiomyo-
cyte yields as high as 80–95% could be produced. Metabolic selection techniques could 
further enrich the cells to >95% pure cardiomyocytes (Burridge et al. 2014).

Rao et al. provided further insight into the molecular basis of cardiomyocyte dif-
ferentiation when they demonstrated that early BMP and Wnt activation in hESCs 
drives mesodermal induction via cooperative rapid silencing of SOX2 (Rao et  al. 
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2016). Further, they demonstrated that Wnt inhibition is necessary at the mesoder-
mal stage to restrict MSX1 and CDX2/CDX1 upregulation and allow for cardiac 
lineage induction. These findings suggest additional targets for modulation to more 
precisely control hPSC fate in vitro.

Another approach to inducing cardiac differentiation involves the use of cardiac tran-
scription factors to “forward program” the cells. In 2011, Dixon et al. demonstrated that 
lentivirus-mediated expression of the four transcription factors GATA4, TBX5, NKX2–5, 
and BAF60C (collectively known as “GTNB”) in hESCs and hiPSCs could generate 
6–12% cardiomyocytes in culture conditions that typically maintain pluripotency 
(Dixon et al. 2011). Subsequently, similar results were achieved with only the transcrip-
tion factors BAF60C, GATA4, and MESP1 using an electroporation method or even 
with further reduction to just GATA4 and MESP1, although with lower efficiency 
(Hartung et al. 2013). Demonstrating potential for cardiomyocyte subtype specification, 
forward programming using the human TBX3 gene in mouse ESCs combined with 
Myh6-based antibiotic selection resulted in generation of >80% pure nodal-like cells 
(Jung et al. 2014), although a similar result has yet to be achieved with hPSCs. These 
efforts demonstrate a completely separate, and perhaps complementary, avenue for con-
trolling cardiomyocyte differentiation, and it is conceivable that optimal control of car-
diomyocyte differentiation and even subtype specification may involve some combination 
of cytokines, small molecules, and transient transcription factor expression.

4.9  Gene Expression during Differentiation

Human iPSC-CMs exhibit properties of isolated primary cardiomyocytes including 
expression of contractile proteins such as cardiac troponin T (Takahashi et al. 2007; 
Kattman et al. 2011; Lian et al. 2012; Burridge et al. 2014; Ye et al. 2014; Zhang et al. 
2009), sarcomeric α-actinin (Lian et al. 2012; Burridge et al. 2014; Ye et al. 2014; Zhang 
et al. 2009), and myosin heavy and light chains (Lian et al. 2012; Burridge et al. 2014; Ye 
et al. 2014; Zhang et al. 2009); sarcomeric organization (Lian et al. 2012; Burridge et al. 
2014; Ye et al. 2014; Zhang et al. 2009); spontaneous action potential generation (Lian 
et al. 2012; Burridge et al. 2014; Zhang et al. 2009); contraction/electromechanical cou-
pling (Takahashi et al. 2007; Lian et al. 2012; Ye et al. 2014; Zhang et al. 2009); calcium 
transients; β-adrenergic signaling/responsiveness (Zhang et al. 2009); and intracellular 
connections via connexin 43 (Ye et al. 2014). Differentiation of cardiomyocytes from 
hiPSCs progresses in a stepwise fashion consistent with patterns seen in embryonic 
development and differentiation of hESCs. On induction of differentiation, downregu-
lation of the pluripotency genes OCT4 (Lian et al. 2012; Burridge et al. 2014; Zhang 
et al. 2009), NANOG (Lian et al. 2012; Zhang et al. 2009), and SOX2 (Lian et al. 2012; 
Rao et al. 2016) occurs along with upregulation of mesodermal genes, including T and 
MIXL1 (Lian et al. 2012; Burridge et al. 2014). Expression of the cardiac mesoderm 
marker MESP1 soon follows (Burridge et al. 2014). At the mesodermal stage, MSX1 
and CDX2/CDX1 are also restricted to allow further progression (Rao et  al. 2016). 
Differentiating hiPSCs have been shown to progress through a cardiac progenitor state 
(Lian et al. 2012), as indicated by expression of ISL1 (Lian et al. 2012; Burridge et al. 
2014) and WT1 (Lian et  al. 2012). Other early cardiac genes also become  
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activated around this time, including KDR (Burridge et al. 2014) and GATA4 (Lian et al. 
2012; Burridge et al. 2014). The later cardiac markers NKX2-5 (Takahashi et al. 2007; 
Zhang et al. 2009; Lian et al. 2012; Burridge et al. 2014), TBX2 (Lian et al. 2012), TBX5 
(Lian et al. 2012; Burridge et al. 2014), MEF2C (Takahashi et al. 2007; Lian et al. 2012; 
Burridge et al. 2014), and PLN (Lian et al. 2012; Zhang et al. 2009) appear between days 
3 and 8. Finally, cardiac myofilament mRNA  
levels increase after day 8. Transcripts for TNNT2 (Burridge et al. 2014; Zhang et al. 
2009), TNNI2 and TNNI3 (Lian et  al. 2012), MYH6 (Burridge et  al. 2014), MLC2A 
(MYL7) (Takahashi et al. 2007; Lian et al. 2012; Zhang et al. 2009), MLC2V (MYL2) 
(Lian et al. 2012; Burridge et al. 2014; Zhang et al. 2009), and ACTN2 (Zhang et al. 2009) 
have all been demonstrated. Human iPSC-CMs also express the cardiac ion channel 
genes HCN1, HCN4, KCNQ1, and KCNH2 (Burridge et al. 2014). In general agreement 
with these patterns, a recent study using gene ontology on hESCs evaluated 2917 gene 
transcripts with significant expression changes at four specified time points: hESCs, 
primitive mesoderm, cardiac mesoderm, and differentiated CMs (Tompkins et  al. 
2016). The data demonstrated an upregulation of genes for cardiac development, car-
diac structural proteins, glycolysis, and mitochondrial oxidative phosphorylation, while 
mitotic and organelle fission genes were suppressed with differentiation. This finding is 
consistent with known characteristics of cardiomyocytes. Corresponding with mRNA 
transcripts, cardiac protein translation has also been confirmed in differentiated hiP-
SCs, as expected (Takahashi et al. 2007; Kattman et al. 2011; Lian et al. 2012; Burridge 
et al. 2014; Ye et al. 2014; Zhang et al. 2009).

As myofilament protein expression stabilizes and the cells mature, ISL1 expression 
extinguishes by day 30 post-induction (Lian et al. 2012). Likewise, it has been noted that 
both myosin light chain mRNA and protein expression shifts from predominantly 
MLC2A early after differentiation to MLC2V by 45–60 days after induction, consistent 
with progression of the cells from an unspecified or atrial cardiac phenotype to a more 
mature ventricular phenotype (Lian et al. 2012; Burridge et al. 2014). Markers of the vari-
ous cardiomyocyte subtypes have been identified in populations of hiPSC-CMs as well, 
with expression of the atrial-specific genes NPPA, CX40, and SLN, ventricle-specific 
genes MLC2V and IRX4, and the nodal gene TBX18 (Burridge et al. 2014) all observed. 
This indicates that hiPSCs have the potential to form all of these cardiomyocyte subtypes, 
while efforts to more precisely control subtype specification are ongoing (see below).

4.10  Large-Scale Production of hiPSC-Derived 
Cardiomyocytes

Beginning with the earliest hESC cardiac differentiation protocols, there was a con-
sideration for scale-up, with the knowledge that EBs are a suitable format for large- 
scale bioreactors commonly used in commercial cell production (Burridge et  al. 
2007). Despite this, monolayer protocols have proved popular as they vastly simplify 
media changing regimes, do not have the complex requirements of EB formation, and 
allow for simple assessment of differentiation success (Laflamme et al. 2007). It is now 
well accepted in the field that monolayer differentiation, commonly performed in six-
well plates, does not scale up well past 100 cm2 surface area. It is theorized that this is 
due to the small molecule methodologies currently in use being dependent on 
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paracrine effects, with the CHIR99021-induced GSK3B inhibition allowing Wnt sig-
naling to occur and forming a positive feedback loop with Activin/NODAL/TGFβ, 
BMP, and FGF production and signaling (Burridge et al. 2012, 2014). In addition, a 
major barrier to scale up has been the widespread use of prohibitively expensive 
media, such as mTeSR1 for pluripotent growth (Lian et al. 2012; Zhang et al. 2012) 
and StemPro-34 (Yang et al. 2008) or RPMI + B27 for differentiation (Lian et al. 2012; 
Zhang et al. 2012). There are now multiple efforts to replace these media with cost-
effective alternatives such as chemically defined E8 for pluripotent growth, which can 
be made in-house for less than $50 per liter, and various chemically defined media for 
cardiac differentiation, such as CDM3 (Burridge et al. 2014) costing as little as $11 per 
liter. Another cost consideration has been the use of growth factors, which become 
prohibitively expensive at large volumes, although at least for cardiac differentiation, 
these have largely now been replaced with small molecules. In each case, there has 
been an obligation to prove that novel media have the minimal number of compo-
nents necessary to simplify the formulation and optimize results.

There has been significant progress with cardiac differentiation in stirred suspen-
sion vessels (Kempf et al. 2016), as hiPSCs easily adapt to suspension-based culture 
using either cell aggregates (hEBs) or attachment to matrix-coated microcarriers 
(Lam et al. 2016; Lecina et al. 2010). Both techniques have resulted in efficient dif-
ferentiation, although microcarriers substantially increase the complexity of han-
dling (Lecina et al. 2010; Lam et al. 2014; Leahy et al. 1999). Early techniques began 
with FBS-based spontaneous differentiation (Niebruegge et  al. 2009), progressed 
through growth factor-based systems (Chen et al. 2012), and most recently, proto-
cols have been demonstrated adopting the small molecule-based approach using 
CHIR99021 for 24 h followed by a Wnt inhibitor such as IWP-2 or IWP-4 and media 
volumes of ~100 ml (Chen et al. 2015; Kempf et al. 2014; Kempf et al. 2015). These 
techniques primarily involve simple Corning spinner flasks (Chen et al. 2015) or full 
stirred bioreactors such as the DASGIP platform (Kempf et al. 2014). These methods 
commonly have a pluripotent culture step of 3–4 days for hEB formation, with seed-
ing at ~0.3–0.5 × 106 cells/ml, and result in cardiomyocyte production with purities 
of ~50–90% TNNT2+ in the 1.0 × 106 cells/ml range (Chen et al. 2015; Kempf et al. 
2014, 2015). In particular, bioreactors allow constant perfusion of media, with 
online monitoring of key process parameters such as pH, dissolved oxygen, glucose 
consumption, and lactate accumulation potentially allowing a reduction in differen-
tiation variability.

4.11  Purification of hiPSC-Derived Cardiomyocytes

Current cardiac differentiation methodologies can achieve purities of ~80–90% TNNT2+ 
cardiomyocytes, yet there is still considerable variation in differentiation reproducibility 
and variability between hiPSC lines. Numerous techniques have been adopted to purify 
cardiomyocytes from contaminating cell types such as fibroblasts, endothelial cells, or 
smooth muscle cells. One of the first techniques was the use of the mitochondrial mem-
brane potential sensor TMRM, based on the hypothesis that cardiomyocytes have a 
higher mitochondrial number per cell than the contaminating cell types (Hattori et al. 
2010) although this was later demonstrated to be less effective in hESC-CM than 
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animal-derived cardiomyocytes (Dubois et al. 2011). Also used have been genetically 
encoded sensors such as MYH6-GFP or NKX2-5-GFP (Elliott et al. 2011). Considerable 
effort has been expended to discover unique hiPSC-CM cell surface markers, which has 
led to the discovery of SIRPA (Dubois et al. 2011) and VCAM1 (Uosaki et al. 2011) as 
suitable markers, which can be very effective when used in combination (Elliott et al. 
2011). Metabolic selection has proven particularly successful, as replacing d-glucose in 
common media (DMEM) with 4 mM l-lactic acid from around d20 to ~d27 of differen-
tiation can achieve purities of up to 98.9% ACTN2+ cells (Tohyama et al. 2013). This 
simple process is also well suited to suspension cultures (Hemmi et al. 2014). One com-
mon approach in commercial hiPSC-CM cell production has been the use of antibiotic 
selection (Anderson et al. 2007; Ma et al. 2011), using a cardiac-specific promoter such 
MYH6 or TNNT2 linked to a puromycin resistance gene or similar strategy (Kita-Matsuo 
et al. 2009). With these commercial cells becoming more ubiquitous, this genetic modi-
fication has now become acceptable within the industry.

4.12  Cardiomyocyte Subtype Specification

After cardiomyocyte generation, the next major step is determining how to pro-
duce the specific cardiomyocyte subtypes found in the heart, such as ventricular, 
atrial, and nodal. Subtype isolation could prove to be useful for transplantation 
purposes, as hPSC-derived ventricular cardiomyocytes could be used to repair 
ischemic damage to the ventricular myocardium following MI. The production of 
pure isolates of specific subtypes may be critical for the prevention of arrhythmias 
in therapeutic applications, as injection of a mixed population of hESC-CMs 
resulted in ventricular arrhythmias in a primate MI model (Chong et  al. 2014). 
Likewise, hPSC-derived nodal cells could be used to restore proper cardiac rhythm 
and electrical conduction, and hPSC-derived atrial cells could be used to assess 
drugs which target the atria (Devalla et al. 2015). Common cardiac differentiation 
protocols produce predominantly ventricular cells with ~15–20% atrial cells and 
~5% nodal cells when assessed by patch-clamp electrophysiology (Burridge et al. 
2014). The divergence of atrial and ventricular markers between mouse and human 
models has slowed progress toward the production of specific subtypes. For exam-
ple, in mice, MYL7 (MLC2A) is expressed in the atria during development, and 
MYL2 (MLC2V) is expressed in the ventricles, whereas in humans, MYL7 is 
expressed throughout the atria, ventricles, and outflow tract, and only MYL2 is 
specific for the ventricles (Chuva de Sousa Lopes et al. 2006). In hiPSC-CMs, the 
expression of MYL7 decreases from ~d15 to d60 of differentiation, while the 
expression of MYL2 increases (Burridge et al. 2014; Zhang et al. 2012; Zhang et al. 
2015) with little change in the subtype ratios as detected by patch clamp. Reporter 
gene constructs such as MLC2V-GFP have been successfully employed to isolate 
ventricular cells from hPSCs (Bizy et al. 2013). Similarly, sarcolipin (SLN)-tdTomato 
has been used to isolate atrial cells (Josowitz et al. 2014). Other genes that are sub-
type specific include IRX4 (ventricular), HCN4 and TBX18 (nodal), and NPPA 
(ANF) and NPPB (BNF) (ventricular and atrial). Modification of existing differen-
tiation protocols to skew cardiomyocyte sub-populations has also been successful. 
Using factors such as the small molecule AG1478 to inhibit neuregulin signaling 
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can increase the nodal population to ~50% (Zhu et al. 2010). Similarly, inhibiting 
retinoic acid signaling using the small molecule BMS-189453 increased the ven-
tricular population to 83%, while additional retinoic acid increased the atrial popu-
lation to 94% (Zhang et al. 2011). In mESCs, Tbx3 overexpression has been used to 
increase the population of nodal cells to ~80% (Jung et al. 2014), and Shox2 has 
been similarly employed (Ionta et al. 2015).

Measuring cardiomyocyte subtype by action potential morphology derived from 
patch clamping has been a mainstay of the hiPSC-CM field (Moretti et al. 2010). 
Recently the reliability of this technique in the cells has been called into question 
(Du et al. 2015), suggesting that the atrial, ventricular, and nodal designations are in 
fact based on the arbitrary clustering of continuous variables (Kane et al. 2016).

4.13  Cardiomyocyte Maturation

It is now well established that cardiomyocytes generated from hPSCs by any of the current 
differentiation protocols are of an immature, fetal type in terms of automaticity, prolifera-
tion, metabolism, gene expression, sarcomere organization, shape/aspect ratio, calcium 
handling, lack of T-tubules, and electrophysiological properties (Yang et al. 2014a) and 
that these hPSC-CMs can mature with extended time in culture (>80 days) (Lundy et al. 
2013). Numerous media-based methodologies have been developed for improving car-
diomyocyte maturation. The addition of triiodothyronine (T3) (Yang et  al. 2014b; 
Ivashchenko et al. 2013), which binds the THRA and THRB receptors, results in the 
downregulation of MYH7 and upregulation of MYH6 and SERCA2A (ATP2A2), along 
with numerous ion channels. In addition to T3, the application of dexamethasone has 
also been shown to increase maturation metrics (Kosmidis et al. 2015). The combination 
of insulin and dexamethasone (Kim et al. 2013; Wen et al. 2015) or IGF1, dexamethasone, 
and T3 (Birket et  al. 2015a) have been shown to enhance the electrophysiologic 
 properties, bioenergetics, and contractile force of hiPSC-CM.

The lack of Kir2.1 (IK1), an inward-rectifier potassium ion channel, is thought to 
be a main contributor to the observed immature electrophysiological properties of 
hPSC-CMs, and forced expression KCNJ2 that encodes Kir2.1 has been demon-
strated to be effective in inducing maturation (Lieu et al. 2013). Other techniques 
such as adrenergic stimulation, electrical stimulation, stretch, and micropatterning 
have also been employed to successfully improve maturation (Zhu et al. 2014). In 
particular, soft surfaces have been demonstrated to hold potential as a simple 
method for maturation including thick layers of matrix such as the “Matrigel mat-
tress” (Feaster et al. 2015) or a layer of PDMS below Matrigel (Herron et al. 2016).

Adult cardiomyocytes primarily derive their ATP from oxidative phosphoryla-
tion, breaking down fatty acids such as palmitate and linoleic acid to acetyl-CoA via 
beta oxidation. In contrast, hiPSC-CM and fetal cardiomyocytes derive their ATP 
from glycolysis. Numerous attempts have been made to switch hiPSC-CMs to non- 
glucose metabolism. One method that has been demonstrated is to replace the 
d-glucose in the medium with d-galactose, resulting in ATP net-neutral glycolysis 
and the production of pyruvate. Pyruvate can then be decarboxylated to acetyl-CoA, 
which can enter the citric acid cycle and cause a shift to mitochondrial metabolism 
(Rana et al. 2012; Wang et al. 2014). Another approach under active investigation is 
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to force hPSC-CMs into a mature metabolic profile by combining the d-galactose 
usage with the presence of oleic and palmitic fatty acids (Rana et al. 2012), allowing 
the use of beta oxidation.

4.14  Future Directions and Challenges

Although the progress in generating cardiomyocytes from hPSCs in the past decade 
has been tremendous, a great deal of work remains. To achieve their full clinical and 
translational potential, the production of hPSC-CMs must be scaled up considerably 
while simultaneously improving the interline reproducibility of cardiac differentiation. 
This will no doubt necessitate the discovery of new techniques for growth and differen-
tiation as well as identification of additional culture factors and fine-tuning of doses to 
control the pluripotent state and steer differentiation more precisely. Along these lines, 
greater control over cardiomyocyte subtype specification must also be achieved to 
maximize safety in cell-based therapeutic applications, as well as the reliability of devel-
opmental, disease modeling, and drug and toxicity screening data. The identification of 
ventricular arrhythmias in macaques that received non-subtype selected hESC-CMs 
post-MI may illustrate the importance of this issue (Chong et al. 2014). While Ye et al. 
saw no arrhythmias in a porcine MI model with delivery of a 100-fold lower dose of 
hiPSC-CMs (Ye et al. 2014), the use of smaller numbers of cells undermines the prob-
lem of regenerating large amounts of myocardium. Going one step beyond subtype 
specification, it will also be necessary to demonstrate that the electrophysiologic char-
acteristics of a given hPSC-CM subtype closely resemble those of the intended delivery 
site (e.g., ventricle), as electrical heterogeneity could also predispose to arrhythmia 
generation. This leads us to the need to improve our ability to rapidly mature hPSC-
CMs to an adult phenotype for most clinical applications. However, maturation is also 
important for in vitro studies to accurately model certain disease phenotypes, in par-
ticular those that present during adulthood such as ARVC and HCM, as well as for 
generating relevant results from drug and toxicity screening applications. While time 
in culture leads to hPSC-CM maturation, waiting over 80 days after hiPSC generation 
and subsequent differentiation is suboptimal for most applications. For all of these 
challenges, high- throughput screening assays will prove indispensable.

Finally, another area of great effort not touched upon in this chapter involves 
determination of the best method for delivery of hPSC-CMs to the diseased heart, 
as well as elucidation of ways to improve long-term cell retention. A constant theme 
in all cardiac cell therapy attempts to date is the poor long-term engraftment rates. 
Precise analyses of cell engraftment are difficult in  vivo due to the difficulties in 
tracking all of the delivered cells. However, the few available estimates of PSC reten-
tion suggest that rates are as low as <1–2% as few as 2–4 weeks after basic intramyo-
cardial injection (Chong et  al. 2014; Ye et  al. 2014; Xiong et  al. 2013). As noted 
above, co-injection of hiPSC-derived cardiomyocytes, smooth muscle cells, and 
endothelial cells through an IGF1-releasing fibrin patch improved retention esti-
mates to about 9% (Ye et al. 2014). While the efficacy of this method needs to be vali-
dated using more direct cell tracking techniques, it represents a step in the right 
direction. Certainly, improvement of cell engraftment warrants ongoing efforts. 
Considering how remarkably far this field has come in the last 10  years, the 
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prospects of overcoming these challenges for cardiac regeneration and therapeutic 
discovery in the near future are very encouraging.
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Abstract
Human induced pluripotent stem cells (hiPSCs) are capable of differentiating into 
an unlimited number of cells of any lineage. Collectively, these properties suggest 
that hiPSC products may be an ideal source of cells for medical science and thera-
peutic use. Here, we discuss recent advancements in techniques for differentiating 
hiPSCs into cardiomyocytes, endothelial cells, and smooth muscle cells and in the 
use of hiPSC-derived cells for cardiovascular therapy and tissue engineering.

5.1  Introduction

The optimal cell lineage, or combination of cell lineages, for use in tissue engineer-
ing is likely to remain a topic of debate for some time. Cells of human origin, par-
ticularly autologous human origin, are most desirable for therapeutic applications, 
because they minimize concerns about immunogenicity and other risks that may be 
associated with xenogeneic and allogeneic cells, but adequate numbers of cells may 
not be obtainable from a patient’s somatic tissues, or the tissues may be compro-
mised by the underlying disease. Thus, patient-specific induced pluripotent stem 
cells (iPSCs) are among the most promising sources of cells for therapeutic use, 
because they can, at least in principle, be used to generate an unlimited number of 
cells of any lineage. However, several of the reprogramming factors that have been 
used to generate human iPSCs (hiPSCs) may be oncogenic (Hochedlinger and Plath 
2009; Kaji et al. 2009; Loh et al. 2009; Yu et al. 2009), and, consequently, hiPSCs 
must be differentiated into specific cell types before administration to patients 
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(Fig. 5.1). Here, we summarize some of the challenges and recent developments in 
techniques for differentiating hiPSCs into cardiomyocytes (CMs), endothelial cells 
(ECs), and smooth muscle cells (SMCs), as well as observations from investigations 
of hiPSC-derived vascular cells in preclinical models of cardiovascular disease 
(Yang et al. 2016; Ye et al. 2013, 2014; Zhang et al. 2014, 2015; Zhu et al. 2017; 
Xiong et al. 2012, 2013).

5.2  Differentiating hiPSCs into Cardiomyocytes

Strategies for differentiating hiPSCs into cardiomyocytes can be distributed into three 
general categories: (1) embryoid body (EB)-mediated differentiation, (2) co- culturing 
with inductive stromal cells, or (3) coordinated monolayer differentiation. EB-mediated 
protocols mimic the spontaneous differentiation that occurs during normal embryonic 
development and are the most well-established methods. Co-culture-based protocols 
typically use inductive endodermal-like cells to trigger the differentiation of cardio-
genic antecedents; OP9 stroma cells, for example, can induce the differentiation of 
murine iPSCs into Flk1+ cells, which are early cardiovascular progenitor cells. 
However, the utility of this approach has been limited by concerns about potential 
immunogenic or other complications that may be caused by proteins or other factors 
that are produced by the inductive cells. In the monolayer differentiation method, 
iPSCs are scattered over a Matrigel-coated surface and then cultured with cytokines 
such as activin A, bone-morphogenic protein 4 (BMP4), basic fibroblast growth factor 
(bFGF), and vascular endothelial growth factor (VEGF). The cells can also be sand-
wiched between two layers of Matrigel, which can produce populations of hiPSC-
derived cardiomyocytes (hiPSC-CMs) that are up to 98% pure (Fig. 5.2a), or cultured 
on a gelatin-coated, three-dimensional, poly-ε-caprolactone nanofiber scaffold, which 
induces differentiation spontaneously and does not require the addition of cytokines.

Somatic Cells

hiPSCs

SMCs

ECs

CMs
A1 A2

B1 B2

G

J K

H

Fig. 5.1 Generation and differentiation of human induced pluripotent stem cells (hiPSCs) for 
cardiovascular therapy. Patient-specific hiPSCs are generated by transfecting the patient’s own 
somatic cells with vectors coding for reprogramming factors; then, the hiPSCs are differentiated 
into cardiomyocytes (CMs), endothelial cells (ECs), and/or smooth muscle cells (SMCs) for use in 
cardiovascular tissue engineering or cell therapy (scale bar = 100 μm). The identity of the differ-
entiated cells can be confirmed via immunofluorescence analyses of marker proteins (CMs: cTnT, 
SMHC, α-SA, and MLC2v; ECs: CD31 and CD144; SMCs: SMA and SM22)
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Fig. 5.2 Characteristics of hiPSC-derived cell populations. (a) Flow cytometry analyses of car-
diac troponin T (cTnT) expression suggest that coordinated monolayer differentiation protocols 
can produce hiPSC-derived CM populations that are more than 90% pure. (b) (i) The efficiency of 
hiPSC-EC differentiation (assessed via flow cytometry analyses of CD31 expression) can vary 
depending on which hiPSC line is used (top panels, GRiPS cells; bottom panels, PCBC16iPS 
cells); (ii) after purification, the EC phenotype, as defined by the presence of CD31 and CD144 
expression, can remain stable for 4 weeks. (c) Current hiPSC-SMC differentiation protocols are 
capable of producing cells with predominantly synthetic or contractile phenotypes. The two phe-
notypes can be characterized by substantial differences in (i) marker expression (smooth muscle 
actin [SMA], collagen 1 [Col 1], connexin 43 [Cx 43], and vimentin [Vim]; scale bar =200 μm), 
(ii) migration, (iii) proliferation, and (iv) contractile response. Data are presented as 
mean ± SEM. Panel (a) is from Ye Y et al. Cell Stem Cells, 2014;15:750–761. Panel (b) is from 
Zhang L et al. Biomaterials, 2014; 35:3786–3793. Panel (c) is modified from Yang L et al. PLoS 
ONE, 2016; 11:e0147155
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Protocols in all three categories are limited by concerns about efficiency, the 
purity and maturation of the differentiated cells, and cost, but monolayer-based pro-
tocols are gaining in popularity as our knowledge of the differentiation medium 
becomes more refined. Recent studies have also begun to investigate whether small 
chemical molecules can promote hiPSC-CM differentiation. Quattrocelli et al. 
(2011) have shown that sulfonyl-hydrazone-1 increases the number of beating foci 
and upregulates the expression of cardiomyogenic microRNAs such as miR-1, miR- 
133a, and miR-208a in differentiating hiPSC-CMs. Liu et al. (2016) found that 
resveratrol, a common polyphenol compound, enhances the cardiac differentiation 
of hiPSCs by suppressing the canonical Wnt signaling pathway and by activating 
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the SRF/miR-1 axis, which suggests that other chemically synthesized Wnt signal-
ing inhibitors, such as the small molecule KY02111, could also improve hiPSC-CM 
differentiation. Ascorbic acid, cyclosporin A, and trichostatin A also promote 
hiPSC-CM differentiation, while nitrous oxide and hydrogen sulfide are likely to do 
so, because they are known to participate in cardiac development. Furthermore, 
recent studies indicate that the maturation of murine iPSC-CMs can be promoted by 
the proteins cardiotrophin-1 (Liu et al. 2015), which regulates the JAK2/STAT3/
Pim-1 signaling pathway, and neuregulin-1β (Iglesias-Garcia et al. 2015), which 
also appears to promote ventricular specificity. Cardiomyocyte differentiation and 
maturation may also be promoted by reproducing the electrical fields present in the 
developing myocardium; however, the effectiveness of any of these approaches, and 
whether that effectiveness may vary depending on which hiPSC line is used, has yet 
to be determined.

5.3  Differentiating hiPSCs into ECs

Traditionally, the differentiation of hiPSCs into ECs (hiPSC-ECs) has been 
directed through the formation of EBs or co-culture with murine stromal cells 
(Zhu et al. 2017; Choi et al. 2009; Woll et al. 2008). However, the efficiency of the 
EB method is low—less than 15% of the differentiated cells express endothelial 
markers such as CD31—and co-cultured cells may be contaminated with murine 
cells or proteins. Differentiation is also typically performed on a two-dimensional 
surface (Choi et al. 2009; Li et al. 2011; Rufaihah et al. 2011), perhaps because 
the endothelium is a two-dimensional organ, whereas the microenvironment of 
pluripotent cells has three dimensions during development. More recently, hiP-
SCs have been seeded into a three-dimensional fibrin scaffold and differentiated 
via a two-step process that avoids the use of feeder cells (Fig. 5.2b) (Zhang et al. 
2014). First, the cells were committed to the mesodermal lineage by culturing 
them with activin A and BMP4 (Ye et al. 2013); then, the EC phenotype was 
induced with VEGF, transforming growth factor (TGF) β1, and erythropoietin, 
which have been used to promote the differentiation of embryonic stem cells 
(ESCs) and/or endothelial progenitor cells into ECs (Bahlmann et al. 2003; 
Gualandris et al. 2000; Yamashita et al. 2000). Up to 45% of the hiPSC-ECs gen-
erated via this three-dimensional differentiation protocol expressed CD31, com-
pared to just ~5% when the cells were differentiated in monolayers, and the 
protocol could be made even more efficient by modifying the scaffold to incorpo-
rate factors that regulate EC differentiation, proliferation, and maturation. After 
purification, the cells were maintained with VEGF and a TGFβ1 inhibitor (SB-
431542), because TGFβ1 limits the proliferation of cultured ECs (Beck and 
D’Amore 1997; Watabe et al. 2003), and the EC phenotype remained stable for at 
least 4 weeks. Even in the absence of exogenous growth factors, 50% pure popu-
lations of hiPSC-ECs can be generated in just 5 days by inhibiting glycogen syn-
thase kinase 3 (GSK3), and the purity increased to >99% after a single round of 
magnetic affinity selection.
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5.4  Differentiating hiPSCs into SMCs

The most prominent characteristic of vascular SMCs is their ability to influence 
blood pressure and tissue perfusion by contracting or relaxing to change the diam-
eter of the vessel lumen. However, vascular SMCs also proliferate, migrate, and 
produce extracellular matrix components, thereby contributing to long-term changes 
in the vasculature that occur in response to injury, pregnancy, and other physiologi-
cal demands (Owens et al. 2004). The range of functions that SMCs possess is 
accompanied by a diverse set of phenotypes with predominantly contractile or syn-
thetic characteristics (Yang et al. 2016; Zhu et al. 2017). This diversity is manifested 
morphologically, in the cells’ pattern of gene expression, and in measurements of 
cellular activity. Compared to contractile SMCs, synthetic SMCs contract less 
extensively and generally express lower levels of conventional SMC markers (such 
as collagen 1, connexin 43, and vimentin) but are more proliferative and migratory 
(Fig. 5.2c). This variability can likely be attributed, in part, to the developmental 
origins of SMCs, which are descended from a number of different embryonic 
regions (Gittenberger-de Groot et al. 1999), including the neural crest (Jiang et al. 
2000), the paraxial/somatic mesoderm (Wasteson et al. 2008), the lateral plate 
mesoderm (Mikawa and Gourdie 1996), and the secondary heart field (Waldo et al. 
2005). Furthermore, the phenotypes of individual SMCs are also believed to fluctu-
ate (Hao et al. 2003), and this phenotypic modulation may have an important role in 
vascular disease and in the recovery from vascular injury. Thus, the predominant 
phenotype of a particular population of SMCs may determine how suitable the cells 
are for a given application: contractile SMCs may be most appropriate for in vitro 
studies of vasoconstriction, while a heterogeneous combination of synthetic and 
contractile cells may be needed for cell therapy and tissue engineering (Fernandez 
et al. 2014; Franck et al. 2013; Sundaram et al. 2014; Wang et al. 2014; Watson et al. 
2014; Wong et al. 2015; Ye et al. 2015).

Effective methods for generating SMCs from hiPSCs (hiPSC-SMCs) have been 
available for a number of years (Cheung et al. 2012; Hill et al. 2010; Park et al. 
2010), but protocols for inducing a predominantly contractile or synthetic pheno-
type in the differentiated cells have only recently been developed (Yang et al. 2016). 
As with conventional methods, these phenotype-specific protocols begin by direct-
ing the undifferentiated hiPSCs toward an intermediate (mesodermal) lineage 
before inducing the terminal SMC phenotype, and the entire procedure is performed 
without feeder cells, so the final, purified cell populations are unlikely to be con-
taminated with nonhuman cells or proteins. The mesodermal specification is pro-
duced by culturing the cells with a GSK inhibitor and BMP4 for 3 days; then, the 
synthetic SMC phenotype is induced with VEGF and fibroblast growth factor 
(FGF), or contractile hiPSC-SMCs are produced by culturing the cells with varying 
combinations of platelet-derived growth factor (PDGF), TGF, and FGF. The differ-
entiated cells can be purified to ~95% via metabolic selection, and the SMC pheno-
type remains stable for at least 20 population doublings. Cells obtained via the two 
protocols differ substantially in marker expression: levels of smooth muscle actin 
and myosin heavy chain 11 (SMHC) were higher in contractile hiPSC-SMCs, while 
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the synthetic hiPSC-SMCs produced less calponin, more collagen 1 and more con-
nexin 43, which is consistent with observations in primary swine coronary artery 
SMCs (Beamish et al. 2010; Christen et al. 1999). Contractile hiPSC-SMCs also 
responded more strongly to treatment with carbachol—contracting to 12% of their 
original size, compared to 44% for synthetic hiPSC-SMCs—but measurements of 
proliferation and migration were greater in synthetic hiPSC-SMCs.

5.5  Epigenetic Effects

Induced pluripotent stem cells appear to retain some of the epigenetic characteris-
tics associated with their tissues of origin, and, consequently, the properties of 
hiPSC-derived cells may depend, to some extent, on which cells were used to gener-
ate the hiPSCs (Bar-Nur et al. 2011; Kim et al. 2010, 2011). For example, when 
hiPSCs generated from cardiac fibroblasts (hciPSCs) were differentiated into car-
diomyocytes and compared with cardiomyocytes derived from established hiPSC 
lines (which had been reprogrammed from dermal fibroblasts [hdiPSCs] or umbili-
cal cord blood cells [hUBCiPSCs]), beating was observed in more than 90% of the 
clusters derived from hciPSCs, compared to <70% for hdiPSC-derived clusters and 
50% of clusters from hUBCiPSCs. The hciPSC-derived cells were also much more 
likely to co-express the cardiac-specific isoforms of troponin T and alpha sarco-
meric actin, and when sheets of the hciPSC-derived cardiomyocytes were trans-
planted into the infarcted hearts of mice, the proportion of cells that were retained 
and continued to survive for at least 4 weeks after administration exceeded 30% 
(Zhang et al. 2015), which is several-fold greater than the retention/survival rate 
observed in other studies of myocardial cell therapy, regardless of the type of cell 
administered. Collectively, these observations suggest that the effectiveness of 
hiPSC-derived cell therapy will be greatest if (whenever possible) the hiPSCs are 
generated from cells that closely resemble those in the tissue or organ to be treated.

5.6  Tumorigenesis

The earliest studies to investigate the use of iPSCs for the treatment of myocardial 
infarction were performed with undifferentiated cells and yielded promising results 
(Nelson et al. 2009; Singla et al. 2011). When iPSCs were generated from murine 
fibroblasts (Nelson et al. 2009) or vascular SMCs (Singla et al. 2011) and injected 
into infarcted mouse hearts, the transplanted cells appeared to differentiate into car-
diomyocytes, SMCs, and ECs (Nelson et al. 2009), and the treatments led to 
improvements in both myocardial performance and remodeling without inducing 
the formation of tumors in animals with uncompromised immune systems. However, 
subsequent studies found evidence of tumor formation in the hearts of 37.5% of 
immunocompetent mice that had been treated with murine iPSCs (Ahmed et al. 
2011), and observations in a rat myocardial infarction model (Zhang et al. 2011) 
indicated that rat iPSC-induced tumors had spread to regions outside of the heart. 
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Thus, despite promising evidence of potential efficacy, these investigations convinc-
ingly demonstrated that the tumorigenic potential of iPSCs could not be adequately 
suppressed by the host animal’s immune system and, consequently, that hiPSCs 
must undergo some degree of differentiation before they can be safely administered 
to patients. However, a number of studies found evidence of tumor formation even 
when embryonic stem cells (ESCs) were differentiated into neuronal lineage cells 
before transplantation into the eyes of rhodopsin-knockout mice (Arnhold et al. 
2004) or into the brains of fetal (Wernig et al. 2004) and adult Parkinsonian mice 
(Roy et al. 2006). Furthermore, the global pattern of gene expression in cancer cells, 
as well as the expression of a subset of oncogenic genes, more closely resembles the 
expression patterns in ESC- or iPSC-derived ECs than in somatic ECs (Ghosh et al. 
2011). Thus, concerns about the potential tumorigenicity of ESC- and iPSC-derived 
cells continue to exist and must be addressed before large-scale clinical trials are 
initiated.

The tumorigenicity of iPSC-derived cells likely evolves from at least two sources: 
(1) any undifferentiated or incompletely differentiated cells that remain in the popu-
lation of iPSC-derived cells and (2) residual oncogenic activity from the reprogram-
ming factors used to generate the iPSCs. The former cause can be addressed by 
continuing to identify more efficient differentiation and selection protocols, while 
attempts to address the latter concern have focused primarily on the development of 
new methods for iPSC generation that do not rely on viral integration of exogenous 
reprogramming factors, such as the delivery of episomal vectors (Yu et al. 2009) and 
mRNA (Warren et al. 2010) or the direct delivery of reprogramming proteins (Kim 
et al. 2009). Quantitative RT-PCR analyses suggested that the expression of several 
oncogenic factors can be reduced by reprogramming the iPSCs with “minicircle” 
DNA, which contains no bacterial DNA and is not integrated into the host genome, 
but expression levels of cancer-related genes remained somewhat higher than the 
levels observed in somatic ECs (Ghosh et al. 2011).

5.6.1  Myocardial Tissue Equivalent Patches

Cell-based regenerative myocardial therapy can be administered as a solution of 
individual cells or as a tissue-engineered myocardial patch. Cell solutions are more 
amenable to delivery via pericardial endoscopy (Kimura et al. 2012, 2011) and, 
consequently, avoid the invasiveness of a thoracotomy or open-chest surgery; how-
ever, the proportion of cells that are engrafted by the native myocardium after intra-
coronary infusion (Barbash et al. 2003) or direct myocardial injection (Hattan et al. 
2005; Ptaszek et al. 2012; van Laake et al. 2007) is rarely much greater than 1%, in 
part, because the cells are washed away by the circulation or squeezed out through 
the needle track by the pressures produced during left ventricular systole. The 
engraftment of injected cells can be improved by sealing the needle track with a 
patch of biomaterial, and the patch can also be modified to release paracrine factors, 
such as insulin- like growth factor (IGF), that may enhance the survival of the 
injected cells. This method has been used to improve the engraftment of 
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hiPSC-ECs, -SMCs, and -CMs after injection into the hearts of pigs with experi-
mentally induced ischemia-reperfusion injury (Ye et al. 2014); ~9% of the hiPSC-
derived cardiac cells remained engrafted for at least 4 weeks after administration, 
and the treatment was associated with significant improvements in infarct size, per-
fusion, metabolism, and cardiac function.

The engraftment and survival rate of transplanted cells is generally higher when 
the cells are administered as an engineered myocardial patch than when injected 
directly into the myocardium, and the survival of a transplanted patch is critically 
dependent on vascular growth. Patches composed of unselected cardiac cells appear 
to be intrinsically vasculogenic, because they have been shown to express VEGF, 
cyclooxygenase-2, Tie-2, and angiopoietin-1 and to form networks of ECs in culture 
that migrate and connect to the host animal’s vasculature after implantation (Sekiya 
et al. 2006). Furthermore, the extent of vascular growth was positively correlated 
with the number of ECs that were present in the population of cardiac cells used to 
create the patch, and when patches that contained varying proportions of isolated 
neonatal rat cardiomyocytes and ECs (12:1, 6:1, and 3:1 cardiomyocytes:ECs) 
(Sekine et al. 2008) were tested in a rat MI model, measurements of cardiac function 
were most improved in rats that received patches with the greatest proportion of ECs. 
ECs are also known to release a variety of autocrine and paracrine agents that regu-
late myocardial metabolism and perfusion (Cines et al. 1998; Masoli et al. 2000; 
Ramaciotti et al. 1992; Versari et al. 2009), as well as the contractile state and rhyth-
micity of adjacent cardiomyocytes (Brutsaert 2003), and when cardiac tissue patches 
were created by seeding hiPSC-ECs, -SMCs, and -CMs into a fibrinogen scaffold, 
the patches began to contract within 3 days of manufacture, compared to 7 days 
when the hiPSC-ECs were omitted (Zhang et al. 2014). Collectively, these observa-
tions suggest that ECs are likely to improve the therapeutic potential of engineered 
cardiac tissue not only by increasing perfusion but also through direct effects on the 
contractile activity of cardiomyocytes.

To our knowledge, treatment with hiPSC-SMCs alone has never been investigated in 
a myocardial injury model; however, several studies have been performed with patches 
that contained combinations of hiPSC-SMCs and hiPSC-ECs (referred to collectively as 
hiPSC-derived vascular cells [hiPSC-VCs]), including a large- animal investigation by 
members of the Zhang group (Xiong et al. 2013). The cells were suspended in a fibrino-
gen solution and then co-injected with a solution of thrombin into a ring positioned over 
the site of injury. The solutions solidified to form a semisolid patch within 1 min of mix-
ing, and 4 weeks later, the treatment was associated with significant improvements in 
cardiac function and infarct size. The hiPSC-VCs also released paracrine factors that 
appeared to mobilize endogenous progenitor cells, attenuate regional wall stress, stimu-
late neovascularization, and improve perfusion, while the structural support provided by 
the patch may help preserve the integrity of the adjacent, healthy myocardium by pre-
venting the thin, fibrous scar tissue from bulging during systole. The overstretched car-
diomyocytes surrounding the bulge are believed to undergo a series of metabolic 
changes that lead to declines in the ratio of phosphocreatine to ATP (i.e., the PCr/ATP 
ratio) and in the rate of ATP turnover (Xiong et al. 2013; Bolognese et al. 2002; Feygin 
et al. 2007; Hu et al. 2006), but the severity of these bioenergetic abnormalities was 
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significantly reduced in pigs with ischemia-reperfusion injury after treatment with a 
fibrin patch containing hESC-derived vascular cells (Xiong et al. 2012).

5.6.2  Tissue-Engineered Blood Vessels

Patients undergoing coronary artery bypass graft (CABG) surgery, hemodialysis, or 
treatment for peripheral vascular disease often have few small-diameter vessels that 
are suitable for autologous transplantation (Niklason et al. 1999; McAllister et al. 
2009). Tissue-engineered blood vessels (TEBVs) could relieve this scarcity, and 
early-stage clinical trials have been conducted with TEBVs generated from autolo-
gous bone marrow cells (Shin'oka et al. 2005) or skin fibroblasts and ECs (McAllister 
et al. 2009), but long wait times may limit the utility of this approach (Dash et al. 
2015). TEBVs generated from iPSC-derived cells have been investigated in only a 
few preclinical studies. Hibino et al. (2012) created TEBVs from murine iPSC- derived 
SMCs and ECs by wrapping a sheet of the differentiated cells around a 0.8-mm-
diameter biodegradable scaffold and then implanted the TEBVs in the inferior vena 
cava of severe combined immunodeficiency (SCID) mice. All of the mice survived 
with no evidence of thrombosis, aneurysm formation, graft rupture, or calcification, 
and histological assessments performed 10 weeks after implantation indicated that the 
TEBVs were endothelialized and contained a layer of cells that expressed smooth 
muscle actin and calponin. However, just 10% of the iPSC- derived cells remained in 
the TEBV for at least 4 weeks after transplantation; thus, the primary structural and 
functional components of the implanted graft were generated via the growth of native 
tissue, which may have been stimulated by the paracrine activity of the iPSC-derived 
cells. TEBVs have also been produced by seeding decellularized vessels with SMCs 
and ECs derived from human partially induced pluripotent stem cells (PiPSCs), which 
may be less tumorigenic than fully induced iPSCs (Margariti et al. 2012); when 
implanted into the carotid artery of SCID mice, 60% of the animals survived, and the 
grafts appeared to contain substantial numbers of PiPSC-derived cells for 3 weeks 
after transplantation (Karamariti et al. 2013). Collectively, the results from this very 
limited number of studies suggest that hiPSC- VCs may be useful for generating 
TEBVs and support the continued development of this technology.

5.7  Conclusion and Future Directions

Recent reports have demonstrated that iPSC technology is very useful for providing tools 
for basic science as well as for future clinical applications. Small-molecule protocols for 
cardiomyocyte, EC, and SMC differentiation are available today and result in consider-
able cell yields. All direct progression through a mesodermal progenitor cell stage via 
GSK3 inhibition; then, the mesodermal progenitors can be directed into spontaneously 
contracting cardiomyocytes via WNT inhibition, while permitting endogenous canonical 
WNT signaling yields a population enriched for vascular progenitors. VEGF, PDGF, 
TGF, and erythropoietin are all implicated in EC and SMC development from 
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mesodermal progenitors. Together, these results support the paradigm of guided differen-
tiation to distinct cell types via modulation of master regulators of cell fate and represent 
a promising approach to efficiently produce all cell types needed for efficient tissue 
repair. Nevertheless, unwanted proliferation has to be considered, and techniques for 
purification, particularly with regard to reducing the risk of tumorigenesis, are required 
for clinical translation. Future studies using metabolic and mechanical matrix/scaffold, 
electrical interventions, and gene editing are warranted to further promote the maturation 
of hiPSC-derived cells and enhance their biological activity.
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6Direct Cardiac Reprogramming

Sho Haginiwa and Masaki Ieda

Abstract
Recent advances in medical treatment and the development of new mechanical 
devices have greatly improved the prognosis for heart disease patients. However, 
heart disease, particularly heart failure, is still a major health issue with continu-
ously increasing numbers of affected patients. Because adult heart muscle has a 
low regenerative capacity, cardiac function declines with age after cardiac injury. 
A potential approach to solve this problem is regenerative medicine, aiming at the 
remuscularization of damaged hearts. Studies conducted in small animals and 
humans revealed that transplanting various types of cells into failing hearts 
resulted in the repair of injured hearts and improved cardiac function, but the 
effects were modest, and further improvement is needed before the method can be 
widely applied in the clinic. Moreover, true muscle regeneration or cardiac dif-
ferentiation from so far clinically tested adult stem cells seems to be a rare event, 
and the beneficial effects of these cell-based therapies are likely due to paracrine 
factors secreted by the transplanted cells. To regenerate cardiac muscle, it is 
important to first understand the mechanism of cardiac cell fate determination. 
Several groups including ours recently found that somatic cells can be directly 
reprogrammed into cardiomyocyte-like cells using combinations of master regu-
lators. The cardiac reprogramming approach is applicable not only in vitro but 
also in vivo. It can repair injured hearts and improve cardiac function. Thus, this 
new technology may open an avenue for regenerative therapy for heart disease.
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6.1  Introduction

Cardiomyocytes are terminally differentiated cells and are generally considered to 
have little regenerative potential. Therefore, after cardiomyocytes are damaged, the 
damaged areas are replaced with fibroblasts and fibrous tissue. Since fibroblasts 
have no contractile activity, cardiac function decreases, resulting in arrhythmia and 
heart failure. Cardiac regenerative medicine has arisen as a promising novel thera-
peutic field to overcome the naturally limited regenerative potential of the heart. The 
approaches for developing cardiac regeneration techniques are currently focused on 
cell transplantation using cardiomyocytes induced ex vivo from stem cells, such as 
embryonic and induced pluripotent stem cells (iPSCs) (Chong et al. 2014; Lalit 
et al. 2014; Shiba et al. 2012). These approaches, however, have multiple chal-
lenges, including tumorigenicity derived from residual pluripotent stem cells, long- 
term cell engraftment, and high costs, requiring further improvements (Okano et al. 
2013; Yang et al. 2014). In contrast to cell transplantation, we have been developing 
a novel myocardial regeneration technique for direct reprogramming of cardiac 
non-myocytes (fibroblasts) into cardiomyocytes (Ieda et al. 2010; Inagawa and Ieda 
2013; Sadahiro et al. 2015; Wada et al. 2013; Yamakawa et al. 2015). If pre-existing 
non-cardiomyocytes can be converted to cardiomyocytes within patient’s heart, this 
new approach would be an attractive approach for pharmacologically induced 
remuscularization of the failing heart.

6.2  Discovery of Master Regulators for Direct Cardiac 
Reprogramming

In 1987, MyoD was identified as the single master gene for skeletal muscle differ-
entiation (Davis et al. 1987). Similar investigational efforts failed to identify a sin-
gle master gene for myocardial differentiation. The discovery of the four “Yamanaka 
factors” in 2006 suggested that the co-transfection of multiple transcription factors 
could potentially enable the reprogramming of terminally differentiated cells 
(Takahashi et al. 2007a, b; Takahashi and Yamanaka 2006). Thus, we performed a 
similar trial and identified three transcription factors (Gata4, Mef2c, and Tbx5, 
hereafter referred to as GMT) crucial for direct cardiac reprogramming in mice. In 
order to identify the transcription factors, we isolated cardiomyocytes and cardiac 
fibroblasts (CFs) using fluorescence-activated cell sorting (FACS: flow cytometry) 
and screened 14 genes that are specifically expressed in embryonic cardiomyocytes 
and play a critical role in cardiac formation as candidate factors (Ieda et al. 2009, 
2010). Next, we established a genetically modified mouse that specifically expressed 
green fluorescent protein (GFP) only in differentiated cardiomyocytes (αMHC-GFP 
transgenic mouse) and screened gene candidates by quantitatively evaluating GFP 
expression. When all 14 genes were transduced to the CFs via retrovirus vectors, 
GFP-positive cells were detected at a level of approximately 1.7% a week after 
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infection with the virus. Based on further GFP quantitative evaluations after remov-
ing each of the 14 genes, we identified three transcription factors (GMT) that are 
minimally required for cardiomyocyte generation. In addition, we identified a 
higher reprogramming efficiency with GMT (17% of GFP+ cells and 5% of cTnT+ 
cells). We named the cells induced from CFs that express these three transcription 
factors induced cardiomyocytes (iCMs).

We also determined whether iCMs have a similar morphology and function as 
native cardiomyocytes. Immunocytochemistry and microarray methods were 
applied to analyze expression at the protein and gene levels. The immunocytochem-
istry results demonstrated that iCMs express the cardiomyocyte-specific proteins 
α-actinin, cardiac troponin T (cTnT), and atrial natriuretic factor (ANF) and possess 
cardiomyocyte-specific sarcomeric structures. The microarray results demonstrated 
that gene expression changed from a CF pattern to a cardiomyocyte-like pattern, 
and the epigenetic status of histone methylation and DNA methylation was similar 
to that of cardiomyocytes. Functionally, Ca2+ imaging demonstrated similar intra-
cellular Ca2+ kinetics as mouse neonatal cardiomyocytes. Furthermore, we con-
firmed spontaneous beating in some iCMs.

Subsequently, we demonstrated the direct reprogramming of CFs to a cardio-
myocyte fate. Mesp1 and Isl1 are specifically expressed in cardiac progenitor cells 
(CPCs) (Laugwitz et al. 2005; Saga et al. 1999). We generated genetically modified 
mice that expressed yellow fluorescent protein (YFP) in all cells derived from CPCs 
by crossing Mesp1-Cre mice or Isl1-Cre mice with YFP-flox mice (Mesp1-YFP 
mice or Isl1-YFP mice). The iCMs derived from the fibroblasts in these mice did not 
express YFP, providing proof of the direct conversion to iCMs without a step involv-
ing CPCs.

Lastly, we also determined whether non-cardiac fibroblasts can be reprogrammed 
into iCMs by GMT. Mouse tail-tip fibroblasts (TTFs) were reprogrammed using 
GMT retrovirus vectors. The TTFs were successfully able to differentiate into 
αMHC-GFP+ cardiomyocyte-like cells. However, the reprogramming efficiency 
was low, as TTF-derived iCMs accounted for only ~2.5% according to a quantifica-
tion cTnT+ cells, approximately half of the number of CF-derived iCMs. In addi-
tion, although TTF-derived iCMs possessed some cardiomyocyte functions such as 
Ca2+ regulation, they expressed higher levels of H3K27me3, a histone marker for 
gene suppression, in the promoters of cardiac genes than CF-derived iCMs and 
neonatal cardiomyocytes. These lines of evidence suggest that although various 
cells can be reprogrammed into iCMs, the induction rate varies depending on the 
original cell type. We confirmed cardiomyocyte conversion 1 week after the GMT 
infection by cTNT staining; few of the converted cells started to beat 4–5 weeks 
later. These results indicate that iCMs represent a heterogeneous cell population and 
that only 0.01–0.1% of CFs were reprogrammed completely into functional (i.e., 
beating) cardiomyocytes, warranting further improvement. Nevertheless, we identi-
fied the master regulators for cardiomyocytes that are minimally required for car-
diac induction from other somatic cell types.
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6.3  New Cardiac Reprogramming Factors 
and Stoichiometry of Transcription Factors  
for Efficient Reprogramming

Although GMT was identified to be a combination of critical transcription factors 
and enabled the reprogramming of mouse fibroblasts into functional cardiomyo-
cytes, the poor induction rate warranted further improvements (Srivastava and Ieda 
2012). Multiple studies on cardiac reprogramming have been performed since our 
report on the three “GMT transcription factors” and production of iCMs (Fig. 6.1).

Song et al. explored the optimal combination of core cardiac transcription factors 
necessary for efficient reprogramming of adult TTFs into functional cardiomyocytes 
(Song et al. 2012). Six cardiac transcription factors were screened using αMHC-GFP 
reporter mice to determine the core factors involved in cardiac reprogramming. 
When Hand2, a basic helix-loop-helix (bHLH) transcription factor, was added to 
GMT (GHMT—Gata4, Hand2, Mef2c, and Tbx5), adult CFs and TTFs were repro-
grammed into functional cardiomyocyte-like cells more efficiently compared to 
other combinations. GMT alone resulted in only approximately 3% of the original 
fibroblasts becoming positive for both αMHC-GFP and cTnT. In contrast, GHMT 
induced approximately 9% of the adult fibroblasts to adopt a cTnT+ and 
αMHC-GFP+ phenotype. In addition, 5% of adult CF-derived iCMs and 1.8% of 
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Fig. 6.1 Modification of reprogramming factors and fibroblast properties affect cardiac repro-
gramming efficiency. (a) Addition of Hand2 to Gata4, Mef2c, and Tbx5 (GMT), a polycistronic 
vector for GMT, and addition of the MyoD-M3 segment to Mef2c promoted cardiac reprogram-
ming. (b) Cardiac reprogramming was inefficient in adult CFs and TTFs
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adult TTF-derived iCMs possessed sarcomere-like structures. Microarray and quan-
titative RT-PCR (qPCR) analyses of gene expression patterns demonstrated the 
upregulation of a broad range of cardiac genes, indicative of a differentiated cardiac- 
like phenotype, and concomitant suppression of non-myocyte genes, including Fsp1 
(fibroblast-specific protein 1), in fibroblasts transduced with GHMT. Furthermore, 
when adult CFs or TTFs transduced with GHMT were continuously cultured for 
more than 5 weeks, Ca2+ transients, action potentials (APs), and spontaneous con-
tractions were observed in the cell subsets, indicating that induced cardiomyocyte-
like cells possessed similar functions as native cardiomyocytes (Nam et al. 2014). 
This study also demonstrated that a limited 10-day exogenous GHMT expression 
was sufficient to reprogram the fibroblasts toward a cardiomyocyte fate. This result 
suggests that GHMT may play a critical role in the onset of reprogramming, but 
thereafter, the reprogramming can continue to progress without exogenous GHMT 
expression. Based on these study results, the addition of Hand2 to GMT is consid-
ered to improve the efficiency of reprogramming of fibroblasts into cardiomyocytes 
compared to GMT alone (Nam et al. 2014; Song et al. 2012).

Protze et al. used a different approach to identify the optimal combination of 
transcription factors (Protze et al. 2012). They did not search a pool of transcrip-
tion factor candidates for a single crucial gene but directly screened all triplet com-
binations of ten candidate factors combined with a qPCR assay to determine 
multiple cardiac-specific genes (MYH6, Myl2, Actc1, Nkx2.5, and SCN5A). 
Through this screening method, the combination of Mef2c, Myocd, and Tbx5 
(MMT) was found to upregulate a broader spectrum of cardiac genes compared to 
other combinations. When neonatal CFs were transduced with MMT or GMT via 
lentivirus vectors, the expression of proteins involved in cardiac contractility and 
sodium and potassium ion channels were observed, and 0.08% of the CFs exhib-
ited spontaneous contractions as well as action potential. These results indicate 
that the transduction of MMT as well as GMT can directly reprogram neonatal CFs 
into functional cardiomyocytes.

Addis et al. reported that Nkx2.5 is another important cardiac reprogramming 
factor that can improve the functionality of iCMs (Addis and Epstein 2013; Addis 
et al. 2013). They analyzed combinations of reprogramming factors using calcium 
activity in iCMs as a functional measure of cardiomyocytes. They constructed a 
GCaMP5 reporter lentivirus that allows for the real-time detection of calcium flux 
in live cells driven by the cardiomyocyte-specific troponin T (TNNT2) promoter. 
They transduced the GCaMP5 reporter virus containing the reprogramming factors 
into mouse fibroblasts. The results indicated that the addition of Nkx2.5 to GMT 
produced more functional cardiomyocytes, with 0.7 ± 0.3% of cells exhibiting 
GCaMP activity at 14 days post-induction, which was 22.5-fold higher than that 
with GMT alone (0.03 ± 0.02%). They also showed that the addition of Nkx2.5 to 
GHMT further increased the number of functional iCMs up to 1.6 ± 0.3% of the 
cells expressing GCaMP5, which is a 52-fold increase over GMT alone. Nkx2.5 did 
not increase the number of iCMs by promoting cell proliferation; instead, Nkx2.5 
and Hand2 augmented the expression of cardiac genes related to excitation–con-
traction coupling, such as phospholamban (Pln) and calsequestrin (Casq2).
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Hirai et al. reported that fusion of the MyoD transactivation domain to the pluri-
potency transcription factor Oct4 facilitated the transcriptional activity of Oct4, 
resulting in the highly efficient production of iPSCs (Hirai et al. 2010). They then 
applied this strategy to iCMs and showed that fusion of the MyoD transactivation 
domain to the cardiac reprograming factor Mef2c could greatly promote the direct 
reprogramming of fibroblasts into cardiomyocyte-like cells (Hirai et al. 2013). They 
fused the MyoD domain to Mef2c, Gata4, Hand2, and Tbx5 and transduced these 
four genes in various combinations into mouse fibroblasts. Transduction of the chi-
meric Mef2c with the wild-type forms of other three genes produced a much higher 
number of beating iCMs than with the other combinations of reprogramming fac-
tors. The induction efficiency of beating iCMs using chimeric Mef2c was 3.5%, 
which was 15-fold greater than when using the wild-type GHMT. Although the 
MyoD domain effectively increased the efficiency of iCM generation when fused at 
the carboxy terminus of Mef2c, it was not effective when fused to the other repro-
gramming factors Gata4, Hand2, and Tbx5. These results suggest that an optimal 
balance of the transcriptional activities of reprogramming factors is critical for suc-
cessful cardiac induction; however, the exact molecular basis for this remains 
elusive.

Wang et al. also reported that a precise stoichiometry of GMT is critical for the 
efficiency and quality of iCM generation (Wang et al. 2014). They generated all 
possible combinations of G, M, and T with identical 2A sequences in a single trans-
gene and transduced these viral vectors into mouse fibroblasts. They demonstrated 
that each combination of G, M, and T gave rise to distinct G, M, and T protein 
expression levels and that the MGT vector that expressed a higher protein level of 
Mef2c and lower levels of Gata4 and Tbx5 significantly enhanced reprogramming 
efficiency compared to the other GMT variants. Finally, the MGT vector resulted in 
more than a tenfold increase in the number of beating iCM loci than the separate 
GMT vectors, and the molecular characterization revealed that the optimal stoichi-
ometry of G, M, and T correlated with the high expression of cardiac genes (Muraoka 
and Ieda 2015).

Given that a precise stoichiometry and the transcriptional activity of reprogram-
ming factors are critical for reprogramming, it is conceivable that not all laborato-
ries can reproduce cardiac reprogramming due to subtle differences in experimental 
conditions (Carey et al. 2011; Polo et al. 2012; Qian et al. 2013). Chen et al. 
reported that they could not produce functional iCMs using lentiviral GMT vectors 
from adult mouse fibroblasts (Chen et al. 2012). Although they were able to gener-
ate partially reprogrammed iCMs expressing some cardiac markers, the cells did 
not beat spontaneously or exhibit APs, suggesting that they were not fully repro-
grammed iCMs.

In contrast to iCM generation, the induction of iPSCs has been widely repro-
duced by many laboratories. The iPSCs can expand indefinitely under standardized 
culture conditions, and the iPSC colonies are easily detected in the culture dish.  
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In contrast, iCMs do not proliferate because they are post-mitotic cells, which may 
hinder the detection of low numbers of beating iCMs (Yoshida and Yamanaka 
2012b). Collectively, the available data highlight that cardiac reprogramming needs 
further optimization of the reprogramming factors and that defined culture condi-
tions are necessary to establish a routine procedure that can be performed in a wide 
range of laboratories, as discussed below.

6.4  Identification of MicroRNAs for Cardiac Reprogramming

MicroRNAs (miRNAs) are ∼22-nucleotide RNAs that modulate gene expression by 
inhibiting mRNA translation and promoting mRNA degradation (Liu and Olson 
2010). Previous studies have revealed that MEF2 and SRF regulate the expression 
of two bicistronic muscle miRNA clusters encoding miR-133a-1/miR-1-2 and miR- 
133a- 2/miR-1-1 in the embryonic and adult heart (Zhao et al. 2005). Loss-of- 
function mutation studies of these miRNAs in mice revealed that miR-1 and 
miR-133a regulate the gene expression programs required for normal cardiac 
growth and function (Zhao et al. 2007). For example, the absence of miR-133a 
expression results in the ectopic expression of smooth muscle genes and aberrant 
cardiomyocyte proliferation in the developing heart, leading to embryonic lethality 
in half of the mutant mice (Liu et al. 2008). These abnormal phenotypes can be 
attributed, at least in part, to the elevated expression of SRF and cyclin D2, which 
are direct targets of miR-133a. These results demonstrated that miRNAs and tran-
scription factors orchestrate a complex network involved in normal heart develop-
ment and cardiac cell fate determination.

There are four known muscle-specific miRNAs, miR-1, 133, 208, and 499, 
which regulate various stages of cardiac differentiation and development. 
Jayawardena et al. reported that a combination of these four miRNAs can repro-
gram mouse neonatal CFs into cardiomyocyte-like cells in vitro (Jayawardena 
et al. 2012). Their study demonstrated that a transduction of miR-1, 133, 208, 
and 499 resulted in 5% of adult fibroblasts from αMHC-CFP mice possessing an 
αMHC- CFP+ phenotype. In addition, the induced cells expressed cardiac-spe-
cific proteins and sarcomeric structures, indicative of iCMs. Furthermore, a JAK 
inhibitor improved the induction rate and quality of the miRNA-mediated repro-
gramming, leading to high induction rate of 1–2% of the initial fibroblast popu-
lation into iCMs with spontaneous contractions. Although induction by miRNAs 
alone may not be sufficient to reprogram the fibroblasts from other origins such 
as tail-tip fibroblasts into cardiomyocytes, these results demonstrated miRNAs 
can reprogram at least CFs into functional cardiomyocytes. However, the molec-
ular mechanisms of cardiac reprogramming by these miRNAs were not 
clarified.
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We identified the molecular mechanisms and direct target of miR-133a in 
cardiac reprogramming (Muraoka and Ieda 2014; Muraoka et al. 2014). We also 
analyzed the cardiac reprogramming efficiency when using the miR-1, 133, 208, 
and 499 miRNAs in mouse embryonic fibroblasts (MEFs). We found that the 
miRNAs alone were not sufficient for cardiac reprogramming in MEFs, but the 
addition of miR- 133a to GMT greatly increased the reprogramming efficiency 
compared with other miRNAs. Compared to GMT alone, miR-133a overexpres-
sion with GMT generated sevenfold more cTnT+ cells and beating iCMs from 
MEFs and shortened the duration to induce beating cells from 30 to 10 days. 
Microarray analyses revealed that more than 100 genes were downregulated by 
miR-133a, many of which were fibroblast- related genes, such as Col1a1, 
Col1a2, Fn1, and Postn. While the expression levels of Ccnd2, Cdc42, Hand2, 
RhoA, and Srf, which have been shown previously to be the direct targets of 
miR-133a, were not significantly altered, the expression of Snai1, a master reg-
ulator of epithelial-to-mesenchymal transformation, was significantly downreg-
ulated by miR-133a overexpression. Snai1 is a putative direct target of miR-133a 
and contains two conserved miR-133a-binding sites within its 3′-UTR as shown 
by bioinformatics analyses. Luciferase assays confirmed that miR-133a binds to 
both sites. The expression levels of Snai1 mRNA and protein were suppressed 
by miR-133a transduction, suggesting that Snai1 is a new direct target of miR-
133a. To investigate the possible contribution of Snai1 to cardiac reprogram-
ming, we suppressed Snai1 expression with siRNA in GMT- transduced MEFs. 
Snai1 knockdown suppressed fibroblast genes, upregulated cardiac gene expres-
sion, and promoted cardiac reprogramming, recapitulating the effects of miR-
133a overexpression. In contrast, overexpression of Snai1 in GMT/
miR-133a-transduced cells suppressed reprogramming by maintaining fibro-
blast signatures. MiR-133a-mediated Snai1 repression was also critical for car-
diac reprogramming in adult mouse and human CFs. These results suggest that 
miR-133a- induced Snai1 and fibroblast gene suppressions are critical for car-
diac reprogramming. Given that Snai1 suppression is also important for iPSC 
generation, which requires a mesenchymal-to-epithelial transition before repro-
gramming, Snai1 is a common target for cellular reprogramming from fibro-
blasts (Li et al. 2010; Unternaehrer et al. 2014). Moreover, the balance between 
master regulators of original cells (fibroblasts) and target cells (iCMs or iPSCs) 
may determine the success of the cell fate switch in general. Further studies 
might identify other new targets of the miRNAs involved in cardiac reprogram-
ming, as miRNAs have numerous targets related to signal transduction, tran-
scription factors, and epigenetic regulation. Nonetheless, this is the first study 
demonstrating a molecular circuit and mechanism of cardiac reprogramming 
(Fig. 6.2).
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Fig. 6.2 Mechanisms of cardiac reprogramming. (a) Addition of miR-133, a TGFβ inhibitor, and a 
ROCK inhibitor increased cardiac reprogramming by repressing pro-fibrotic signaling, while TGFβ 
reduced it by maintaining fibroblast signatures. These interventions changed the generation of partially 
reprogrammed iCMs at the early stage of cardiac reprogramming. (b) Cultivation of the reprogrammed 
cells in serum-free medium with FGF2, FGF10, and VEGF promoted the conversion of partially 
reprogrammed iCMs into fully reprogrammed iCMs at the late stage of cardiac reprogramming. 
FGF2, FGF10, and VEGF increased the expression of cardiac reprogramming factors (Hand2, Nkx2.5, 
and Gata6) via the PI3K/Akt and p38MAPK pathways. The defined conditions increased the expres-
sion of Gata4 and enabled cardiac reprogramming with only MT. Activation of Akt1 promoted cardiac 
reprogramming and maturation of iCMs with alteration of mTOR and FoxO expression levels
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6.5  Inhibition of Pro-fibrotic Signaling with Small 
Molecules Enhances Cardiac Reprogramming

Several small molecules have been utilized to enhance the differentiation of pluripo-
tent stem and progenitor cells to cardiomyocytes and to promote the reprogramming 
of fibroblasts into iPSCs (Burridge et al. 2014; Kattman et al. 2011; Li et al. 2010). 
Ifkovits et al. reported that the inhibition of transforming growth factor β (TGFβ) 
signaling by small molecules increased the direct conversion of mouse fibroblasts to 
iCMs (Ifkovits et al. 2014). They overexpressed GHMT plus Nkx2.5 (GHMNT) 
with the calcium indicator GCaMP5, driven by the cTnT promoter, to quantify iCM 
yield in MEFs. They screened five small molecules, including a G9a histone meth-
yltransferase inhibitor (BIX01294), canonical Wnt signaling activator (CHIR99021), 
Wnt inhibitor (XAV939), TGFβ/Activin/Nodal inhibitor (SB431542), and BMP 
inhibitor (DMH1), which were reported to promote directed differentiation from 
pluripotent stem cells to cardiomyocytes and iPSC reprogramming. Among them, 
only SB431542 promoted cardiac induction by GHMNT, and LY364947, a specific 
inhibitor of TGFβ, also showed similar effects. In contrast, addition of TGFβ to the 
culture media greatly reduced cardiac induction, suggesting that inhibition of TGFβ 
signaling increased the efficiency of iCM generation.

These results were confirmed and analyzed in more detail by Zhao et al. (2015). 
They performed RNA sequencing to identify the genes that were regulated by 
GHMT overexpression at day 7. Surprisingly, not only cardiac gene but also pro- 
fibrotic gene expression was activated during GHMT-mediated cardiac reprogram-
ming at day 7. The expression of fibrotic genes was reduced 12 days post-GHMT 
infection, suggesting that transient activation of pro-fibrotic signaling at the early 
stage of reprogramming may inhibit the conversion of fibroblasts into cardiomyo-
cytes. TGFβ signaling is an important pathway involved in controlling fibrotic 
events, and the expression levels of TGFβ signaling components, including phos-
phorylated Smad transcription factors, Smad2 and Smad3, and Tgfb2 and Tgfbr1, 
were all upregulated by GHMT transduction during the early stage of cardiac repro-
gramming. They showed that stimulation of pro-fibrotic signaling by TGFβ1 sup-
plementation attenuated cardiac reprogramming by GHMT or GHMT plus miR-1 
and 133 (GHMT2m). The addition of miR-1 and 133 to GHMT significantly 
decreased the expression of pro-fibrotic genes concomitant with the activation of 
cardiac genes, which was consistent with our previous data (Muraoka et al. 2014). 
In addition to TGFβ signaling, Rho triggers the formation of stress fibers and stimu-
lates pro-fibrotic events via activation of its downstream effector, Rho-associated 
kinase (ROCK). Treatment with the ROCK inhibitor Y-27632 decreased the expres-
sion of the fibrotic genes Fn-EDA and aSMA and promoted cardiac reprogramming 
with GHMT and GHMT2m. Treatment of MEFs with A83-01, a selective inhibitor 
of TGFβ signaling, also decreased the phosphorylation of Smad2 and inhibited the 
expression of Fn-EDA, Col1a1, Col3a1, and SMA in GHMT- and GHMT2m- 
infected cells. Although A83-01 alone did not induce cardiac reprogramming in 
MEFs, the addition of A83-01 to GHMT or GHMT2m transduction greatly increased 
the cardiac reprogramming efficiency, with up to 60% of the MEFs reprogrammed 
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into functional iCMs. The electrophysiological analysis revealed that APs were 
recorded from single spontaneously beating cells on day 9 of reprogramming. The 
APs of iCMs mimic those of fetal or nodal cardiomyocytes, as they show a high rate 
of spontaneous firing, short AP durations, and slow upstroke velocity, suggesting 
that they were an immature myocyte form. The frequency of cell contraction and 
spontaneous calcium transients in the iCMs were modulated by the administration 
of isoproterenol, a β-adrenergic agonist, and nifedipine, a blocker of L-type calcium 
channels, suggesting that functional excitation–contraction coupling machinery and 
β-adrenergic signaling components were developed in the iCMs. Inhibition of TGFβ 
signaling by A83-01 also enhanced the reprogramming of adult cardiac and dermal 
fibroblasts into functional cardiomyocytes, with frequencies of 2.5% and 4%, 
respectively. These results suggest that the inhibition of pro-fibrotic signaling by 
small molecules promotes cardiac reprogramming, but the manipulation of other 
molecules and signaling pathways will be necessary to further improve cardiac 
reprogramming in adult fibroblasts.

6.6  PI3K/Akt and p38MAPK Pathways Enhanced Cardiac 
Reprogramming Under Defined Culture Conditions

Our previous results demonstrated that transduction with GMT activated cardiac 
reporters and protein expression in ~20% of fibroblasts after 1 week; however, only 
0.1% of the starting fibroblasts were fully reprogrammed into functional iCMs 
after 4 weeks under conventional serum-based culture conditions, suggesting that 
most cells remained partially reprogrammed or immature iCMs with the original 
method (Ieda et al. 2010). As discussed above, inhibition of fibroblast signatures 
by miR- 133 and small molecules promoted cardiac reprogramming at the early 
stage of reprogramming; however, the molecular mechanisms underlying the con-
version of partially reprogrammed cells into functional iCMs at the later stage 
remained unclear (Sadahiro et al. 2015). Moreover, the use of undefined serum-
containing medium in the original method was associated with considerable batch-
to-batch variation in cardiac reprogramming, leading to the variable and low 
reprogramming efficiencies in previous studies (Chen et al. 2012; Srivastava and 
Ieda 2012; Yoshida and Yamanaka 2012b). Recently, we were the first to describe 
the defined culture conditions that increased cardiac reprogramming by 100-fold 
compared with the conventional serum-based conditions (Yamakawa et al. 2015). 
We screened eight cardiogenic compounds and found that a combination of fibro-
blast growth factor (FGF) 2, FGF10, and vascular endothelial growth factor 
(VEGF), termed FFV, greatly improved the quality of cardiac reprogramming in 
mouse fibroblasts under serum-free culture conditions. FFV did not increase the 
generation of partially reprogrammed iCMs, while this treatment activated multi-
ple cardiac transcriptional regulators, including Gata4/6, Hand2, and Nkx2.5, and 
converted partially reprogrammed iCMs into functional iCMs through the p38 
mitogen-activated protein kinase (MAPK) and phosphoinositol 3-kinase (PI3K)/
AKT pathways. Moreover, FFV enabled cardiac reprogramming with only Mef2c 
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and Tbx5 without the need for Gata4, which may enable pharmacological repro-
gramming in the future. Thus, our results demonstrated that the FGF- and VEGF-
mediated PI3K/Akt and p38MAPK signaling pathways are critical for the late 
stage of cardiac reprogramming, which has been a major hurdle for successful 
reprogramming. Identifying the efficient, reproducible, and defined culture condi-
tions at least for mouse cells could allow for the standardization of the cardiac 
reprogramming procedure and lead to further improvements in the protocol in the 
future.

Consistent with our results, Zhou et al. reported that Akt dramatically enhanced 
cardiac reprogramming in three different types of fibroblasts (mouse embryo, adult 
cardiac, and tail tip) (Zhou et al. 2015). They used a retroviral expression library and 
screened 192 protein kinases that might augment the generation of functional iCMs 
by GHMT. They found that Akt1 overexpression induced Akt1 phosphorylation and 
increased the expression of cardiac genes, whereas a kinase-dead form of Akt1 
abrogated the stimulatory activity on GHMT, suggesting that activation of Akt sig-
naling is critical for cardiac reprogramming. Approximately 50% of the repro-
grammed MEFs displayed spontaneous beating after 3 weeks of induction by Akt 
plus GHMT, while ~1% of the adult CFs and TTFs could be reprogrammed into 
beating iCMs with the same treatment, suggesting that some epigenetic barriers still 
exist in adult fibroblasts. Nevertheless, the iCMs generated by Akt plus GHMT 
displayed a more mature phenotype compared with those generated without Akt and 
that were polynucleated, hypertrophic, and responsive to β-adrenoceptor pharmaco-
logic modulation. Mechanistically, insulin-like growth factor 1 (IGF1) and PI3K 
acted upstream of Akt, whereas the mitochondrial target of rapamycin complex 1 
(mTORC1) and forkhead box o3 (Foxo3a) acted downstream of Akt to promote 
cardiac reprogramming. These findings provide new insights into the molecular 
mechanisms of cardiac reprogramming and might be valuable for future research on 
human cardiac reprogramming (Fig. 6.2).

6.7  Discovery of Human Cardiac Reprogramming Factors

We determined whether cardiomyocytes can be induced from human fibroblasts by 
direct reprogramming (Wada et al. 2013). First, we transduced GMT into human CFs 
in vitro; however, there was insufficient induction of cardiomyocytes. Thus, we 
explored new human cardiac reprogramming factors. When Mesp1 and Myocd, 
which are cardiomyocyte or CPC-specific transcription regulators, were added to 
GMT (GMT + Mesp1 + Myocd, hereafter referred to as GMTMM), the cardiac 
induction rate was improved. Microarray analysis demonstrated that the GMTMM- 
mediated human iCMs had increased expression levels of cardiomyocyte-specific 
genes and possessed sarcomeric structures. In addition, under co-culture conditions 
with primary cultured rat cardiomyocytes, the human iCMs demonstrated physical 
cardiac functions, indicating that the five factors of GMTMM can induce the repro-
gramming of human CFs to cardiomyocyte-like cells. We also demonstrated that the 
addition of miR-133a to GMTMM increased cardiac reprogramming in human 
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fibroblasts via Snai1 repression. The induction of the cardiac markers α-actinin and 
cTnT increased from ~2% to ~27% by the addition of miR-133a (Muraoka et al. 
2014).

Nam et al. also reported that the mouse reprogramming factors GHMT were 
ineffective in activating cardiac gene expression in human fibroblasts and that 
Myocd was required for human cardiac induction (Nam et al. 2013). Furthermore, 
the addition of miR-1 and miR-133a improved the myocardial conversion of human 
fibroblasts and eliminated the requirement for Mef2c in cardiac induction from 
human neonatal foreskin fibroblasts, adult CFs, and dermal fibroblasts. The induced 
human cardiomyocyte-like cells expressed multiple cardiac genes and developed 
sarcomere-like structures. Although the efficiency of inducing cTnT-expressing 
cells from human fibroblasts was 10–20%, only a small subset of the cells could 
exhibit spontaneous contractility after 11 weeks of culture.

Fu et al. reported that GMT plus Esrrg, Mesp1, Myocd, and Zfpm2 induced 
global cardiac gene expression and a phenotypic shift to a cardiac fate in human 
fibroblasts derived from human ESCs (Fu et al. 2013). While most cells were 
partially reprogrammed, a subset of human iCMs had sarcomere structures, cal-
cium transients, and APs. They demonstrated that the epigenetic status of human 
iCMs resembled that of hESC-derived cardiomyocytes in terms of DNA and 
histone methylation status and that the iCMs were stably reprogrammed to a 
cardiac state without the need for the continuous expression of reprogramming 
factors.

Islas et al. reported that the transient overexpression of Ets2 and Mesp1, fol-
lowed by activin A and BMP2 treatment, could reprogram human dermal fibro-
blasts into cardiac progenitor-like cells (Islas et al. 2012). The induced cardiac 
progenitor- like cells differentiated into immature cardiomyocytes that expressed 
several cardiac genes and exhibited sarcomeric structures and Ca2+ activities in a 
prolonged culture. Given that the induced progenitor-like cells formed colonies in a 
culture dish and expressed several cardiac progenitor genes, the route of cardiac 
induction by Ets2 and Mesp1 seemed to be different from that with the direct car-
diac reprogramming performed by our group and other groups (Fu et al. 2013; Nam 
et al. 2013; Wada et al. 2013). These findings represent an important initial step 
toward potential therapeutic applications of the direct reprogramming approach in 
clinical situations. However, cardiac reprogramming of human fibroblasts was 
much slower and less efficient than that in mouse fibroblasts, and future studies are 
needed to optimize the necessary reprogramming factors and culture conditions for 
human cardiomyocyte induction and functional maturation.

6.8  Systemic Approach to Identify the Transcription Factors 
Required for Direct Reprogramming

Thus far, identification of the key transcription factors required for reprogram-
ming has been performed by a process of exhaustive testing of large sets of plau-
sible transcription factors (Han et al. 2014; Huang et al. 2011, 2014; Ieda et al. 
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2010; Riddell et al. 2014; Sekiya and Suzuki 2011; Vierbuchen et al. 2010; Zhou 
et al. 2008). As there are roughly 2000 different transcription factors, it is techni-
cally challenging to test all possible combinations of factors necessary for cardiac 
reprogramming. Recently, the Daley and Collins groups developed a network 
biology platform, CellNet, which can compare gene regulatory networks in engi-
neered cell populations with those in in vivo counterparts and identify systemati-
cally the factors that can improve cellular reprogramming (Fig. 6.3) (Cahan et al. 
2014; Morris et al. 2014). In the case of cardiac reprogramming, Cahan et al. used 
CellNet to analyze the gene regulatory network of the GMT-induced aMHC-
GFP+ population derived from mouse fibroblasts, of which the vast majority of 
the cells were partially reprogrammed iCMs (Cahan et al. 2014). They found that 
the aMHC-GFP+ cells were exclusively classified as cardiomyocytes; however, 
multiple cardiac transcription factors, including Gata6, Tbx20, Hand2, and 
Nkx2.5, were incompletely activated in the GMT-mediated aMHC-GFP+ popula-
tion. As discussed, at least some of the candidate factors, such as Hand2 and 
Nkx2.5, could improve the cardiac reprogramming by GMT, suggesting that this 
approach can be valuable for screening cardiac reprogramming factors (Addis 
et al. 2013; Song et al. 2012).

Training
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Gata4

Tbx5

Mef2c

Gata4

Tbx5

Mef2c

...

a

b

c

Fibroblasts
iCMs

Reprogramming

Input CellNet

Differentiation

Differential expression 
analyses

Output

FACS

ScreeningCandidate factors 

Local network Mogrify prediction

Fig. 6.3 Strategies to identify reprogramming factors. (a) Candidate approach for identification of 
reprogramming factors. Candidate factors defined empirically or experimentally are screened in 
in vitro experiments. (b) CellNet accurately assessed the fidelity of cellular engineering and identi-
fied the transcription factors that might be needed to enhance reprogramming. (c) The Mogrify 
algorithm for predicting transcription factors for cell conversion. The cell type ontology tree, gene 
expression data, and network analyses are used to predict the reprogramming factors necessary to 
induce cell conversion
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More recently, Rackham et al. reported a predictive system (Mogrify) that com-
bines human gene expression data with regulatory network information to predict 
the reprogramming factors necessary to induce cell conversion (Rackham et al. 
2016). They applied Mogrify to 1173 human cell types and 1134 tissues and defined 
a cellular reprogramming atlas. To assess the predictive power of Mogrify, they first 
determined how Mogrify performed against previously published human cell con-
versions. Mogrify predicted NANOG, OCT4, and SOX2 as the top three transcrip-
tion factors for iPSC conversion, a combination that was experimentally validated. 
For the conversion of human dermal fibroblasts into cardiomyocytes, Mogrify’s 
predicted list included Gata4, Hand2, Mef2c, Nkx2.5, and Tbx5. Mogrify correctly 
predicted the transcription factors used in known transdifferentiations, and the aver-
age recovery rate of published transcription factors was 84%. Thus, these predictive 
computational programs can be useful to identify new transcription factors that 
could improve the efficiency of human cardiac reprogramming.

6.9  Cardiac Regeneration by In Vivo Direct Cardiac 
Reprogramming

For use in regenerative medicine, it would be ideal if cardiomyocytes could be repro-
grammed from the endogenous CFs in situ. Based on our in vitro results, we determined 
whether the direct reprogramming approach could also be used to reprogram endoge-
nous CFs into cardiomyocytes by applying cardiac reprogramming factors in vivo 
(Inagawa et al. 2012). We used a myocardial infarction (MI) mouse model, which was 
generated by coronary artery ligation. Retrovirus vectors were directly injected to trans-
fer the transcription factors to the CFs on the day of coronary artery ligation. After 
2 weeks, the hearts were removed, and the induction of cardiomyocytes was evaluated. 
In the negative control group that received a control retrovirus vector injection, there 
was no induction of cardiomyocytes from fibroblasts. In contrast, the group that received 
the GMT retrovirus vector injection exhibited induction of cardiomyocytes from fibro-
blasts. However, the majority of the inducted cells were immature cardiomyocyte-like 
cells, suggesting that all three transcription factors might not be transferred into the cells 
simultaneously. Thus, we constructed a single polycistronic GMT to ensure simultane-
ous delivery of the three factors. As a result, multiple cardiac genes were expressed, and 
the induction rate of sarcomere+ cardiomyocytes increased by twofold.

Similar outcomes were reported by multiple research groups. Qian et al. directly 
injected a GMT retrovirus into the mouse heart after coronary ligation and reported 
that 35% of the cardiomyocytes from the border/infarct zone were iCMs newly 
derived from endogenous CFs (Qian et al. 2012). Approximately 50% of the iCMs 
exhibited functional characteristics of adult ventricular cardiomyocytes, including an 
organized sarcomeric structure, cell contraction, electrophysiologic properties, and 
functional coupling to other cardiomyocytes. In order to determine whether iCMs 
were derived from CFs, genetic lineage tracing with a fibroblast-specific gene was 
applied using the transgenic mice (Postn-Cre and Fsp1-Cre with reporter mice) after 
direct injection with the GMT retrovirus into the heart. The post-MI myocardium 
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contained iCMs, which expressed Postn-Cre- or Fsp1-Cre-induced reporter expres-
sion, confirming that these iCMs were derived from CFs and not from native cardio-
myocytes. In addition, the functional evaluation after MI revealed that GMT 
retrovirus injection significantly improved cardiac function and suppressed fibrosis 
at least up to 3 months after the cardiac infarction.

Song et al. generated an ischemic cardiac disease mouse model and reported that 
GHMT retrovirus injection reprogrammed endogenous CFs into functional 
cardiomyocyte- like cells (Song et al. 2012). They also used transgenic mice with 
fibroblast lineage tracing and demonstrated that 2–6% of the cardiomyocytes from the 
border/infarct zone were newly induced cardiomyocyte-like cells. The newly differen-
tiated cardiomyocyte-like cells possessed similar characteristics as the endogenous 
cardiomyocytes, such as a clear sarcomeric structure and functional properties. Their 
study also determined whether the newly induced cardiomyocyte- like cells might 
have arisen from the fusion of native cardiomyocytes with non- cardiomyocytes using 
mice with an inducible αMHC-MerCreMer transgene and Rosa26-LacZ reporter. The 
results demonstrated that cardiomyocyte-like cells were newly differentiated and 
independent of cell fusion. Lastly, GHMT-transduced mice had a twofold higher car-
diac ejection fraction compared to the control mice. Furthermore, the damaged scar 
area was reduced by 50% at 12 weeks post- myocardial infarction.

Mathison et al. reported that in a rat cardiac infarction model, intramyocardial 
treatment with the proangiogenic VGEF together with GMT transduction enhanced 
the recovery of cardiac function and reduced the fibrosis area compared to GMT 
transduction alone (Mathison et al. 2012). This beneficial effect of VGEF treatment 
suggests that VEGF-mediated neovascularization may at least partially contribute to 
improved differentiation and survival of newly iCMs in the damaged myocardium, 
resulting in improved recovery after MI.

Jayawardena et al. used transgenic mice (Fsp1-Cre) with reporter mice and 
genetic tracing of fibroblast origin and demonstrated that direct injection of lentivi-
ral miR-1, 133, 208, and 499 into the mouse heart after MI reprogrammed endoge-
nous CFs into cardiomyocyte-like cells (Jayawardena et al. 2014). They used 
Fsp1-Cre mice for the linage tracing of non-myocytes and found that 12% of cardio-
myocytes in the border/infarct area were newly generated iCMs. Serial cardiac echo 
mapping revealed that there was a progressive improvement in ventricular function 
following miRNA treatment, which began 1 month post-surgery and was enhanced 
at 3 months, similar to the period required for reprogramming using transcription 
factors. Thus, our group and other groups demonstrated that cardiac reprogramming 
can be achieved in vivo by efficiently transferring cardiac reprogramming factors 
into CFs (Fig. 6.4). Furthermore, in vivo cardiac reprogramming reduced scar size 
and improved cardiac function after MI, suggesting that in vivo cardiac reprogram-
ming might be a promising approach for regenerative medicine. Given that endog-
enous CFs can be converted into more fully reprogrammed functional iCMs using 
in vivo reprogramming than using in vitro conditions, undefined factors in the 
microenvironment may improve the quality of cardiac reprogramming, which will 
be investigated in future studies (Yoshida and Yamanaka 2012a).
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 Conclusions

The heart consists of various types of cells, and cardiomyocytes account for only 
30% of the total cells in the heart. Because of the low regenerative capability of 
adult cardiomyocytes, once they are damaged, they will be replaced by fibro-
blasts and fibrous tissue, resulting in impaired cardiac function and arrhythmia. 
Cardiac regenerative medicine has traditionally focused on procedures in which 
cardiomyocytes are prepared ex vivo and transplanted into the damaged heart. 
However, if a procedure for the direct reprogramming of endogenous CFs into 
cardiomyocytes using reprogramming factors is developed, it could become a 
promising therapeutic approach.

To date, our group and other groups have reported cardiac reprogramming 
in vitro and in vivo. However, the current reprogramming efficiency is not suffi-
cient, especially in human cardiac reprogramming, and further improvement of 
the protocol and a better understanding of the molecular mechanisms are needed. 
In addition, the protocol using retrovirus vectors may potentially alter cellular 
function due to insertional mutagenesis by the integration of transgenes, requir-
ing further investigation for safety concerns. Nevertheless, since our first discov-
ery of cardiac reprogramming in 2010, there has been enormous progress in this 
direct reprogramming field as discussed in this chapter. We believe that future 
research can overcome these challenges, leading to the practical use of direct 
cardiac reprogramming in the regeneration of the failing heart.
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Direct cardiac reprogramming converts endogenous CFs directly into cardio-
myocytes by defined factors in vivo. The cardiac reprogramming factors identi-
fied in in vitro experiments can be applied to in vivo reprogramming. The fibrous 
tissue that mainly consists of CFs and extracellular matrix can be repaired by 
cardiac reprogramming.
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of hPSCs and hPSC-Derived 
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Abstract
Establishment of a scalable, robust, and GMP-compatible manufacturing process 
for human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) has been 
a bottleneck for the progress of cell therapy for heart diseases. The adherent cell 
culture platforms have been well developed for hPSC maintenance and cardiac 
differentiation. However, the two-dimensional culture system is limited by its 
scalability, hindering its application for scale-up cell production. Recent advances 
in development of suspension culture systems, which provide the advantage of 
scalability, have driven hPSC-CMs beyond bench research into preclinical devel-
opment. With the suspension platform, the processes from hPSC expansion to 
cardiac differentiation have been streamlined for the hPSC-CM production. A 
fully suspension-based process avoids extensive labor associated with the con-
ventional adherent culture and lowers production costs by reducing reagents, 
space, and operators. These advantages render this manufacturing process more 
manageable, cost-effective, labor-effective, and practical for large-scale cell pro-
duction. In this chapter, we will review current status of the development of the 
suspension culture system for hPSC-CM production.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-56106-6_7&domain=pdf
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7.1  Introduction

Human pluripotent stem cells (hPSCs), including human embryonic stem cells 
(hESCs) and human induced pluripotent stem cells (hiPSCs), are increasingly being 
used as sources to derive desired cell lineages for clinical trials of cell therapies.  
The availability of sufficient supplies of hPSCs and hPSC-derived cells to support 
preclinical and clinical studies is one of the key determinants for the advance of 
their therapeutic application. In the case of cell therapy for heart disease, it has been 
proposed that transplantation of a single dose on the order of 1 billion cells of hPSC- 
derived cardiomyocytes (hPSC-CMs) will be required to show clinical effects 
(Chong et al. 2014; Laflamme and Murry 2005). In order to meet the need for the 
enormous quantities of hPSCs and hPSC-CMs for IND-enabling large animal pre-
clinical studies and clinical trials, it is essential to establish a robust and scalable 
process to produce the cells at a clinically meaningful scale.

The development of cell culture systems for manufacture of undifferentiated 
hPSCs and hPSC-CMs has made significant progress in the last decade. Two major 
types of cell culture platforms—2-dimensional (2D) adherent and 3-dimensional 
(3D) suspension cell culture systems—have been used to develop the processes for 
hPSC expansion and cardiac differentiation. The 3D suspension culture system is 
well-known for its scalability advantage and is commonly used in industry for com-
mercial scales of production. In the following sections, we will provide an overview 
of current culture systems and focus on the process development of suspension 
culture systems for scale-up production of hPSCs and hPSC-CMs.

7.2  hPSC Cultures for Cell Expansion

7.2.1  Two-Dimensional Adherent Cell Culture System

The adherent cell culture platform is most commonly used for maintaining hPSCs. 
With advances in knowledge and technology, maintaining hPSC in adherent culture 
has become a relatively easy and routine laboratory process. For clinical purposes, 
recent developments in this culture system have been aimed at avoiding the use of 
non-defined materials such as feeder cells, Matrigel™, and serum-containing media. 
Tremendous progress in establishing culture systems suitable for cGMP compliance 
has been achieved by the development of chemically defined matrices, media, and 
reagents for adherent culture systems to meet the requirements for clinical quality (Li 
et al. 2005; Ludwig et al. 2006; Melkoumian et al. 2010; Rodin et al. 2010; Villa-
Diaz et al. 2010; Wang et al. 2007). Regardless, scalability limitations of the adherent 
cell culture platform at some level still restrict its practical application for mass cell 
production. The requisite manipulations in handling large numbers of culture flasks 
for vessel coating, cell seeding, cell passaging, and harvesting are time-consuming 
and labor intensive. Such a scale-out approach for cell manufacturing not only can 
cause more variability among individual flasks but also compromise cell quality due 
to the lengthy process. While adherent cell culture has practical scalability limita-
tions, multilayer culture vessels might potentially provide a solution for large-scale 
production. Current advances in operating multilayer vessels have achieved some 
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degree of automation for assisting in vessel handling, media change, and cell detach-
ment. However, there is very limited literature clearly demonstrating the feasibility 
of this system for large-scale production of hPSCs. Further evaluation is needed to 
determine if the multilayer culture system is practical for mass production of quality 
hPSCs. In addition to the restricted scalability inherent in the adherent culture sys-
tem, another major obstacle for scale-up production is the current approach for hPSC 
passaging. In a majority of hPSC culture conditions, cells must be dissociated into 
small clusters at passaging in order to achieve better cell survival and plating effi-
ciency. The dissociation method requires a good control of enzymatic treatment and 
mechanical dissociation of cells to generate clusters of the proper sizes. This process 
will be very challenging when operating with large amounts of culture vessels and 
surface area. Additionally, the cell-dissociation approach suffers from problems of 
uncontrollable cell cluster size and uneven distribution off cells during passaging and 
thus may engender undesired variability at subsequent stages.

7.2.2  Suspension Cell Culture System

In contrast to adherent culture, the suspension cell culture system is an ideal plat-
form for cell production as it provides great scalability. Unlike the adherent 2D 
platform, the suspension platform in principle can be scaled up into one single cul-
ture vessel for large-scale production. A variety of agitation mechanisms, such as 
stirring, rocking, rotating, orbital shaking, and air sparging, have been employed to 
generate a dynamic suspension which can offer a homogeneous and scalable three- 
dimensional culture condition. Additionally, the nature of the suspension system 
makes culture sampling, media handling, and cell harvesting easier and more con-
venient. With the advantages mentioned above, the dynamic suspension culture sys-
tem combined with bioreactors has been commonly used in industry to handle 
production scales of up to thousands of liters. Sophisticated bioreactors developed 
for suspension culture have the capacity to monitor parameters such as gas, pH, 
temperature, metabolites, and nutrients and control culture conditions. They also 
provide options for cell feeding, e.g., perfusion or fed batch, to replace manual 
media change and to achieve better production performance.

In the last decade, development of suspension culture for PSCs has made signifi-
cant progress. One of the unique growth characteristics of hPSCs is that they need 
to grow in clusters, as they undergo apoptosis when dispersed to single cells. 
Development of hPSC suspension cultures has therefore been focused on growing 
the cells in the form of aggregates.

7.2.2.1  Microcarrier-Based Suspension Culture System
The early success of the hPSC suspension culture was achieved by growing cells as 
clusters on microcarriers (Phillips et al. 2008; Fernandes et al. 2009; Oh et al. 2009; 
Chen et al. 2011; Lock and Tzanakakis 2009; Kehoe et al. 2008). The microcarrier- 
based suspension culture system brings adherent cells cultured on surfaces of 
microcarriers into suspension for scalability and is therefore an intermediate 
between traditional adherent culture systems and true suspension cultures. The sus-
pension system still requires significant manipulations that include the need for 
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coating the microcarriers with matrix for cell attachment, the process of cell detach-
ment, and the separation of the liberated cells from the microcarriers at cell passag-
ing and harvesting. The complexity of the processes would be challenging for 
large-scale production. One concern inherent in this approach is that the effects of 
residual microcarriers and their allowable levels for clinical applications will need 
to be further evaluated.

7.2.2.2  Microcarrier-Free Suspension Culture Systems
In contrast, a matrix-independent cell suspension culture system which avoids the 
complexity of microcarrier-related processes is more favorable for cell production. 
One critical study showed that Y-27632, a Rho kinase (ROCK) inhibitor, could pro-
tect single cell-dissociated hESCs from apoptosis and the cells survived by forming 
aggregates (Watanabe et al. 2007). Based on this finding, several groups have suc-
cessfully established microcarrier-free suspension cultures supporting hPSC growth 
in the form of cell aggregates by addition of Y-27632 (Chen and Couture 2015; 
Wang et al. 2013; Chen et al. 2012; Zweigerdt et al. 2011; Larijani et al. 2011; Amit 
et al. 2011; Steiner et al. 2010; Singh et al. 2010; Olmer et al. 2010; Krawetz et al. 
2010; Amit et al. 2010). A broad spectrum of hPSC lines has been successfully 
adapted into suspension cultures with different media conditions and culture vessels 
by many research groups. Though the scalability of the hPSC suspension culture 
has been only demonstrated at a scale of 100 mL culture volume in published litera-
ture, we have been routinely applying the suspension cultures to produce GMP- 
grade hESC banks at the billion cell level with liter scale culture vessels.

Though a dynamic suspension system is favored for scale-up culture, some 
recent reports showed that media mixed with hydrogels can create a static suspen-
sion to grow and differentiate hPSCs as spheres in a 3D culture condition without 
sedimentation (Lei and Schaffer 2013; Zhang et al. 2013; Otsuji et al. 2014). hPSCs 
seeded in the hydrogel suspension culture either as single cells or in cell clusters 
also rely on the ROCK inhibitor Y-27632 to enhance cell survival, and the hPSCs 
form spheroids to expand. The hydrogel-based suspension culture system not only 
avoids potential shear damage to cells but also confers scalability on the static sus-
pension. One study reported a remarkable 20-fold expansion rate and 2 x 107 cells/
mL of cell yield after 5 days of the hPSC culture. While the hydrogel-based suspen-
sion culture system holds great potential for scale-up production, further testing in 
large scale for hydrogel preparation, handling viscous hydrogel-mixed media at 
media change, cell passaging, and harvesting need to be evaluated for practical 
application in cell production.

We will discuss the critical considerations for developing an hPSC suspension 
culture for production in the following sections.

Reagents
For GMP manufacture or clinical application of hPSC-related products, selection of 
appropriate media and reagents is critical to achieve predictable and consistent qual-
ity of cell products fitting therapeutic needs. Chemically defined reagents with doc-
umentation of proper quality testing are always preferred for GMP compliance. 
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Xeno-free reagents, though not required, are preferred for use in cell products aimed 
at therapeutic purposes. Although application of GMP or clinical grade reagents is 
not necessary at early stages of development, availability of equivalent reagents in 
GMP or clinical quality may need to be taken into consideration if the culturing 
method is intended to integrate into a GMP process. Acquiring reagents from quali-
fied and reliable vendors is also important to ensure continuous supplies for repro-
ducible cell manufacturing.

Media Conditions
As cells grow in aggregates in a dynamic suspension culture, the requirements of 
media components or concentrations of components could be different from cells 
growing in a static monolayer culture. Several common hPSC media, such as feeder 
conditioned-based media, Knockout Serum Replacement™ (KSR)-based media, 
mTeSR™, StemPro™ hESC SFM, and Essential 8 for adherent cell culture, have 
been used directly or modified to develop suspension cultures (Chen and Couture 
2015; Wang et al. 2013; Chen et al. 2012; Zweigerdt et al. 2011; Larijani et al. 2011; 
Amit et al. 2011; Steiner et al. 2010; Singh et al. 2010; Olmer et al. 2010; Krawetz 
et al. 2010; Amit et al. 2010). As commercialized ready-to-use hPSC media provide 
advantages of convenience, quality control, and minimal lot-to-lot variation, they are 
favored for GMP production. However, those media are not specifically designed for 
hPSC suspension culture and are usually qualified based on adherent cell cultures. 
Qualification of new lots of media for an hPSC suspension culture would be necessary 
before large-scale manufacturing. Moreover, studies have shown that these media per-
formed differently in support of hPSC suspension cultures. To improve maintenance 
of the undifferentiated state and expansion rates of hPSCs in suspension cultures, 
modification of media conditions in some cases is necessary. For instance, addition of 
rapamycin in mTeSR™ (Krawetz et al. 2010), IL-6 (interleukin- 6), and IL-6 receptor 
chimera or LIF (leukemia inhibitory factor) in KSR- based medium (Amit et al. 2010; 
Amit et al. 2011) and increased concentrations of bFGF in StemPro™ hESC SFM 
(Chen et al. 2012) have been shown to provide better conditions for hPSC adaptation 
in suspension. Development of a common specialized medium for hPSC suspension 
culture would make the processes of adaptation and expansion more efficient.

Culture Vessels
A variety of vessel types, including plates, Petri dishes, Erlenmeyer flasks, T flasks, 
spinner flasks, and stirred bioreactors, have been used in static conditions with low 
attachment surfaces or dynamic platforms with different agitation mechanisms, 
such as orbital shaking, rocking, and stirring, to carry hPSC suspension cultures. 
Among these vessel types, spinner flasks and stirred bioreactors with the advantages 
mentioned above are more suitable for upscaling. We have been routinely using 
spinner flasks up to the 3 L scale for manufacturing hPSC-related cells, demonstrat-
ing scalability of this type of culture vessel. Another alternative is a bag-based bio-
reactor using wave-induced agitation on a rocking platform (Kalmbach et al. 2011; 
Oncul et al. 2010; Singh 1999). In contrast to stirred culture vessels, the bag-based 
vessel is designed to avoid the use of impellers and thus may significantly reduce 
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mechanical force and uneven distribution of shear forces generated by impellers. 
The bag-based bioreactor has been used for culturing cell lines such as CHO and 
293 in the form of single cells in large scale. While bag-based vessels may hold 
great potential for scale-up cell production, further evaluation to support hPSC cul-
ture is necessary.

Agitation Conditions
To generate 3D suspension environments, an agitation mechanism needs to be intro-
duced into the cell culture. When cells are cultured in a hydrodynamic suspension, 
they will encounter shear force from fluid and mechanical forces caused by impact 
with solid surfaces in culture vessels. Shear and mechanical forces can have detrimen-
tal effects on cells and can also cause unwanted cell differentiation. Selection of 
proper agitation mechanisms, vessel designs, and optimization of agitation conditions 
to sufficiently suspend hPSC aggregates with minimal agglomeration and cell damage 
is essential for development of an efficient hPSC suspension culture system.

Cell Aggregate Size and Cell Passaging
Initial formation of small cell clusters is a critical step for hPSCs to grow in suspen-
sion culture. Cell aggregates gain in size due to cell expansion and agglomeration. 
Several studies suggested that the size of cell aggregates could affect cell quality 
and growth rates (Amit et al. 2010; Chen et al. 2012; Krawetz et al. 2010; Larijani 
et al. 2011; Olmer et al. 2010). As cell aggregates grow, at some point, they will 
reach sizes at which penetration of nutrients and metabolites inside the clusters will 
be less efficient and will cause cell differentiation and/or apoptosis. Therefore, mon-
itoring cell aggregate size and passaging cell cultures at optimal intervals is critical 
for maintaining cell quality and expansion pace. The hPSC suspension cultures are 
usually passaged every 3–7 days when cell aggregate size reaches the range of 250–
300 μM. The optimal subculture intervals for hPSCs may need to be determined 
individually for different cell lines and culture conditions.

Cell-Dissociation Methods for Passaging
Two approaches to dissociate cell aggregates have been used for cell passaging. One 
is to partially break down cell aggregates into small clusters by a strainer without 
enzyme treatment. The advantages of this approach are that it is free of enzyme and 
relatively easy. However, mechanical dissociation of cell aggregates could be detri-
mental to cells. Partially dissociated cell clusters are not only difficult to quantify but 
also result in poor control of cell aggregate sizes, which may lead to inconsistent cell 
cultures. For upscaling application, mechanical dissociation could also be challeng-
ing due to scale limit of strainers. The other common approach is enzymatic dissocia-
tion of cell aggregates into single cells. In contrast to mechanical dissociation, the 
single cell-dissociation approach is quantitative and can generate more controlled 
and homogeneous sizes of cell aggregates. Generating homogeneous sizes of cell 
aggregates is not only critical for reproducible quality of cell cultures but also critical 
for directed differentiation of cell clusters. With those advantages, the single cell-
dissociation approach could be favorable for large-scale GMP production.
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Stepwise Scale-Up of hPSC Suspension Cultures
In order to achieve large-scale cultures, the hPSC suspension culture usually 
requires stepwise expansion into larger-scale vessels. This cell expansion pro-
cess may require using different types of vessels and agitation mechanisms. One 
study has shown inconsistency of cell expansion rates at scaling up hPSC suspen-
sion cultures from a static 6-well plate to an orbital-shaker Petri dish and finally 
to a stirred spinner, indicating the need for optimization for individual suspen-
sion platforms (Singh et al. 2010). Agitation condition and shear force are criti-
cal for the performance of an hPSC suspension culture and may need to be 
optimized for different scales and designs of culture vessels. To minimize the 
efforts involved in the optimization, use of similar or identical design of vessels 
that differ only in size and that use the same agitation mechanism during scale-up 
would simplify the conversion or estimation of agitation conditions among dif-
ferent scales.

7.3  Scale-Up Production of hPSC-CMs

7.3.1  Directed Differentiation of Cardiac Cells

Substantial advances in developing methods for cardiac differentiation from hPSCs 
have accelerated the application of hPSC-CMs to clinical translation. Several car-
diac induction schemes have been designed based on knowledge of cardiomyogen-
esis during embryo development (Burridge et al. 2012). Temporal modulation of 
Activin/Nodal/TGF-β, BMP, and Wnt pathways to stepwise induce hPSCs through 
mesodermal and cardiac progenitor cells to cardiomyocytes (CMs) is a common 
strategy to direct cardiac differentiation. By this induction strategy, several proce-
dures have been able to efficiently differentiate hPSCs into cardiomyocytes with 
more than 80% purity (Burridge et al. 2012; Fonoudi et al. 2015; Kattman et al. 
2011; Kempf et al. 2014; Lian et al. 2012; Yang et al. 2008; Zhang et al. 2012; Zhu 
et al. 2011; Chen et al. 2015). Along with the advances in induction methods, mate-
rials and reagents used for cardiac differentiation have also been improved to com-
ply with cGMP and clinical purposes (Burridge et al. 2014; Liang et al. 2013). 
While current differentiation procedures are able to generate high purity of hPSC- 
CMs with defined reagents, manufacture of the cells at a clinically meaningful scale 
is still challenging.

7.3.2  hPSC-CM Production with Two-Dimensional 
Differentiation Platforms

Several cardiac differentiation methods have been developed using monolayer cell 
culture on a 2D platform, in which cells could be induced efficiently and homoge-
neously (Burridge et al. 2014; Lian et al. 2013; Zhang et al. 2012; Zhu et al. 2011). 
Recent method developments have used defined matrices, such as vitronectin-based 
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synthetic peptides and recombinant laminin, to replace Matrigel™ and feeders for 
cell attachment (Burridge et al. 2014). Growth factors used for cardiac induction 
have also been replaced by small-molecule compounds. One representative study 
has revealed a simple and efficient method for cardiac differentiation using a 
defined synthetic matrix (Synthemax™) to support cell attachment and sequential 
induction with two small molecules, CHIR99021 and IWP, modulating Wnt sig-
naling to direct differentiation (Lian et al. 2012). Based on this method, a minimal 
media condition containing only RPMI 1640, ascorbic acid, and recombinant 
albumin was shown to be sufficient for cardiac differentiation (Burridge et al. 
2014). Despite the improvement of reagents and simplification of the differentia-
tion method, the 2D adherent culture system still has inherent limited scalability. 
As mentioned above, multilayer cell culture vessels hold great potential for large-
scale production of hPSC-CMs. There is currently no report showing cardiac dif-
ferentiation using this vessel format; it will require more investigation to evaluate 
whether the platform can serve for large-scale hPSC-CM production. There are 
some foreseeable concerns in using the multilayer vessel for cell manufacture, 
including homogeneity of media volume, cell seeding, and cell growth character-
istics among different layers. These factors will affect cell density in different 
layers of the culture vessels. Cardiac induction on a 2D culture platform is highly 
dependent on cell density. Cell culture variability among different layers may 
therefore significantly affect differentiation efficiency and production consis-
tency. In addition, cost and labor for vessel coating, plus difficulties in cell pas-
saging and harvesting, also need to be considered in using the multilayer vessel 
for large-scale production.

7.3.3  hPSC-CM Production with Suspension Differentiation 
Platforms

7.3.3.1  Microcarrier-Based Suspension Culture for Cardiac 
Differentiation

Cardiac differentiation of hPSCs has been demonstrated with a dynamic 
microcarrier- based suspension culture system using spinner flasks (in 50 mL scale) 
or T25 flasks (in 10 mL scale) with rocking agitation (Lam et al. 2014; Ting et al. 
2014). With an induction method based on Wnt regulation using the small mole-
cules CHIR99021 and IWP2, the differentiation process was able to produce 1.2–
1.9 x 106 cells/mL of hPSC-CMs with an average purity of 47–66% estimated by 
the cardiac troponin T-positive (cTNT+) cell population. More importantly, this 
production process streamlined cell expansion and differentiation within a continu-
ous suspension culture, making the cell production more efficient. However, as 
mentioned previously, processes associated with the microcarrier-based suspen-
sion culture, including matrix coating, cell attachment, and cell separation from the 
microcarriers, could be time-consuming and labor-intensive when operating a 
large-scale production.
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7.3.3.2  Microcarrier-Free Suspension Culture for Cardiac 
Differentiation

The embryoid body (EB) formation assay is commonly used to demonstrate pluri-
potency of hPSCs. Cardiac induction procedures based on EB formation method 
with stepwise treatments of growth factors and small molecules have been shown to 
efficiently generate >80% purity of cardiomyocytes in small-scale static suspension 
and in dynamic suspension using a stirred bioreactor with volumes up to 100 mL 
(Kattman et al. 2011; Yang et al. 2008; Hemmi et al. 2014). By the conventional 
method, EB formation efficiency is low and the sizes of EBs are uncontrollable 
when set up from hPSC adherent cultures. These disadvantages potentially affect 
process reproducibility and product consistency. To improve the EB method, the 
ROCK inhibitor Y27632 has been used to enhance EB formation (Hemmi et al. 
2014). In addition, the use of spinner flasks with proper agitation rates has also been 
applied to the process of EB formation to reduce agglomeration and to make the EB 
size more controllable (Rungarunlert et al. 2009). While the reports successfully 
demonstrated efficient cardiac differentiation in suspension cultures, consistency 
and reproducibility of the EB method for cardiac differentiation will need to be 
further tested. Moreover, those reported EB methods are based on cells derived 
from hPSCs in adherent culture, which may limit the scalability of the EB method 
in the hPSC-CM production.

Recently three reports, including our own, have successfully demonstrated inte-
gration of undifferentiated hPSC expansion and cardiac differentiation into a cell 
aggregate-based suspension culture system (Fonoudi et al. 2015; Chen et al. 2015; 
Kempf et al. 2014). In these studies, undifferentiated cell aggregates generated from 
the hPSC suspension culture were used as a cell format for cardiac induction in a 
continuous suspension culture. Taking advantage of the sizes of small molecules, 
which may penetrate the cell aggregate and induce cells inside more efficiently than 
growth factors, CHIR99021 and IWP were used to stepwise regulate Wnt pathways 
to generate hPSC-CMs. By this induction approach, one report showed a purity of 
up to ~60% hPSC-CMs generated in static suspension culture in 12-well plates and 
in dynamic suspension culture in rotated Erlenmeyer flasks (Kempf et al. 2014). 
The report further demonstrated a scale-up differentiation process to 100 mL sus-
pension culture with spinner bioreactors. The results showed a purity of 68.6 ± 8.7% 
(ranging 53.9–84.1%) cTNT+ cells from one hESC line and 58% ± 30% (ranging 
27.2–88.3%) cTNT+ cells from one hiPSC line, with hPSC-CM yield average of 
~4 x 105 cells/mL. Another research group used the same Wnt modulation method 
but also inhibited TGF-β and activated sonic hedgehog pathways by adding small 
molecules at the stage of Wnt inhibition to generate hPSC-CMs (Fonoudi et al. 
2015). With the modified induction method, the report demonstrated that the undif-
ferentiated cell aggregates generated from the suspension culture can be induced to 
nearly 100% of beating aggregates in static suspension culture for 9 hPSC lines. The 
report analyzed four of these cell lines and showed up to 90% cTnT+ cells. The 
authors further scaled up the differentiation process to 100 mL with a spinner biore-
actor for one cell line and achieved purity of up to 85% alpha myosin heavy chain 
(αMHC)+ cells, though no cell yield was reported. With a small-molecule induction 
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method that modulates only the Wnt pathway, we also reported that hPSCs expanded 
in suspension culture in the form of cell aggregates can efficiently differentiate into 
cardiac cells in suspension using spinner flasks for culture scales from 100 mL, to 
500mL, to 1 L (Chen et al. 2015). Using the H7 hESC line, we were able to produce 
90 ± 6% cTnT+ cells with cell yields of 1.8 ± 0.2 × 106 cells/mL in 125 mL spinner 
flasks (n = 12), 92 ± 3% cTnT+ cells with 2.3 ± 0.3 × 106 cells/mL in 500 mL spinner 
flasks (n = 3), and 96 ± 3% cTnT+ cells with 1.4 ± 0.4 × 106 cells/mL in 1 L spinner 
flasks (n = 19). We also showed that the ESI-017 hESC line and a hiPSC line dif-
ferentiated in 100 mL suspension cultures can generate 91 ± 4% cTnT+ cells with a 
cell yield of 7.5 ± 2.5 × 105 cells/mL and 94 ± 4% cTnT with a cell yield of 
2.0 ± 0.5 × 106 cells/mL, respectively. Recently, we successfully expanded H7 cells 
to 3 L culture scale in a 3 L spinner flask and produced approximately 3 billion 
hPSC-CMs with >90% purity (Table 7.1). The manufacturing process we estab-
lished is able to expand hPSCs from 125 mL, to 500 mL, to 1 L, to 3 L spinner flasks 
and to produce hPSC-CMs at a desired scale (Fig. 7.1). The process has been 

Table 7.1 Purity and cell yield 
for large-scale production of 
hPSC-CMs in 1 L and 3 L 
suspension culture

Culture scale cTnT Cell yield (cells/ml)

1 L 96 ± 4% (n = 26) 1.4 ± 0.4x106 (n = 26)

3 L 96 ± 4% (n = 3) 9.5 ± 0.8x105 (n = 3)

hPSC expansion

cryopreserved cells

125 mL spinner flask 1 L spinner flask500 mL spinner flask 3 L spinner flask

cardiac differentiation

induction

undifferentiated PSC aggregates hPSC-CMs

Fig. 7.1 Scale-up manufacture of hPSC-CMs with the suspension culture system using spinner 
flasks. hPSCs thawed from a cell bank were first grown and expanded in a suspension culture. The 
cell culture was stepwise scaled up from 125 mL spinner flasks to 500 mL, 1 L, and 3 L spinner 
flasks. The undifferentiated hPSC aggregates generated in the suspension culture at a target scale 
were then directly induced for cardiac differentiation to produce hPSC-CMs. In our manufacturing 
process, typically the undifferentiated hPSCs were passaged every 3 days with three- to fivefold of 
cell expansion and would require 2–3 weeks to expand into 3 L suspension culture for cardiac dif-
ferentiation, which would take another 3 weeks to generate hPSC-CMs for a production
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validated by a total of 26 runs of 1 L and 3 runs of 3 L hPSC-CM production gener-
ating cell products with superior cell purity, yield, and consistency (Fig. 7.2, 
Table 7.1). Taken together, these studies strongly indicate that the continuous pro-
cesses of hPSC expansion and cardiac differentiation in the cell aggregate-based 
suspension culture system are scalable and can be applied to mass production of 
hPSC-CMs.

7.3.3.3  Considerations and Challenges for Development of the Cell 
Aggregate-Based Suspension Culture for Cardiac 
Differentiation

Conventionally, cardiac induction is performed in a static culture with adherent cells 
or EBs, and several induction methods for cardiac differentiation in the dynamic 
suspension culture have been developed based on those devised for static culture 
conditions. However, in hydrodynamic conditions, the biology of hPSCs; homoge-
neity of pH, gas, nutrients, and metabolites in the culture; and differentiation kinet-
ics may not be the same as in the static culture condition. Moreover, induction of 
cells in the form of cell aggregates appears to be more complex than induction of the 
monolayer cell culture. These factors could potentially change the scheme of the 
optimal differentiation conditions. We will discuss the considerations for develop-
ing the method for cardiac differentiation in the cell aggregate-based suspension 
culture in the following sections.
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Fig. 7.2 Reproducibility and consistency of hPSC-CM manufacture with liter scale of suspen-
sion cultures. With culture conditions optimized in developmental runs, the process for large-
scale hPSC-CM production has been validated by production runs using 1 L and 3 L spinner 
flasks. The purity of cell products was evaluated by percentage of cardiac troponin T (cTnT)-
positive cells. H7 cells were used in the developmental and production runs (x-axis, percentage 
of cTnT+ cells; y-axis, developmental and production runs; the asterisk symbol indicates the 
3 L production run)
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Agitation Conditions
In the dynamic suspension culture, agitation generates a homogeneous physico-
chemical culture condition and avoids cell aggregates/EBs agglomeration but also 
causes shear and mechanical forces, which may affect hPSC differentiation. Shear 
and mechanical forces play a critical role in directing cell fate and morphogenesis 
from gastrulation to cardiogenesis during embryogenesis (Paluch and Heisenberg 
2009; Patwari and Lee 2008; Ingber 2006). While effects of shear and mechanical 
forces on cardiac differentiation of hPSCs are not well studied, some reports have 
suggested agitation conditions can affect cardiac differentiation in the suspension 
culture (Ting et al. 2014; Geuss and Suggs 2013; Shafa et al. 2011; Niebruegge 
et al. 2009; Chen et al. 2015). By comparing different agitation mechanisms using 
suspension culture vessels such as roller bottles and spinner flasks with bulb or 
paddle types of impellers, one study showed that hESCs differentiated in these sus-
pension platforms exhibited evident variation in cell yield and cardiac differentia-
tion even at the same agitation speed (Niebruegge et al. 2009). In our previous 
study, we also found a significant difference in cardiac differentiation efficiency 
when the same induction scheme was applied to different scales and designs of the 
spinner flasks. These results imply that the agitation condition needs to be adjusted 
individually for different designs of the suspension culture vessels to support car-
diac differentiation.

Optimization of agitation conditions is rarely mentioned in studies of cardiac dif-
ferentiation in the dynamic suspension culture. One study using a rocking platform for 
cardiac differentiation in the microcarrier-based suspension culture showed that an 
intermittent rocking condition rather than a static or a continuous rocking supported 
better cardiac differentiation. Similarly, our previous study using spinner flasks demon-
strated that optimal cardiac differentiation in dynamic suspension culture was achieved 
only within a limited range of stirring rates (Chen et al. 2015). These studies indicated 
that agitation condition is a critical parameter for optimization of cardiac differentia-
tion in the suspension culture, though the mechanism for the effects of agitation or 
shear/mechanical forces on cardiac differentiation is not clear.

One challenge for cardiac differentiation in dynamic suspension is the conver-
sion or estimation of a proper agitation condition among different scales or designs 
of culture vessels. In our previous study, we noticed that for individual scales and 
designs of suspension vessels, a fine adjustment of differentiation conditions, such 
as induction concentration of the small molecule, might be required to achieve con-
sistent cardiac differentiation, likely due to variability of the agitation conditions 
(Chen et al. 2015). The observation suggested that agitation conditions or shear/
mechanical forces unique to the culture vessels may affect the determination of the 
optimal differentiation conditions. Selection of an identical or similar design of ves-
sel for scaling up would simplify the conversion of agitation conditions and may 
minimize the necessity of re-optimization of differentiation conditions.

Cell Aggregate Sizes
Control of cell aggregates in a homogeneous and proper size range is critical to 
ensure efficient and consistent cardiac induction. Unlike monolayer cell culture 
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which allows even exposure of cells to the surrounding media condition, the hPSC 
aggregates are in a multilayer cell structure, which could potentially affect diffu-
sion of molecules, such as cytokines, gases, nutrients, and metabolites, into the cell 
aggregate. Some reports used diffusion models paired with the experimental data 
to study the consumption, transport, and spatial distribution of oxygen and cyto-
kines within the hESC aggregates and EBs in suspension (Wu et al. 2014; Van 
Winkle et al. 2012; Gassmann et al. 1996). Their models showed that the diffusing 
molecules distributed as a concentration gradient within cell aggregates/EBs and 
the molecule concentrations in the center regions decreased when the sizes of 
aggregates/EBs increased, suggesting the mass diffusion efficiency is dependent 
on the sizes of the cell aggregates and EBs. Consistent with the models, our previ-
ous study showed that the optimal concentrations of the small molecules for car-
diac differentiation were dependent on the cell aggregate size (Chen et al. 2015). 
We found the efficiency of small molecule-induced cardiac differentiation declined 
when large cell aggregates were used for induction, and thus a higher concentra-
tion of the small molecule was required to drive cardiac differentiation more effi-
ciently. Therefore, control of the cell aggregates within a size range that allows 
soluble molecules to diffuse throughout the cell aggregates is essential for an effi-
cient cardiac differentiation.

Cell Line Variability
The hPSC lines are derived from individuals with distinct genetic variation, which 
may result in unique responses to culture conditions. The variability among the 
hPSC lines may complicate the development of cardiac induction methods. One 
study using the EB formation method for cardiac differentiation showed that dif-
ferent hPSC lines required individual optimization of induction schemes, includ-
ing differential manipulation of Nodal/Activin and BMP4 pathways, titration of 
the inducers, and induction timing (Kattman et al. 2011). In our previous study 
using small-molecule modulation of the Wnt pathway to drive cardiac differentia-
tion in suspension culture, we found that individual hPSC lines required re-titra-
tion of CHIR99021 to achieve an optimal cardiac induction (Chen et al. 2015). We 
also noted that an agitation condition optimized for one cell line is not necessarily 
applicable to another and therefore needed to re-optimize the agitation condition 
for each line. These observations suggest that individual optimization of the dif-
ferentiation conditions may be necessary for some hPSC lines and that it will be 
essential to identify critical culture parameters in the cardiac differentiation 
method so that the differentiation condition can be optimized for a variety of cell 
lines with minimal efforts. In contrast, one recent study claimed the universality 
of a cardiac differentiation method for the suspension culture system by evaluat-
ing percentage of beating spheroids for nine cell lines differentiated in the static 
suspension culture (Fonoudi et al. 2015). The authors further performed flow 
cytometry analysis on four of the cell lines and showed approximately 90% dif-
ferentiated cells positive for cTnT. Whether it is possible to establish a universal 
procedure for cardiac differentiation in suspension culture will need further inves-
tigation and testing.
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7.4  Future Directions

Significant progress has been made in the development of hPSC expansion and dif-
ferentiation that make it feasible to envision clinical use of stem cell-derived cardio-
myocytes. There are still important issues that must be addressed before the routine 
therapeutic use of these cells becomes a reality:

• Advances in the process development for scale-up hPSC-CM production have inte-
grated hPSC expansion and cardiac differentiation into a streamlined suspension cul-
ture system. Suspension cultures for hPSC production have been developed with 
defined reagents and media conditions; GMP-grade and xeno-free versions of the 
reagents for the hPSC expansion and the cardiac differentiation in the suspension 
culture need to be developed and tested to facilitate clinical applications.

• The suspension culture system has been practically applied for large-scale manu-
facture of hPSC-CMs at scale up to 1–3 L culture and generated 1–3 billion cells 
with >95% purity in one single vessel. While the current status of the suspension 
culture system is sufficient to produce meaningful scales of high-quality cells for 
large animal and phase I studies, a more sophisticated manufacturing process 
still needs to be developed when advancing toward clinical trials. Several hPSC 
culture and differentiation procedures have been developed using stirred-type 
suspension culture vessels. Alternative culture platforms such as rotary and bag- 
based rocking bioreactors, which can provide more homogeneous shear distribu-
tion and less mechanical stress, may prove beneficial when considering 
transferability of the agitation conditions during scale-up.

• It will be valuable to establish the kinetic profiles of gases, pH, nutrients, and metab-
olites for the suspension culture. With a better understanding of these dynamics, 
those parameters can be further studied, optimized, and controlled to achieve a con-
sistent and robust culture condition. It is also critical to develop in- process analyses 
to evaluate and monitor cell quality, including induction efficiency and cell purity at 
different differentiation stages. Particularly for large-scale hPSC-CM production, 
evaluation of the intermediate cardiac cells during manufacturing is essential to 
assure and even predict the product quality and to assist in identification of problem-
atic productions during early stages to minimize unnecessary costs and labor.

Given the unique ability of hPSCs to generate multiple cell types with therapeu-
tic potential, advances in large-scale expansion of hPSCs and technologies to assess 
and control a differentiation process such as cardiomyocyte production should have 
impacts that extend well beyond a single-cell therapy target and further enable the 
deployment of these remarkable cells in the clinical arena.
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Abstract
Human pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) 
and induced PSCs (iPSCs), have the potential to differentiate into various cells 
types and may be used as cell sources for regenerative medicine in the context of 
various diseases, including severe heart failure. However, one of the biggest hur-
dles in the use of human PSCs for clinical applications is tumor formation due to 
contamination with residual tumor-forming cells, primarily undifferentiated 
PSCs. In addition, hundreds of millions of cardiomyocytes are required for heart 
repair. Two approaches have been developed for achievement of safer cardiac 
regenerative therapy using human PSCs: (1) selective elimination of residual 
tumor-forming cells before cell transplantation and (2) purification of PSC- 
derived cardiomyocytes. Many methodologies, including genetic and nongenetic 
modification, have been developed using these strategies. In this chapter, we 
focus on the current status of selective elimination of residual PSCs and purifica-
tion of cardiomyocytes for safe stem cell therapy.
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8.1  Introduction

The prognosis of patients with severe heart failure is extremely poor, and heart 
transplantation is the only effective treatment (Lund et al. 2015). However, lack of 
donors is a major problem worldwide. Cardiac regenerative therapy using human 
pluripotent stem cells (PSCs) may represent an effective alternative treatment option 
for heart transplantation. Human induced PSCs (iPSCs) have the potential to dif-
ferentiate into various types of cells, similar to human embryonic stem cells (ESCs) 
(Takahashi 2007; Thomson et al. 1998), and may have applications as a new cell 
source for regenerative medicine in the context of various diseases, including severe 
heart failure (Burridge et al. 2012; Passier et al. 2008).

Although cardiac differentiation protocols have dramatically improved 
(Laflamme et al. 2007; Burridge et al. 2014; Lian 2012; Zhang et al. 2012; Willems 
et al. 2011; Minami et al. 2012), it may be impossible to stably differentiate into 
only target cells because many factors, including the specific cell lines used, affect 
differentiation efficiency (Kattman et al. 2011; Elliott et al. 2011; Osafune et al. 
2008). Moreover, cardiac regenerative medicine using human PSCs will require 
hundreds of millions of cardiomyocytes. The use of this many cells increases the 
risk of contamination with residual PSCs or noncardiac proliferating cells, which is 
a major cause of tumor formation (Hentze et al. 2009; Miura et al. 2009; Kawamura 
et al. 2016; Zhang et al. 2014). Thus, many technologies have been developed to 
prevent tumor formation in cardiac regenerative medicine, including selective elim-
ination of residual PSCs (Fig. 8.1a) and complete purification of cardiomyocytes 
(Fig. 8.1b).

In this chapter, we introduce these two strategies and discuss the use of these 
approaches for safe cardiac regeneration.

8.2  Elimination of Residual Pluripotent Stem Cells

Many studies have described methods for selective elimination of residual PSCs 
that have the capacity for teratoma formation (Fig. 8.1a). This strategy could theo-
retically have applications in all fields and is discussed in more detail in the follow-
ing sections.

8.2.1  Cell Sorting by Stem Cell Markers

Separation strategies based on cell sorting using fluorescent-activated cell sorting 
(FACS) or magnetic-activated cell sorting (MACS) have been reported to eliminate 
residual undifferentiated PSCs. In such cell sorting methods, human PSC surface 
markers, such as TRA1–60, SSEA-4, and SSEA-5, are used (Fong et al. 2009; Tang 
2011). In addition, claudin 6, a tight-junction protein specific for human PSCs, is 
also a useful surface marker for selective elimination of residual human PSCs 
through FACS (Ben-David et al. 2013). While these strategies are simple, they are 
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not suitable for large-scale culture because they require single-cell dissociation, 
which would be a time-consuming process when sorting a large number of cells.

8.2.2  Small Molecules or Toxins

Many studies have reported the elimination of undifferentiated human PSCs by uti-
lization of toxins or small molecules. Of the toxins commonly used for this purpose, 
podocalyxin-like protein 1, a primary cytotoxic antibody for human PSCs, can 
eliminate residual PSCs (Choo 2008; Tan et al. 2009). In addition, Clostridium per-
fringens enterotoxin, which binds to claudin 6, has been reported to eliminate undif-
ferentiated PSCs (Ben-David et al. 2013). Recently, Tateno et al. identified a human 
PSC-specific lectin (rBC2LCN) by glycome analysis and created a recombinant 

a

b

Small-scale culture

Cell sorting

Metabolism

Human PSC-derived
differentiated cells

Small molecules

Toxins Elimination of
residual human PSCs

Large-scale culture

Genetic methods

Cell sorting

Drug selection

Cell sorting

Metabolism

Non-genetic methods

Human PSC-derived
differentiated cells

Purification of
target cells

Fig. 8.1 Strategies for prevention of tumor formation. (a) Selective elimination of residual PSCs. 
(b) Purification of only cardiomyocytes from PSC-derived mixed cell populations
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lectin-toxin fusion protein (rBC2LCN) using the catalytic domain of Pseudomonas 
aeruginosa exotoxin A (Tateno et al. 2015). This fusion protein could be specifi-
cally taken up into human PSCs and could kill residual PSCs.

Of the small molecules commonly used for elimination of undifferentiated PSCs, 
Bieberich et al. showed that ceramide analogs induce apoptosis and eliminate resid-
ual PSCs; indeed, treatment with ceramide analogs prevents teratoma formation 
after transplantation (Bieberich et al. 2004). Lee et al. targeted the hPSC-specific 
anti-apoptotic factor survivin and demonstrated that inhibition of survivin could 
selectively eliminate pluripotent stem cells with teratoma potential (Lee 2013). 
Using chemical screening, Dabir et al. identified a small molecule that inhibits the 
translocation of redox-regulated proteins to the mitochondria and showed that this 
small molecule induces apoptosis in human ESCs but not in differentiated cells 
(Dabir Deepa et al. 2013). Furthermore, Ben-David et al. identified a small mole-
cule that inhibits the biosynthesis of oleic acid and specifically kills human PSCs 
using a screening library of more than 50,000 small molecules (Ben-David 2013).

These strategies using small molecules or toxins have many advantages because 
they are simple, efficient, and applicable for large numbers of cells and do not 
require single-cell dissociation. However, the cost of these strategies may be high 
owing to the need for large amounts of antibodies or small molecules. In addition, 
the components of these systems may affect other PSC-derived differentiated cells.

8.2.3  Metabolism

Improving our understanding of metabolic processes in human PSCs is necessary in 
order to remove undifferentiated tumor-forming cells by exploiting the metabolic 
environment (Fig. 8.2). Many studies have examined glucose metabolism in mouse 
and human PSCs (Kondoh et al. 2007; Panopoulos et al. 2011; Folmes Clifford et al. 
2011). Folmes et al. reported that human iPSCs exhibit characteristics of elevated 
glucose utilization compared with mouse embryonic fibroblasts (MEFs) and that 
inhibition of glucose metabolism reduces the reprogramming efficiency of the cells 
(Folmes Clifford et al. 2011). Our group also showed that mouse and human PSCs 
mainly depend on activated glycolysis for ATP and biomass production and that 
glucose deprivation efficiently removes residual PSCs (Tohyama 2013).

In contrast, few studies have examined the effects of amino acid metabolism on 
mouse or human PSCs. Shyh-Chang et al. reported that mouse ESCs are critically 
dependent on threonine catabolism, which is important for synthesis of S-adenosyl- 
methionine (SAM) and nucleotides (Shyh-Chang et al. 2013). Threonine starvation 
leads to decreased SAM levels, resulting in inhibition of histone H3K4 trimethyl-
ation and preventing mouse ESCs from maintaining pluripotency (Shyh-Chang 
et al. 2013; Wang et al. 2009). Additionally, Shiraki et al. evaluated the effects of 
essential amino acid deprivation on cell survival in human PSCs and found that 
methionine deprivation was the most effective inhibitor of human PSCs. They also 
reported that methionine is the main source of SAM production in human PSCs 
(Shiraki et al. 2014). Furthermore, Moussaieff et al. revealed that glucose-derived 
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cytosolic acetyl-CoA contributes to the maintenance of pluripotency by induction 
of histone pan-acetylation (Moussaieff et al. 2015), and Carey et al. reported that 
naïve mouse ESCs utilize both glucose and glutamine catabolism to maintain a high 
level of intracellular α-ketoglutarate (αKG), which promotes histone and DNA 
demethylation and maintains pluripotency (Carey and Finley 2014). Recently, our 
group demonstrated that glutamine oxidation during the later steps of the tricarbox-
ylic acid (TCA) cycle plays a key role in cell survival in human PSCs. In glucose- 
depleted conditions, glutaminolysis activation is increased, thereby promoting ATP 
production via oxidative phosphorylation (OXPHOS). Interestingly, human PSCs 
cannot utilize pyruvate efficiently because the expression levels of metabolic 
enzyme-related genes in the early steps of the TCA cycle are low, whereas those 
involved in the synthesis of cytosolic acetyl CoA are high. As a result, glucose 
deprivation and glutamine deprivation are most effective for elimination of residual 
human PSCs (Tohyama et al. 2016). Glutamine metabolism also contributes to syn-
thesize reduced glutathione that plays a role in maintenance of pluripotency via 
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Fig. 8.2 Metabolism in human PSCs. Human PSCs depend on glucose and glutamine metabo-
lism. Glycolysis contributes to ATP and biomass (amino acids and nucleotides) production. 
Glutamine metabolism contributes to not only ATP generation via OXPHOS but also to the main-
tenance of pluripotency via reduced glutathione synthesis. Methionine metabolism plays a role to 
produce S-adenosyl-methionine (SAM) that leads to maintain pluripotency via histone methyla-
tion. G6P glucose-6-phosphate, 3PG glycerate 3-phosphate, Gln glutamine, Glu glutamate, αKG 
α-ketoglutarate
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prevention of OCT4 (Marsboom et al. 2016). Similar to approaches using small 
molecules and toxins, these approaches have many advantages, such as simplicity, 
efficiency, and suitability for large-scale culture, and do not require single-cell dis-
sociation. Furthermore, these approaches are not expensive because they do not 
utilize antibodies or small molecules. However, these metabolic approaches also 
have the potential to cause damage to the other PSC-derived differentiated cells. 
Therefore, supplementation with alternative metabolites may be required to mini-
mize the effects on other cells (Tohyama 2013).

8.3  Purification of Target Cells

Recently, both undifferentiated PSCs and other immature proliferating cells have 
been shown to have potential for tumor formation (Nori et al. 2015). In addition, 
contamination with noncardiomyocytes may induce arrhythmia after transplanta-
tion. Thus, complete purification of cardiomyocytes derived from human PSCs is 
necessary for safe realization of cardiac regenerative medicine (Fig. 8.1b).

8.3.1  Genetic Manipulation

Several studies have reported fluorescent protein expression-based purification of 
cardiomyocytes derived from mouse PSCs using various combinations of 
cardiomyocyte- specific promoters (e.g., αMHC, Mlc2v, Nkx2–5, and ANP) and 
reporters (e.g., green fluorescent protein [GFP]) (Gassanov et al. 2004; Anderson 
et al. 2007; Huber et al. 2007; van Laake et al. 2010). In humans, Elliott et al. intro-
duced sequences encoding enhanced GFP (EGFP) into the NKX2–5 locus (NKX2–
5-EGFP) by homologous recombination (Elliott et al. 2011). Furthermore, Ma et al. 
generated hiPSCs expressing a blasticidin-resistance gene under the control of the 
MYH6 promoter (MYH6-blasticidin) and obtain pure cardiomyocytes (Ma et al. 
2011). While these methods are useful for basic research, they are not suitable for 
clinical application because they lack stability and safety. Therefore, it is necessary 
to establish nongenetic methods of purifying cardiomyocytes for clinical 
applications.

8.3.2  Nongenetic Cell Sorting

In nongenetic cell sorting strategies, some groups have attempted to obtain cardiac 
progenitor cells, whereas other groups, including ours, have attempted to isolate 
only cardiomyocytes. Yamashita et al. succeeded in obtaining mouse ESC-derived 
Flk-1-positive mesodermal cells, which could differentiate into several mesodermal 
lineages, including cardiomyocytes, smooth muscle cells, and endothelial cells 
(Yamashita et al. 2000). Hidaka et al. reported that prion protein and platelet-derived 
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growth factor (PDGF) receptor α double-positive cells derived from mouse ESCs 
could differentiate into cardiomyocytes and smooth muscle cells (Hidaka et al. 
2009).

On the other hand, it is difficult to isolate only cardiomyocytes because 
cardiomyocyte- specific surface markers have not yet been identified. Therefore, to 
isolate pure cardiomyocytes, we focused on the structural characteristics of cells 
rather than surface markers; using this approach, we succeeded in developing a non-
genetic cardiomyocyte purification method (Hattori 2010). In short, because cardio-
myocytes have many mature mitochondria and high mitochondrial membrane 
potential, we successfully purified cardiomyocytes (>99% purity) derived from 
mouse and human PSCs by a combination of FACS and the mitochondrial dye tetra-
methylrhodamine methyl ester perchlorate (TMRM). The fluorescence intensity of 
TMRM dye disappeared within 1 day, while that of other mitochondrial dyes was 
sustained over 5 days. Therefore, the effects of TMRM dye were suppressed. Other 
groups have also established nongenetic cardiomyocyte purification methods using 
FACS or MACS with antibodies against cell surface markers, including ALCAM 
(CD166) (Rust et al. 2009), signal-regulatory protein alpha (SIRPA) (Dubois et al. 
2011), and vascular cell adhesion molecule 1 (VCAM1) (Uosaki 2011). Although 
cell sorting methods using antibodies or mitochondrial dyes are useful for the pro-
duction of small numbers of cardiomyocytes, these methods are time consuming 
when using human PSC-derived mixed cell populations as the source cells (Fig. 8.3a). 
In addition, these methods require single-cell dissociation, which can damage the 
target cells, and transplantation of target cells with antibodies may result in immuno-
genicity. Therefore, further studies are needed to establish methods for scalable pro-
duction of human PSC-derived pure cardiomyocytes for clinical applications.

8.3.3  Metabolic Selection

To establish an ideal method for scalable production of human cardiomyocytes for 
clinical applications, our group aimed to purify cardiomyocytes using specific met-
abolic culture conditions in which only cardiomyocytes and not residual PSCs can 
survive (Fig. 8.3b). To evaluate metabolic differences between PSCs and cardio-
myocytes, we performed metabolome and transcriptome analyses. As mentioned 
above, we found that the PSCs mainly depended on activated glycolysis and that 
glucose deprivation could eliminate residual PSCs. However, because glucose- 
depleted conditions are also fatal for cardiomyocytes, supplementation with an 
alternative energy source is necessary for survival of cardiomyocytes. Interestingly, 
glucose and lactate are major energy substrates in fetal hearts, while fatty acids are 
major energy substrates in adult hearts based on the levels of energy substrates in 
the blood (Neely and Morgan 1974). Because PSC-derived cardiomyocytes show a 
fetal phenotype (Uosaki et al. 2015), we hypothesized that PSC-derived cardiomyo-
cytes could efficiently utilize lactate for energy production and showed that mouse 
and human PSC-derived cardiomyocytes could survive under glucose-depleted and 

8 Purification of Pluripotent Stem Cell-Derived Cardiomyocytes



170

lactate-supplemented conditions. Moreover, because human PSC-derived noncar-
diac proliferating cells also depended on glycolysis like PSCs and cannot survive 
under these conditions, we were able to obtain pure cardiomyocytes (>95%) under 
these conditions (see Fig. 8.4).

As mentioned above, our group has recently reported that human PSCs depend 
on glycolysis and glutamine oxidation for ATP generation. Glucose and glutamine 
deprivation enabled complete removal of human PSCs in a much shorter period 
(Tohyama et al. 2016). Surprisingly, lactate supplementation could rescue only 
human PSC-derived cardiomyocytes because cardiomyocytes efficiently utilize lac-
tate not only for ATP generation via OXPHOS but also for glutamate synthesis 
under glucose- and glutamine-depleted conditions. In short, lactate can compensate 
for the lack of intermediate metabolites and overcome the problem of cell damage 
in human PSC-derived cardiomyocytes, whereas residual human PSCs cannot uti-
lize lactate-derived pyruvate, as mentioned above (Tohyama et al. 2016). In addi-
tion, most of the obtained pure cardiomyocytes were myosin light chain 2v 
(MLC2v)-positive ventricular cells. This metabolism-based method has the 
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Fig. 8.3 Purification of only cardiomyocytes from PSC-derived mixed cell populations. (a), 
Purification of cardiomyocytes by a combination of FACS and antibodies or dyes. (b) Purification 
of cardiomyocytes by metabolic culture conditions
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following advantages: (1) suitability for large-scale production of pure cardiomyo-
cytes (Fonoudi et al. 2015; Hemmi et al. 2014), (2) simple procedure without spe-
cialized instrumentation, (3) low cost of culture medium, and (4) high yield of target 
cells (Aalto-Setala et al. 2015).

8.3.4  Other Nongenetic Methods

Xu succeeded in enriching human PSC-derived cardiomyocytes using a Percoll 
density gradient procedure (Xu et al. 2006), yielding cultures containing 35–66% 
cardiomyocytes. Nguyen et al. reported that the formation of cardiospheres derived 
from human PSCs enabled the enrichment of cardiomyocytes to over 80% (Nguyen 
Doan et al. 2014).

Ban et al. reported the purification of cardiomyocytes from mouse and human 
PSCs by a combination of FACS and molecular probes consisting of 15–30-bp dual- 
labeled oligonucleotides with a fluorophore and a quencher. In short, molecular 
probes could be used to identify and visualize cardiomyocyte-specific mRNA in live 
cells (Ban 2013). Recently, Miki et al. succeeded in establishing an efficient method 
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Fig. 8.4 Metabolic differences in human PSCs and PSC-derived cardiomyocytes. Under glucose- 
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utilize pyruvate efficiently because of low gene expression during the early steps in the TCA cycle. 
In contrast, human PSC-derived cardiomyocytes can efficiently use lactate-derived pyruvate 
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for purifying cardiomyocytes based on endogenous microRNA (miRNA) activity 
(Miki et al. 2015). They utilized synthetic mRNAs encoding a fluorescent protein 
with sequences targeted by cardiomyocyte-specific miRNAs and purify cardiomyo-
cytes with or without FACS.

 Conclusions

To realize safe cardiac regenerative medicine using human PSCs, it is important to 
provide systems for producing target cells with high quality and sufficient quantity. 
Based on this requirement, metabolic selection systems may be an ideal method to 
efficiently obtain large numbers of cardiomyocytes derived from human PSCs 
(Tohyama 2013; Tohyama et al. 2016). This method using glucose-depleted media is 
also applicable to drug screening and elucidation of pathogenesis using patient- 
specific iPSCs (Burridge et al. 2016; Kodo et al. 2016; Matsa et al. 2016; Hinson 
et al. 2015; Dudek et al. 2015). At the same time, methods are needed to detect tumor-
forming PSCs with higher sensitivity. Several studies have reported the detection of 
PSCs at a ratio of 0.001–0.01% (Tano et al. 2014; Kuroda et al. 2012). Further studies 
are needed to determine whether this sensitivity is sufficient for evaluation of the 
safety of techniques for regenerative medicine. Recent studies showed that human 
PSC-derived transplanted cardiomyocytes could electrically integrate with the host 
heart (Shiba et al. 2012; Gerbin et al. 2015) and mature over time (Hattori 2010; 
Chong et al. 2014; Funakoshi et al. 2016). Although the effectiveness of transplanta-
tion of human PSC-derived cardiomyocytes has been demonstrated in large animals 
(Chong et al. 2014; Ye et al. 2014; Kawamura et al. 2012), there is a risk of ventricu-
lar arrhythmia (Chong et al. 2014; Shiba et al. 2014). While the mechanism is 
unknown, there are two major possibilities: contamination with noncardiac cells 
derived from human PSCs and immaturity of PSC-derived cardiomyocytes. Large-
scale purification methods for cardiomyocytes may yield solutions for overcoming 
both of these challenges in order to realize safe cardiac regenerative medicine.
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Abstract
While other cell-based therapies for ischemic heart disease are generally under-
stood to operate through indirect, so-called “paracrine” mechanisms of action 
(e.g., by promoting angiogenesis or attenuating adverse ventricular remodeling), 
cardiomyocyte transplantation aims to repopulate the infarct scar with function-
ally integrated new myocardium that will directly contribute to contractile func-
tion. Early proof of concept for this “direct remuscularization” strategy came 
from preclinical studies in rodent models in which neonatal and fetal cardiomyo-
cytes were shown to stably engraft within the infarct scar and mediate beneficial 
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effects. More recently, pluripotent stem cells (PSCs) have drawn considerable 
attention as a more practical, highly scalable source of cardiomyocytes, and 
these PSC-derived cardiomyocytes have shown considerable promise in both 
small- and large-animal models of post-infarct heart failure. In this chapter, we 
review the status of preclinical studies of cardiomyocyte transplantation, describe 
the significant remaining barriers to clinical translation, and consider potential 
target patient populations and study design for a first-in-human study of PSC- 
derived cardiomyocyte transplantation in ischemic heart disease.

9.1  Introduction

The transplantation of human cardiomyocytes has potential to fundamentally 
change the practice of cardiology by enabling a transition from treatments aimed at 
merely attenuating symptoms or disease progression to instead the large-scale 
replacement of damaged or poorly functioning heart muscle. Early work in the field 
demonstrated the feasibility of cardiomyocyte transplantation and showed that this 
intervention could result in the “remuscularization” of myocardial scar tissue in a 
variety of small-animal models of cardiac injury. While a variety of potentially car-
diomyogenic cell types have been explored for this application, pluripotent stem 
cells (PSCs) have been the focus of particularly intense investigation in recent years, 
as these cells represent a reliable, essentially inexhaustible source of phenotypically 
unambiguous cardiomyocytes suitable for transplantation. There has been substan-
tial progress toward understanding the factors that regulate the cardiac differentia-
tion of PSCs, and these advances have translated into significant improvements in 
the reproducibility, yield, purity, and costs of generating PSC-derived cardiomyo-
cytes (PSC-CMs). Much has been learned from PSC-CM transplantation studies in 
small- and large-animal models of cardiac injury, and investigators in France 
recently commenced the first clinical trial testing PSC-derived cardiac progenitors 
in patients with ischemic cardiomyopathy. That said, a number of important chal-
lenges remain that must be overcome if cardiomyocyte transplantation is to move 
from an experimental concept to mainstream practice. For example, currently avail-
able PSC-CMs have an immature phenotype, comparable to fetal cardiomyocytes, 
and this may limit their ability to safely integrate and improve contractile function. 
Other concerns that must be addressed include the risk of tumor formation and 
graft-related arrhythmias, the need to prevent graft cell death and immune rejection, 
and the requirement for large-scale, clinical-grade PSC-CM manufacturing. The 
most appropriate delivery mechanism has yet to be determined, with some investi-
gators focusing on the direct intramyocardial injection of cardiomyocytes, while 
others focus on tissue-engineering approaches aimed at generating cellular patches 
or even whole organs for implantation. To optimize for successful translation and 
mainstream clinical adoption, it is essential that these and other uncertainties be 
resolved as much as possible before testing cardiomyocyte transplantation in human 
subjects.
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9.2  How Might Cell Therapy Improve Cardiac Function?

There are multiple potential mechanisms by which intracardiac cell therapy might 
exert beneficial effects including (1) direct remuscularization (Fig. 9.1), (2) indirect 
remuscularization via the activation of host cardiomyocyte cell cycle activity or 
other endogenous reparative pathways, and (3) non-myogenic effects such as 
enhanced angiogenesis or attenuated adverse remodeling that do not involve remus-
cularization but might nonetheless enhance contractile function. Depending on the 
specific clinical scenario, some of these mechanisms may be more appropriate than 
others. For example, to replace the scar tissue left by myocardial infarction (MI) 
with functioning muscle, all three of these mechanisms might prove to be a useful 
component of therapy. Direct remuscularization might prove particularly useful in 
patients with end-stage post-MI heart failure and already established scar, because 
adverse remodeling has already plateaued and the window for indirect effects has 

a b

c d

Fig. 9.1 The transplantation of human ESC-derived cardiomyocytes remuscularizes injured 
guinea pig and nonhuman primate hearts. (a) Human myocardium formed within the scar tissue of 
a cryoinjured guinea pig heart (arrows). Host and graft myocardium was identified by immunos-
taining with an antibody against the cardiac marker beta-myosin heavy chain (red), and human 
nuclei were identified by in situ hybridization with a human-specific pan-centromeric DNA probe 
(brown). Scale bar: 2 mm. (b) Inset of graft myocardium. (c) Human myocardium formed within 
the scar tissue of a nonhuman primate heart injured by left anterior descending coronary artery 
ligation (arrows). Graft human myocardium expressing green fluorescent protein (GFP) was iden-
tified by immunostaining with an antibody against GFP (brown), and host and graft nuclei were 
identified by hematoxylin stain (purple). Scale bar: 5 mm. (d) High-power image of graft human 
myocardium. Staining as in panel C. Scale bar: 4 mm

9 State of the Art in Cardiomyocyte Transplantation



180

largely closed. Conversely, a pro-angiogenic cell therapy that increases myocardial 
perfusion might be expected to be more efficacious in patients suffering from 
chronic ischemia in the absence of significant scar tissue.

9.2.1  Direct Remuscularization

The delivery of exogenous cardiomyocytes is perhaps the most intuitive of the pre-
ceding mechanisms, and early work in the field was nearly exclusively focused on 
direct remuscularization. By this strategy, cardiomyocytes, cardiomyogenic pro-
genitors, or engineered cardiac tissue are delivered to the injured heart, and they 
form nascent muscle that must become electromechanically integrated and contract 
synchronously with host myocardium to augment contractile function. As described 
in more detail below, early proof of principle for this approach was provided by 
animal studies in which fetal and neonatal cardiomyocytes were transplanted into a 
rat model of acute MI (Leor et al. 1996; Li et al. 1996; Scorsin et al. 1997; Scorsin 
et al. 2000). While these initial reports were limited to showing structural evidence 
for functional integration (e.g., shared gap junctions between host and graft cardio-
myocytes in histological sections), host-graft coupling was later demonstrated 
directly by imaging genetically tagged grafts loaded with a dynamic fluorescent 
indicator of graft activation (e.g., calcium-sensitive dyes or fluorescent proteins) 
(Rubart et al. 2003; Roell et al. 2007). Field and colleagues moved beyond primary 
cardiomyocytes and demonstrated the possibility of using a more scalable PSC 
source (Klug et al. 1996). In this work, these authors transplanted cardiomyocytes 
derived from mouse embryonic stem cells (ESCs) into uninjured mouse hearts and 
showed that they formed stable intracardiac grafts that persisted for up to 7 weeks 
(Klug et al. 1996).

9.2.2  Indirect Remuscularization

An alternative approach to direct remuscularization would be to deliver cells that 
somehow stimulate endogenous cardiac repair, for example, by causing host cardio-
myocytes to proliferate and repopulate damaged areas. During mammalian heart 
development, there is substantial cardiomyocyte proliferation that eventually 
declines in postnatal life (Pasumarthi and Field 2002; Bergmann et al. 2009). Work 
in lower vertebrates, which show far greater capacity for cardiomyocyte renewal in 
the adult heart, illustrates the potential utility of reactivating latent cardiomyocyte 
cell cycle activity. Indeed, the adult zebrafish heart is capable of large-scale regen-
eration following apical resection (Poss et al. 2002), and elegant fate-mapping stud-
ies have shown that this process involves the proliferation of already-committed 
cardiomyocytes rather than recruitment of cardiomyogenic progenitors (Jopling 
et al. 2010; Kikuchi et al. 2010). More recent studies suggest that mammalian hearts 
are capable of similarly dramatic regeneration in early postnatal life but only during 
a narrow time window that tracks closely with cardiomyocyte cell cycle activity. 
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Neonatal mice are able to fully regenerate the cardiac apex following resection at 
postnatal day 1; however, this ability is lost by postnatal day 7 (Porrello et al. 2011). 
Interestingly, adult hearts in transgenic mice with cardiomyocyte-restricted overex-
pression of the cell cycle regulator, cyclin D2, show sustained cardiomyocyte pro-
liferation and robust regenerative capacity following experimental MI (Hassink 
et al. 2008). While the field continues to explore small-molecule and genetic 
approaches by which to reactivate cardiomyocyte proliferation in the adult heart, 
there is some preclinical evidence supporting the notion that the delivery of selected 
exogenous cell types may also upregulate host cardiomyocyte cycling (Tseliou et al. 
2014).

9.2.3  Non-myogenic Mechanisms

Other cardiac cell therapies may be able to exert beneficial effects in the absence of 
direct remuscularization through indirect, so-called paracrine, mechanisms of 
action. A number of such effects have been attributed to cell transplantation includ-
ing increased angiogenesis, decreased cell death, and reduced reverse remodeling 
(Mirotsou et al. 2011). The largest body of evidence for such indirect beneficial 
effects following intracardiac cell therapy comes from preclinical and clinical expe-
rience with various cell types that can be isolated from the bone marrow (BM) 
compartment. Indeed, while the field was initially captivated by reports of transdif-
ferentiation and large-scale remuscularization following the transplantation of 
BM-derived cells (BMDCs), there is now general consensus that these observations 
can be accounted for by cell fusion and/or experimental artifact (Murry et al. 2004; 
Balsam et al. 2004; Norol et al. 2007; Iso et al. 2007). By contrast, there is strong 
evidence that BMDCs can stimulate angiogenesis (Tomita et al. 1999; Nagaya et al. 
2004; Tang et al. 2004), reduce reverse remodeling post-MI (Fatkhudinov et al. 
2015), reduce apoptosis (Yang et al. 2012), and help host cardiomyocytes re-enter 
the cell cycle (Matsuura et al. 2004).

9.2.4  Summary

Of course, it still remains to be determined whether any candidate cell type or any 
of these three broad potential mechanisms of action described above will actually 
prove efficacious in heart failure patients. Some support for a strategy based on 
direct remuscularization comes from a recent study that compared the intramyocar-
dial transplantation of human BMDCs, human embryonic stem cell-derived cardio-
myocytes (ESC-CMs) and human ESC-derived multipotent cardiovascular 
progenitors in a rat MI model (Fernandes et al. 2015). In that work, human ESC- 
CMs and ESC-derived progenitors formed comparable myocardial grafts with simi-
lar beneficial effects on left ventricular (LV) systolic function, while human BMDCs 
promoted angiogenesis and attenuated LV dilatation without engrafting long-term 
or improving contractility. Since multiple clinical trials suggest that BMDC-based 
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therapies have only modest if any beneficial effects (Sadat et al. 2014), this preclini-
cal study underscores the need for continued investigation into direct remuscular-
ization as a therapeutic approach for post-MI heart failure.

9.3  What are the Potential Sources of Cardiomyocytes 
for Transplantation?

9.3.1  Primary Cardiomyocytes

In early proof-of-concept studies, investigators showed that fetal and neonatal car-
diomyocytes transplanted into infarcted hearts could survive and mediate beneficial 
effects on left ventricular contractile function (Leor et al. 1996; Etzion et al. 2001; 
Scorsin et al. 1997; Li et al. 1996; Skobel et al. 2004; Rubart et al. 2003). In rodent 
models, fetal cardiomyocytes persist from at least 2 months (Leor et al. 1996; Etzion 
et al. 2001) to 6 months (Skobel et al. 2004) post-transplantation and couple with 
host myocardium (Rubart et al. 2003). Their transplantation improves contractile 
function in multiple models of cardiac injury including cryoinjury (Li et al. 1996), 
ischemia-reperfusion injury (Scorsin et al. 1997), and ligation of the left anterior 
descending artery (Etzion et al. 2001; Skobel et al. 2004). Fetal cardiomyocytes 
appear to improve left ventricular function more than neonatal cardiomyocytes, 
possibly a consequence of the former’s higher proliferation rate post-transplantation 
(Fujimoto et al. 2011). Successful transplantation and engraftment have also been 
demonstrated with primary porcine (Watanabe et al. 1998) and human (Leor et al. 
1996) fetal cardiomyocytes. While these preclinical studies provided excellent 
proof of principle for therapeutic remuscularization, it is generally agreed that neo-
natal and fetal cardiomyocytes are not a practical cell source for clinical application, 
given their obvious practical and ethical limitations.

9.3.2  Skeletal Muscle

Skeletal and cardiac muscle have many phenotypic properties in common, so 
skeletal muscle progenitors (myoblasts and satellite cells) drew considerable 
early attention in the field. This interest was only increased by early reports sug-
gesting that they might be capable of transdifferentiation into functioning cardio-
myocytes following intracardiac transplantation (Taylor et al. 1998; Atkins et al. 
1999a; 1999b). The latter suggestion was exciting because skeletal and cardiac 
muscle have very different mechanisms of excitation-contraction coupling and 
electrical propagation, raising concerns about the capacity of skeletal muscle for 
electromechanical integration and the possibility of graft-related arrhythmias. 
Unfortunately, subsequent reports failed to confirm such transdifferentiation phe-
nomena (Murry et al. 1996; Reinecke et al. 2002), and it appears that transplanted 
myoblasts remain committed to the skeletal muscle phenotype, including lack of 
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expression of the gap junction protein connexin-43 (Cx43), which is required for 
function as an electrical syncytium (Scorsin et al. 2000). This outcome may 
explain in part the findings of the phase II MAGIC trial, in which the patients 
undergoing autologous skeletal myoblast transplantation showed a signal toward 
higher mortality and ventricular arrhythmias compared to those receiving placebo 
(Menasche et al. 2008).

9.3.3  Embryonic Stem Cells

Given their tremendous scalability and undisputed ability to differentiate into 
phenotypically unambiguous cardiomyocytes, a variety of PSC types have seen 
intense study in the field in recent years, including embryonic stem cells (ESCs), 
parthenogenetic stem cells (pSCs), and induced pluripotent stem cells (iPSCs). 
Human ESCs are isolated from the inner cell mass of blastocysts left over from 
in vitro fertilization (Thomson et al. 1998). As with all PSCs, ESCs are defined by 
their capacity for unlimited self-renewal and ability to differentiate into elements 
from all three embryonic germ layers (endoderm, mesoderm, and ectoderm). 
When placed into suspension culture in the presence of fetal bovine serum, human 
ESCs form three- dimensional aggregates called embryoid bodies that include 
multiple differentiated cell types, including cardiomyocytes (Itskovitz-Eldor et al. 
2000; Kehat et al. 2001). Interestingly, different ESC lines show varying potential 
for “spontaneous” cardiac differentiation under these conditions (Leschik et al. 
2015; Moore et al. 2008).

9.3.4  Parthenogenetic Stem Cells (pSCs)

Parthenogenesis is the process of oocyte activation without fertilization by a sper-
matocyte (Rogers et al. 2004; Cibelli et al. 2006). This process can be induced by 
chemical factors in the dish, and the resulting diploid cells can form blastocysts 
from which pSCs can be isolated. As with their counterparts isolated from normal 
blastocysts, human pSCs are capable of differentiating into multiple lineages from 
all the three embryonic germ layers (Lin et al. 2003; Revazova et al. 2007; Brevini 
et al. 2009; Li et al. 2014; Ahmad et al. 2012; Isaev et al. 2012). While the deriva-
tion of cardiomyocytes from human pSCs has not been reported to our knowledge, 
cardiomyocytes have been successfully obtained from mouse pSCs and employed 
in preclinical transplantation studies (Didie et al. 2013; Yang et al. 2015). The 
intriguing potential advantage of pSCs is that they have a largely haploidentical 
genotype, greatly simplifying their application in major histocompatibility complex 
(MHC)-matched allotransplantation. That said, a number of concerns have been 
raised about these cells including their propensity for dysregulated proliferation 
(Brevini et al. 2009), chromosomal instability (Liu et al. 2011a), and the effects of 
maternal gene imprinting on differentiation (Stelzer et al. 2011).
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9.3.5  Induced Pluripotent Stem Cells

iPSCs are somatic cells that have been reprogrammed into an ESC-like state via the 
forced expression of transcription factors known to regulate pluripotency. As such, 
iPSCs offer a number of potential advantages over ESCs: they avoid the ethical 
concerns associated with the destruction of blastocysts and they could in principle 
be applied in autologous cell therapies. iPCS-CMs have already reached widespread 
application for in vitro disease modeling and drug screening (Itzhaki et al. 2011; 
Sun et al. 2012; Terrenoire et al. 2013; Bellin et al. 2013; Drawnel et al. 2014). That 
said, there are a number of concerns associated with iPSCs, particularly with regard 
to clinical applications. iPSCs were initially created by the overexpression of one of 
two different sets of transcription factors Oct3/Oct4, Sox2, c-Myc, and Klf4 
(Takahashi et al. 2007) or Oct4, Sox2, Nanog, and LIN28 (Yu et al. 2007) that were 
delivered via integrating viral vectors, raising the possibility of random integration 
events and transformation. These concerns have been greatly allayed by safer repro-
gramming methods, including the use of non-integrating viral and nonviral vectors, 
cell-permeant proteins, modified mRNA, and/or small molecules (Zhou and Zeng 
2013). Given the phenomenon of epigenetic memory, some investigators have won-
dered about the long-term phenotypic stability of the differentiation progeny of 
iPSCs. Finally, at present, individualized patient-specific iPSC-based therapeutics 
seem impractical from both a regulatory and an economic perspective, greatly 
undermining the rationale for the use of autologous iPSC derivatives.

9.3.6  Direct Reprogramming to Cardiomyocytes

Another intriguing possibility is the direct reprogramming of fibroblasts (or another 
readily available somatic cell type) into cardiomyocytes. Just as somatic cells can be 
reprogrammed into iPSCs via the forced expression of ESC-associated transcription 
factors, non-myocytes can be induced into a cardiomyocyte-like phenotype via the 
expression of cardiomyocyte-associated transcription factors. Mouse fibroblasts 
have been reprogrammed into cardiomyocyte-like cells by expression of Gata4, 
Mef2c, and Tbx5 (Ieda et al. 2010; Qian et al. 2012), a combination of miRNAs 
(Jayawardena et al. 2012), and through stimulation with small molecules (Fu et al. 
2015). Human fibroblast reprogramming requires a different combination of tran-
scription factors and microRNAs (Nam et al. 2013) but has also been reported. The 
major barriers to this approach currently are that the reprogramming is very ineffi-
cient and that the resultant cells have an incomplete cardiac phenotype (Chen et al. 
2012; Qian et al. 2013).

9.4  How Are Human PSC-Derived Cardiomyocytes Obtained 
and What Is Their Phenotype?

Because PSC-CMs are generally regarded as the most practical, currently available 
source of cardiomyocytes for transplantation, we focus here on their derivation and 
phenotype:
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9.4.1  Approaches to Cardiomyocyte Derivation 
from Human PSCs

Tremendous progress has been made toward improving the yield and purity of the 
cardiomyocytes that can be derived from human PSCs. Initial work in the field 
involved their differentiation in suspension cultures in the presence of high concen-
trations of fetal bovine serum. Under these conditions, PSCs can form three- 
dimensional aggregates, termed embryoid bodies (EBs), that include elements from 
all three embryonic germ layers (Itskovitz-Eldor et al. 2000). Some EBs contract 
rhythmically and contain cardiomyocytes, but cardiogenesis by this approach is 
very inefficient and the resultant cultures are typically comprised of <10% cardio-
myocytes (Itskovitz-Eldor et al. 2000; Kehat et al. 2001; Xu et al. 2002). This situ-
ation drove the development of more efficient methods to direct the differentiation 
of PSCs into cardiomyocytes, and numerous protocols have been described that 
employ signaling molecules known from embryology to be involved in heart devel-
opment, including Nodal, Wnt, and bone morphogenetic protein 4 (BMP4) (Kinder 
et al. 1999; Gadue et al. 2005; Naito et al. 2006; Ueno et al. 2007; Yang et al. 2008; 
Evans et al. 2010; Paige et al. 2010; Zhu et al. 2011; Zhang et al. 2012; Lian et al. 
2012; Lian et al. 2013; Burridge et al. 2014). Additional refinements to such meth-
ods have been reported involving the manipulation of matricellular cues and/or dif-
ferentiation under more biomimetic conditions, and there are now multiple protocols 
that can reach cardiomyocyte purities of >90% with yields of up to 10–40 cardio-
myocytes per input undifferentiated cell (Zhang et al. 2012; Lian et al. 2012, 2013; 
Burridge et al. 2014). Interestingly, some of these methods enable the isolation of 
multipotent cardiovascular progenitor cells that are capable of giving rise to vascu-
lar elements in addition to cardiomyocytes making them potentially useful for car-
diac tissue engineering (Yang et al. 2008). Recent efforts to optimize cardiomyocyte 
differentiation have focused on reducing costs and batch-to-batch variability through 
the use of small molecules (Lian et al. 2012, 2013; Burridge et al. 2014) while 
eliminating materials of nonhuman origin (Burridge et al. 2014). These advances 
have helped pave the way for the large-scale, clinical-grade cardiomyocyte produc-
tion that would likely be required for therapeutic applications in humans.

9.4.2  Structure and Force Generation

In general, human PSC-CMs are immature and have a phenotype similar to that of 
cardiomyocytes in the early fetal human heart (Mummery et al. 2003). However, 
their structural and functional maturation does improve with duration in culture, so 
our laboratory has found it convenient to separately describe their phenotype at the 
two stages that have been most frequently examined in the literature (Lundy et al. 
2013; Kim et al. 2010; Sartiani et al. 2007; Foldes et al. 2011; Robertson et al. 
2013). By this admittedly imperfect schema, so-called “early-stage” cultures refer 
to human PSC-CMs after approximately 3–5 weeks, while “late-stage” cultures 
refer to those after >12 weeks of in vitro maturation (Lundy et al. 2013). Importantly, 
human PSC-CMs at both stages are quite distinct structurally from the large 
(~130 μm long), rod-shaped ventricular cardiomyocytes that populate the adult 
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human heart (Gerdes et al. 1998). Early-stage human PSC-CMs are small 
(~10 x 15 μm), round or triangular cells (Mummery et al. 2003; Lundy et al. 2013; 
Otsuji et al. 2010; Snir et al. 2003), and they have an irregular myofibrillar structure 
with relatively short sarcomere lengths (Kehat et al. 2001; Mummery et al. 2003; 
Snir et al. 2003; Lundy et al. 2013). By contrast, late-stage human PSC-CMs are 
larger, more rectangular in shape (Snir et al. 2003; Lundy et al. 2013; Foldes et al. 
2011) and have more and better organized sarcomeres (Lundy et al. 2013), enhanced 
mitochondrial-sarcomere alignment (Snir et al. 2003), and distinct Z-, A-, H-, and 
I-bands (Kamakura et al. 2013). Existing human PSC-CMs also have minimal 
force-generating capacity, with estimates in the range of 1–100 nN per cell (Liu 
et al. 2012; Taylor et al. 2013; Rodriguez et al. 2014; Yang et al. 2014) versus 
~10–25 μN per cell for postnatal cardiomyocytes (van der Velden et al. 1999; 
Witjas-Paalberends et al. 2013). Somewhat improved measurements have been 
reported for human PSC-CMs organized into engineered heart tissues using decel-
lularized human cardiac matrix as a scaffold (Guyette et al. 2016), so tissue engi-
neering and/or in vitro electromechanical conditioning may provide a solution to 
the weak contractile forces of human PSC-CMs.

9.4.3  Electrophysiology

Human PSC-CMs also show gradual maturation in their electrophysiological prop-
erties with duration in culture (Mummery et al. 2003; Sartiani et al. 2007; Kim et al. 
2010; Lundy et al. 2013), but even late-stage human PSC-CMs are still immature 
compared to adult cardiomyocytes. Further complicating their electrophysiological 
characterization, human PSC-CM cultures typically include an admixture of cardiac 
subtypes (i.e., nodal-, atrial-, and ventricular-like myocytes). As ventricular deriva-
tives are the most appropriate for cardiac repair, we focus on their electrical pheno-
type here. Compared to adult human ventricular cardiomyocytes, late-stage human 
ventricular-type PSC-CMs have a less depolarized maximum diastolic potential 
(MDP), lower action potential (AP) amplitude, slower AP upstroke velocity, and 
shorter AP duration at 90% repolarization and retain some degree of automaticity 
(Nabauer et al. 1996; Drouin et al. 1998; Li et al. 1998; Piacentino et al. 2003; 
Zhang et al. 2009; He et al. 2003; Lundy et al. 2013). The amplitude and kinetics 
of some important ionic conductances are similar between human PSC-CMs and 
their adult counterparts, such as the fast sodium (INa) (Satin et al. 2004; Jonsson 
et al. 2012; Sheng et al. 2012), the L-type calcium(ICaL) (Zhu et al. 2009; Jonsson 
et al. 2012), transient outward potassium (Ito) (Cordeiro et al. 2013), and delayed 
rectified potassium (IKr and IKs) (Jonsson et al. 2012) currents. However, other 
important currents show major differences that contribute to their immature AP 
phenotype. In particular, human ESC- CMs show relatively low levels of the inward 
rectifier potassium current (IK1) (Sartiani et al. 2007; Cordeiro et al. 2013), which 
stabilizes the resting membrane potential and controls excitability, and relatively 
high levels of the hyperpolarization- activated pacemaker current (If) (Sartiani et al. 
2007; Weisbrod et al. 2013). The net result is a propensity for automaticity or 
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spontaneous electrical activity, and correcting these current densities may result in 
a more adult-like AP phenotype (Bett et al. 2013; Meijer van Putten et al. 2015). 
Human PSC-CMs also exhibit slow conduction velocities (only a fraction of that 
measured in monolayers of postnatal cardiomyocytes (Caspi et al. 2009; Mehta 
et al. 2011; Lee et al. 2012; Valderrábano 2007)), an outcome that may reflect 
impaired connexin expression and/or function, as well as isotropically distributed 
gap junctions.

9.4.4  Excitation-Contraction Coupling

Excitation-contraction coupling in adult ventricular cardiomyocytes involves the 
opening of voltage-dependent L-type calcium channels and trans-sarcolemmal cal-
cium entry, which is then amplified by calcium-induced calcium release (CICR) 
from sarcoplasmic reticulum (SR) stores (Bers 2002). As in mature ventricular 
myocytes, human PSC-CMs exhibit CICR from SR calcium stores that operates by 
a stringent “local control” mechanism during excitation-contraction coupling (Zhu 
et al. 2009; Zhang et al. 2013a). However, human PSC-CMs lack transverse tubules 
(Lieu et al. 2009) and have slow SR calcium reuptake compared to adult cardiomyo-
cytes (Lundy et al. 2013). One explanation for impaired calcium handling in early- 
stage PSC-CMs may be deficient calsequestrin expression, as overexpression of this 
calcium-binding protein of the SR has been reported to improve calcium handling 
in human PSC-CMs (Liu et al. 2009).

9.4.5  Metabolism and Mitochondria

During heart development, cardiomyocytes initially use glycolysis for primary 
energy production but then later transition to fatty acid metabolism (Fisher 1984; 
Lopaschuk et al. 1991), and this shift is accompanied by a substantial increase in 
mitochondrial content (Schaper et al. 1985). Mitochondrial number and volume 
increase as human PSCs differentiate into cardiomyocytes, but only about one-third 
of the levels seen in adult ventricular cardiomyocytes (Kerscher et al. 2015; Yang 
et al. 2014; Schaper et al. 1985). With prolonged duration in culture, human PSC- 
CMs do show increased fatty acid utilization (Kuppusamy et al. 2015) and show a 
more adult-like functional localization of mitochondria adjacent to myofibrils (Snir 
et al. 2003; Lundy et al. 2013).

9.5  How Can the Maturation of PSC-Derived 
Cardiomyocytes Be Improved?

The maturation of PSC-CMs improves with prolonged duration in culture, but this 
approach is tedious and expensive and would likely be impractical for large-scale 
cardiomyocyte manufacturing. Fortunately, there are a number of more scalable 
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approaches that have shown to promote PSC-CM maturation, at least by some 
parameters. For example, PSC-CMs treated with the thyroid hormone, triiodothyro-
nine (T3), hypertrophy, elongate, and exhibit longer sarcomere lengths, more mature 
calcium handling, greater force generation, and increased mitochondrial respiratory 
capacity (Yang et al. 2014). PSC-CMs also hypertrophy following stimulation with 
angiotensin II and phenylephrine (Foldes et al. 2011), while treatment with neu-
regulin promotes electrical remodeling toward a more mature ventricular phenotype 
(Zhu et al. 2010). Mitochondrial localization improves in PSC-CMs treated with 
isoproterenol and oleic acid (Chan et al. 2015). Overexpression of let-7-g or let-7i 
miRNAs accelerates maturation according to structural indices, gene expression 
profiles, and metabolic parameters (Kuppusamy et al. 2015).

Tissue-engineering approaches have also shown considerable promise for 
enhancing cardiomyocyte maturation. Human PSC-CMs cultured in three- 
dimensional environments exhibit improved structural and electrophysiological 
maturation relative to cells maintained in two-dimensional environments (Zhang 
et al. 2013b). Cyclical pacing or stretching of these three-dimensional constructs 
augments the maturation of human PSC-CMs in terms of gene expression, calcium 
kinetics, conduction velocity, sarcomere organization, and maximal force genera-
tion (Nunes et al. 2013; Mihic et al. 2014; Ruan et al. 2015; Hirt et al. 2014). In 
addition, culture of human PSC-CMs on certain scaffolds improves calcium han-
dling and cell alignment (Khan et al. 2015). Tissue engineering in combination with 
the maturation methods described above may provide an economical means of 
maturing human PSC-CMs that could be incorporated into large-scale 
manufacturing.

9.6  What Have We Learned from Cardiomyocyte 
Transplantation in Small-Animal Models?

Inspired by previous successes in the field with the transplantation of fetal rodent 
cardiomyocytes (Leor et al. 1996; Etzion et al. 2001; Skobel et al. 2004; Rubart 
et al. 2003; Scorsin et al. 1997; Li et al. 1996) and mouse ESC-CMs (Naito et al. 
2004; Kolossov et al. 2006; Cai et al. 2007), we and other investigators began human 
ESC-CM xenotransplantation studies into mice and rats (Kehat et al. 2004; 
Laflamme et al. 2005; Xue et al. 2005). In early work, we found that human ESC- 
CMs survived relatively poorly following transplantation into recently infarcted rat 
hearts but that their engraftment could be significantly enhanced by transiently heat- 
shocking the cells pre-transplantation and/or delivering them in a pro-survival 
“cocktail” of factors to improve retention and attenuate cell death (Laflamme et al. 
2007a). With these interventions, we were able to remuscularize a significant frac-
tion of the infarct scar in an athymic rat model of subacute MI and observed signifi-
cant improvements in left ventricular dimensions and global contractile function 
(Laflamme et al. 2007a). Comparable salutary effects were subsequently reported 
by other investigators following the transplantation of human ESC-CMs in rodent 
models of acute or subacute MI (Caspi et al. 2007a, Cai et al. 2007; van Laake et al. 
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2007), although not all found these benefits to be durable to later time points (van 
Laake et al. 2007; 2008). Interestingly, in a rat model of chronic MI with already 
established scar tissue and ventricular dysfunction, we found that human ESC-CMs 
engraft but do not mediate significant beneficial effects on contractile function 
(Fernandes et al. 2010).

Less has been reported regarding the transplantation of human iPSC-CMs in 
animal models, but the best available data suggest that human iPSC-CMs and ESC- 
CMs have comparable phenotypes in vitro (Zhang et al. 2009; Lundy et al. 2013), 
so one might also expect comparable outcomes in vivo. A recent study in a rat MI 
model compared outcomes following the transplantation of human iPSC-CMs after 
8, 20, and 30 days of in vitro differentiation (Funakoshi et al. 2016). These authors 
found that the optimal graft size was obtained with the transplantation of 20-day-old 
cultures, suggesting this may be an optimal time point for harvesting and implanta-
tion. Encouragingly, they found durable beneficial effects on left ventricular dilation 
and fractional shortening up to 12 weeks post-transplantation.

For true heart regeneration, the newly formed muscle must be capable of electro-
mechanical integration and synchronous activation with host myocardium. Human 
ESC-CMs have the subcellular machinery necessary for such integration (e.g., gap 
junctions), and early mapping studies provided indirect evidence that they could 
couple with host tissue following transplantation in uninjured hearts (Kehat et al. 
2004; Xue et al. 2005). To directly demonstrate whether human ESC-CMs were 
capable of 1:1 host-graft coupling following transplantation into injured hearts, our 
group turned to the guinea pig (Fig. 9.1 panels a, b), because this small-animal 
model has a sinus rate (Shiotani et al. 2007) that is much closer to that of humans 
than do mice and rats (Swoap et al. 2004). For these experiments, we created trans-
genic human ESC-CMs that stably expressed GCaMP3, a calcium-sensitive fluores-
cent protein. In vitro these myocytes show robust fluorescence transients with each 
cycle of contraction. Hence, by imaging the epicardial surface of hearts engrafted 
with GCaMP3+ human ESC-CMs, we can use the graft-autonomous GCaMP3 fluo-
rescent signal to determine whether the graft tissue is electrically active and, if so, 
the temporal relationship of its activation to that in host myocardium. By this 
approach, we found that 100% of human GCaMP3+ ESC-CM grafts in uninjured 
guinea pig hearts were 1:1 coupled with host myocardium (as indicated by a 1:1 
relationship between GCaMP3 fluorescent transients and QRS complexes of the 
host ECG). Applying the same approach to human GCaMP3+ ESC-CMs trans-
planted in a guinea model of subacute MI, we observed reliable 1:1 host-graft cou-
pling in a majority (~60%) of recipient hearts, proving that the newly formed graft 
muscle is at least capable of electromechanical integration with host myocardium 
(Shiba et al. 2012). More recently, we found that foci of 1:1 host-graft coupling can 
also be found in a guinea pig model of chronic MI but that the extent of electrome-
chanical integration is significantly reduced in this context (Shiba et al. 2014).

In summary, much important information was gleaned from the preceding work 
in small-animal models of MI. First, PSC-CMs, including human ESC-CMs, can 
engraft in injured hearts and form stable implants of electromechanically integrated 
new myocardium within the infarct scar, a sin qua non for true heart regeneration. 
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Second, teratoma formation has not been reported, at least when the implanted 
PSC-CMs were of sufficient cardiac purity. Finally, most studies have reported ben-
eficial effects on left ventricular contractile function, at least attenuating the adverse 
remodeling and progressive loss of fractional shortening that otherwise occurs over 
time. Taken collectively, this body of work laid the groundwork for the large-animal 
studies discussed in the following section.

9.7  What Have We Learned from Large-Animal Studies?

Although not necessarily a prerequisite for regulatory approval prior to human clini-
cal trials, large-animal models provide important information that cannot be 
obtained using small-animal or in vitro models. Large animals possess a heart size 
and rate similar to humans (Gandolfi et al. 2011). Differences also continue down to 
the cellular and molecular levels (for a detailed review, see Chong and Murry 2014). 
Large-animal models also enable the testing of clinical routes of cell delivery that 
are not feasible in small-animal models, such as intracoronary and trans- endocardial 
injection (discussed further below).

Kehat and colleagues were the first to use human ESC-CMs in a large-animal 
model study to test their capacity for electromechanical integration following trans-
plantation into normal (i.e., uninjured) intact myocardium (Kehat et al. 2004). In a 
porcine model of heart block, human ESC-CMs engrafted, integrated with the host, 
and provided a new source of ventricular electrical activation (as evidenced by elec-
trocardiographic recordings and electroanatomic mapping studies). This pioneering 
work heralded the possibility of “biological pacemakers” composed of human PSC- 
CMs that could 1 day replace the implantation of mechanical devices. Importantly, 
this large-animal model enabled the use of a highly specialized human clinical elec-
troanatomical mapping system to localize the source of the new ventricular ectopic 
rhythm. Catheter-based mapping studies of this nature would be impractical in 
small-animal models.

Nonhuman primates have high genetic conservation with humans and therefore 
provide important information for what could be expected with human cardiomyo-
cyte transplantation. Blin and colleagues investigated the intracardiac transplantation 
of allogeneic nonhuman primate ESC-derived cardiovascular progenitors defined by 
the expression of the cell surface marker stage-specific embryonic antigen-1 (SSEA-1 
or CD15) and showed that these cells help repair and regenerate infarcted recipient 
hearts (Blin et al. 2010). After treatment with BMP2 and WNT3A to form cardiac 
mesoderm, 20 million SSEA-1-positive cardiovascular progenitors were purified by 
magnetic bead sorting and injected using direct visualization into rhesus monkey 
heart infarcts. Interestingly, only calcineurin inhibitors (FK506 or cyclosporine) 
were used for immunosuppression in this allogeneic approach. Small grafts that 
express cardiomyocyte, smooth muscle, and endothelial cell proteins were present at 
2 months; however, no cardiac functional assessment was performed.

In a different approach, SSEA-1-positive nonhuman primate ESC-derived cells 
were combined with autologous adipose-derived mesenchymal stromal cells and 
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arranged into sheets (Bel et al. 2010). These combined cell sheets were surgically 
implanted onto the epicardial surface of infarcted monkey hearts and showed donor- 
derived cardiomyocyte differentiation at 2 months. Although it was not technically 
possible to distinguish, the few cardiomyocytes most likely came from the ESC- 
derived cells rather than the mesenchymal cells within the delivered sheets. 
Following cell sheet delivery, there was a trend toward improved left ventricular 
function; however, the small number of animals examined precludes statistically 
robust conclusions.

Our group recently used a nonhuman primate model to demonstrate that human 
ESC-CMs can electromechanically couple and remuscularize the infarcted heart 
(Fig. 9.1 panels c, d) (Chong et al. 2014). In contrast to previous studies, we deliv-
ered a much higher cell number (1 billion cardiomyocytes per heart) via trans- 
epicardial injection under direct visualization following a mini-thoractomy. The 
immunosuppression regimen consisted of prednisolone, cyclosporine, and the T cell 
co-stimulatory blocking antibody, abatacept. Using this approach, we observed con-
siderably larger cardiomyocyte grafts than other studies. To demonstrate electrome-
chanical coupling, we used the same method as in the guinea pig model above to 
prove integration. Importantly, all infarcted monkeys receiving human ESC-CMs 
showed ventricular tachyarrhythmias by telemetric electrocardiographic monitor-
ing, events that were not observed prior to cell transplantation or in infarcted ani-
mals receiving vehicle alone. The mechanistic basis for these arrhythmias remains 
undefined and will be crucial to determine prior to progression to clinical studies.

Recently, a porcine myocardial infarction model has been used to study repara-
tive effects of human iPSC-derived cells (Ye et al. 2014). A unique tissue- engineering 
approach was employed involving fibrin patches containing insulin-like growth 
factor- 1 (IGF-1) encapsulated microspheres. These patches were implanted alone or 
followed by trans-epicardial injection of a combination of 2 million human iPSC- 
CMs, endothelial cells, and smooth muscle cells (6 million cells in total). The fibrin 
patches enhanced cell engraftment and cardiac functional improvement. Notably, 
no ventricular arrhythmias were observed in this study. For the telemetry portion of 
the study, animals received the patch alone or followed by human iPSC-CM trans-
plantation. It remains unclear if the lack of arrhythmias is due to a smaller graft size, 
treatment with IGF-1, or if arrhythmias would have been observed after cardiomyo-
cyte transplantation without a fibrin patch.

The preceding large-animal studies provided excellent proof of concept for car-
diomyocyte transplantation as well as information of high clinical relevance. 
Notably, the large-scale production of useful cardiovascular derivatives from PSCs 
is feasible, although additional refinements will be required to improve the effi-
ciency and costs of cell manufacturing, as well as compliance with the good manu-
facturing practice guidelines required for clinical use. The lack of tumorgenicity 
seen in small-animal studies was replicated in larger animals despite the delivery of 
much larger cell doses in some studies. More ominously, our group observed graft- 
related arrhythmias following human ESC-CM transplantation in infarcted primate 
hearts. This phenomenon was not seen in early small-animal studies with the same 
cells, underscoring the need for additional work in large-animal models with slower 
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heart rates and greater cardiac mass. These and other important issues that will need 
to be addressed before clinical trials can be efficiently run are considered in the fol-
lowing sections.

9.8  What Are the Remaining Challenges Associated 
with Cardiomyocyte Transplantation?

9.8.1  Cost, Scalability, and Production

The adult human heart contains ~4 billion cardiomyocytes (Murry et al. 2006), and 
the loss of one-quarter of these myocytes is known to result in heart failure (Caulfield 
et al. 1976). Hence, while detailed dose-response experiments will be required to 
empirically determine the precise number of cells required, we anticipate that a cell 
therapy predicated on the repopulation of infarcted myocardium would require the 
stable engraftment of ~1 billion cardiomyocytes. In the specific case of PSC-CM- 
based therapies, this cell number target would obviously need to be adjusted to 
account for losses due to graft cell death (Robey et al. 2008) and/or immune rejec-
tion (as discussed below). While these numbers are approximately two orders of 
magnitude larger than the number of cells that have been employed during earlier 
clinical experience with BMDCs, our group and others have shown the feasibility of 
human PSC-CM manufacturing at this scale, even with existing cardiac differentia-
tion methods (Chong et al. 2014). One mitigating factor is that human PSC-CMs 
can be cryopreserved, banked, and then thawed at high viability just prior to trans-
plantation (Xu et al. 2011).

It is generally accepted that suspension culture systems will likely be required 
for cardiomyocyte manufacturing on the scale needed for human patients. The 
large-scale growth of undifferentiated human PSCs has been demonstrated with up 
to 1 billion PSCs per flask (Chen and Couture 2015). Laminin microcarriers can 
potentially further improve the yield of undifferentiated human PSCs in culture and 
have the added benefit of significantly reducing media cost (Lam et al. 2015). While 
variability remains in cardiomyocyte yield, some microcarrier-based systems have 
reached 0.3–0.6 cardiomyocytes per input PSC (Lecina et al. 2010). Of course, 
cardiomyocyte purity is also a concern, and with cyclic perfusion feeding, human 
PSC-CMs can be produced at 85% purity (Kempf et al. 2014).

Any PSC line used in human patients will have to be cultured and differentiated 
using clinical-grade, good manufacturing practices (GMP). To date, there are only 
a handful of human ESC lines that have been produced under GMP conditions 
(Prowse et al. 2014). Only three human ESC lines (HAD-C 100, 102, and 106) have 
been reported that were derived using both GMP and xeno-free conditions 
(Tannenbaum et al. 2012). While it is not clear that animal-free conditions will be 
absolutely required for regulatory approval in humans, it is clearly desirable, given 
persistent concerns about the infectious risks of interspecies transplantation. 
Importantly, whichever human PSC line is selected for clinical-grade production of 
cardiomyocytes for human transplantation, robust and reproducible cardiomyocyte 
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differentiation will have to be confirmed in that cell line along with repeating some 
basic preclinical studies to demonstrate the expected behavior following 
transplantation.

9.8.2  Graft Survival

It has been estimated that >90% of graft cardiomyocytes die shortly following 
intracardiac transplantation (Reinecke et al. 1999), an outcome that limits the 
extent of remuscularization obtained unless the initial cell dose can be increased 
proportionately. While some cell loss can be recovered through proliferation 
post- transplantation, human PSC-CMs show only modest cell cycle activity that 
tapers off over time (Laflamme et al. 2005, 2007a, Caspi et al. 2007a). This situ-
ation has led to intense interest in identifying the mechanisms of cell death and 
novel methods to overcome them. In addition to delivery into the poorly vascular 
and pro- inflammatory environment of the infarct scar, it is generally accepted that 
multiple pathways contribute to graft cell death and that a multifactorial approach 
will likely be required (Robey et al. 2008). For example, in our own early studies 
of human ESC-CM transplantation in infarcted rat hearts, we found that, while 
individual interventions were insufficient, engraftment could be improved by 
combining heat- shock, provision of matricellular attachment factors, and phar-
macological inhibition of multiple mitochondrial and caspase-mediated cell death 
pathways (Laflamme et al. 2007a). A number of other effective pro-survival inter-
ventions have been reported with ESC-CMs, including delivery in aggregates 
rather than as dissociated single-cell suspensions (Moon et al. 2013), activation 
of cytoprotective heme oxygenase- 1 activity by cobalt protoporphyrin pretreat-
ment (Luo et al. 2014a; Luo et al. 2014b), and co-delivery with supportive stro-
mal cells (Xi et al. 2011). Transplantation studies with primary cardiomyocytes 
and/or other myogenic cell types have suggested other possibilities including 
delivery in collagen hydrogels (Kutschka et al. 2006a), Bcl-2 overexpression 
(Kutschka et al. 2006b), overexpression of specific miRNAs (Hu et al. 2011; Liu 
et al. 2011b), and removal of the pro-fibrotic and antiangiogenic matrix protein, 
thrombospondin-2 (Reinecke et al. 2013).

9.8.3  Immune Rejection

It is well known that transplantation of cells or tissue, foreign to the host, results in 
an immune reaction and this has been observed with ESC-CM transplantation (Dai 
et al. 2007). Therefore, either preventing immune rejection via pharmacological 
immunosuppression and recipient-donor human leukocyte antigen (HLA) matching 
or evading the immune system altogether will be key components of a viable cardio-
myocyte transplantation therapy. While the risks inherent in immunosuppression 
(including increased propensity for infection and malignancy) are deemed accept-
able in end-stage heart failure patients being listed for whole-organ transplantation, 
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this calculation would not necessarily apply in less severely ill individuals. Indeed, 
the need and nature of the immunosuppression associated with any given cell ther-
apy will inevitably affect the type of patient for whom such therapy would be appro-
priate. Importantly, immunosuppression in heart transplant recipients is tailored 
over time based on pathological evaluation of surveillance biopsies obtained via 
catheter from the right ventricle. Because the graft myocardium formed following 
cell transplantation is unlikely to be similarly accessible to surveillance biopsy, it 
will be challenging to similarly “fine-tune” immunosuppressant therapy in cell ther-
apy recipients.

At first glance, an attractive approach would be to use autologous cells for trans-
plantation, for example, using patient-derived iPSCs in each and every patient. 
Unfortunately, in our opinion, this strategy is completely impractical at present. 
While the methods of reprogramming have become more standardized and efficient 
over time, the costs remain prohibitively high, and it takes weeks to months to gen-
erate iPSCs and their cardiac derivatives. Equally importantly, it is not clear that 
there is a regulatory structure in place to approve such individualized cell therapies, 
even if the economic and quality-control issues could be satisfactorily resolved 
(Condic and Rao 2008; Solomon et al. 2015).

An alternative approach is to create and maintain large banks of genetically 
diverse PSCs that would allow for HLA matching (Taylor et al. 2005; Nakajima 
et al. 2007), much as is done currently in solid-organ transplantation. Recognition 
of HLA class I molecules by T lymphocytes may be the primary mechanism for 
immune rejection of transplanted human ESCs (Deuse et al. 2011). HLA class I 
molecules are expressed on most nucleated cells (Karabekian et al. 2015), and HLA 
I matching could help reduce immunosuppression requirements following trans-
plantation. To reduce the number of cell lines needed in such a repository for whole 
population matching, one could turn to HLA-homozygous human pESCs (Daughtry 
and Mitalipov 2014). That said, it is probably unnecessary to consider ABO blood 
group antigens for patient matching, since these antigens are lost after human ESCs 
differentiate into cardiomyocytes (Molne et al. 2008).

A more exotic but attractive alternative approach would be to create a univer-
sal donor line that has been engineered to evade the immune system. Targeting 
HLA class I molecule-mediated T lymphocyte activation holds some promise. 
Cytotoxic T lymphocyte antigen 4 (CTLA4) binds to CD80 and CD86 prevent-
ing T cell co- stimulation by CD28, whereas programmed death ligand-1 (PD-
L1) directly inhibits T cell activity (Rong et al. 2014). Human ESC-CMs that 
express CTLA4-Ig and PD-L1 survive when transplanted into the hind limbs of 
non-immunosuppressed mice with humanized immune systems (Rong et al. 
2014). Preventing T cell activation improves human ESC-CM graft survival in 
ischemic mouse myocardium (Huber et al. 2013). Beta-2 microglobulin is a 
component of the invariable, non- transmembrane light chain of HLA class I 
molecules (Karabekian et al. 2015). Human ESCs with disrupted beta-2 micro-
globulin have impaired surface expression of HLA class I molecules and reduced 
immunogenicity in vitro (Lu et al. 2013a), and beta-2 microglobulin-reduced 
human ESC-CMs do not stimulate allogeneic T cell proliferation in vitro 
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(Karabekian et al. 2015). If these strategies are successful in creating a universal 
donor human ESC, it would have tremendous impact on advancing the field of 
cardiomyocyte transplantation.

9.8.4  Integration and Arrhythmias

To contribute useful new force-generating units, graft myocardium must integrate and 
contract synchronously with host muscle. As described above, human ESC-CM grafts 
have been shown to be capable of such electromechanical integration in both intact 
and recently injured hearts (Kehat et al. 2004; Shiba et al. 2012; Shiba et al. 2014; 
Chong et al. 2014; Ye et al. 2014). Their capacity for integration in chronically injured 
hearts with established scar has been less well studied, but the best available evidence 
suggests that their integration is much more limited in this context, perhaps account-
ing for their failure to exert beneficial effects on contractile function in a guinea pig 
chronic MI model (Fernandes et al. 2010). If this observation is born out in subsequent 
large-animal studies, it would represent a significant barrier to successful translation 
in the large proportion of patients with remote MIs and established heart failure.

The capacity of PSC-CMs to integrate is a double-edged sword. While electrical 
coupling between graft and host tissue is required to mediate contractile benefits in 
a direct remuscularization strategy, it raises concerns about the risk of graft-related 
arrhythmias. Indeed, in the aforementioned work by our group in a nonhuman pri-
mate MI model, we observed nonlethal ventricular tachyarrhythmias in 100% of 
infarcted primates receiving hESC-CMs (Chong et al. 2014). There are several 
potential mechanisms by which PSC-CMs could contribute to electrical instability. 
One possibility is graft ectopy, i.e., a situation in which the graft tissue acts as an 
ectopic pacemaker. Consistent with this mechanism, most available PSC-CMs are 
comprised of a mixture of cardiac subtypes including a significant fraction of nodal/
pacemaker myocytes (Zhang et al. 2012; Karakikes et al. 2014; He et al. 2003; Zhu 
et al. 2010; Moore et al. 2008; Kamakura et al. 2013; Weng et al. 2014). Moreover, 
ventricular myocytes in the developing heart show some degree of automaticity, so 
even purified ventricular PSC-CMs would be expected to retain some degree of 
automaticity unless matured (Zhang et al. 2002; Sartiani et al. 2007; Kim et al. 
2010). Tachyarrhythmias may also arise from slowly firing ectopic foci within the 
infarcted area because of poor coupling, source-sink electrical mismatch, or net-
work heterogeneity (Pumir et al. 2005; Biktashev et al. 2008). PSC-CMs have also 
been reported to have a propensity for afterdepolarizations and triggered arrhyth-
mias (Zhang et al. 2002). Finally, PSC-CM graft tissue also shows low levels of 
isotropically distributed connexin-43, a situation that likely underlies the slow con-
duction velocities recently measured in graft tissue (Shiba et al. 2012, 2014; Chong 
et al. 2014). Slow conduction velocity, particularly through spatially heterogeneous 
islands of poorly connected graft tissue, seems likely to promote reentrant arrhyth-
mias (Shiba et al. 2012, 2014). Overall, this is an understudied area, and the atypical 
ion channel expression and diverse mechanisms of graft-related arrhythmia may 
make them refractory to conventional antiarrhythmic therapies.
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9.8.5  Tumorigenicity

PSCs are defined by their ability to form teratomas (a benign proliferation including dif-
ferentiated elements from all three embryonic germ layers), so the risk of tumor formation 
is an inherent concern with any PSC-based cell therapy. The risk of tumor formation with 
any given therapy will obviously vary with cell dose, graft-cell autonomous factors (e.g., 
proliferative index), host factors (e.g., graft environment, host immune responses, inflam-
mation), and the route of delivery. Cell dose is a particular issue for cardiovascular applica-
tions in which relatively large cell numbers (~109 per recipient) are likely to be required.

There are two sources from which tumors may arise following PSC-based thera-
pies: (1) residual undifferentiated PSCs that might give rise to teratomas (Nussbaum 
et al. 2007; Fico et al. 2012; McLenachan et al. 2012; Menendez et al. 2012) and (2) 
malignant transformation of graft cells, which might lead to tumors even in the 
absence of undifferentiated cells (Ben-David et al. 2014). To minimize the risk of the 
first possibility, it is obviously desirable to maximize cardiomyocyte purity while 
minimizing or eliminating undifferentiated PSCs or incompletely committed PSC 
derivatives. Undifferentiated cells can be depleted by cytotoxic targeting of the cell 
surface marker claudin-6 (Ben-David et al. 2013), inhibition of stearoyl-coA desatu-
rase (Zhang et al. 2014), or culture under methionine-free conditions (Matsuura et al. 
2015). A number of strategies to increase PSC-CM purity have been described 
including Percoll gradient centrifugation (Lin et al. 2010), promoting differentiation 
of cardiac progenitor cells by TNFα overexpression (Behfar et al. 2007), sorting via 
expression of SIRPA (Dubois et al. 2011) or VCAM-1 (Ponten et al. 2013), mito-
chondrial labeling (Hattori et al. 2010), and metabolic selection with glucose deple-
tion (Hemmi et al. 2014). Simply increasing the time in culture post-differentiation 
may also reduce or eliminate tumorigenicity as has been shown to be the case with 
neural precursors (Kozubenko et al. 2010; Doi et al. 2012a, b; Kobayashi et al. 2012). 
Collectively, the enrichment of human PSC-CM purity and time in culture post-der-
ivation may account for their tumor-free engraftment observed in mouse (van Laake 
et al. 2008), rat (Caspi et al. 2007a; Citro et al. 2014), guinea pig (Shiba et al. 2012, 
2014), pig (Ye et al. 2014), and nonhuman primate (Chong et al. 2014) models. With 
regard to the risk of malignant transformation of graft cells, the main factor is likely 
aneuploidy that can occur with prolonged cell culture (Ben-David et al. 2014). This 
risk can be mitigated through careful monitoring of human PSCs and their deriva-
tives for karyotypic abnormalities during cell manufacturing. Cardiomyocytes them-
selves have a relatively low cell cycle activity (perhaps accounting for the relatively 
rarity of primary cardiac tumors), so the risk of transformation is probably relatively 
low once PSCs have become cardiac-committed.

9.9  How Should Cardiomyocytes Be Delivered 
to the Myocardium?

Depending on the clinical requirements, there are different therapeutic approaches 
to cardiomyocyte transplantation that could be considered. For example, if cell ther-
apy must be administered emergently during an acute MI, then the transplant 
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material has to be readily available, i.e., available “off the shelf”. Many preclinical 
experiments performed thus far have used injection of whole-cell suspensions to 
repair damage from a MI, an approach that can be extrapolated to an allogeneic, 
“off-the-shelf” cell product. On the other hand, this approach, involving the local 
delivery of therapeutic cells, may be inappropriate in other clinical contexts, for 
example, a non-ischemic cardiomyopathy in which all or nearly all of the myocar-
dium is dysfunctional. In this situation, tissue engineering or whole-organ fabrica-
tion may be needed to wholly replace the diseased tissue. These latter methods 
would also be amenable to incorporation of biomaterials aimed at structural support 
or providing cellular maturation cues.

The delivery mechanism that has been employed in the vast majority of preclini-
cal studies of human PSC-CMs to date is direct, transepicardial cell injection via an 
open thoracotomy (Shiba et al. 2014; Chong et al. 2014). Because this approach 
requires exposure and direct visualization of the targeted region of the heart, it is 
necessarily invasive. Hence, unless less-invasive strategies (i.e., a mini- thoracotomy) 
can be demonstrated, this transepicardial route will require a sternotomy in humans, 
making individuals that already have an indication for cardiac surgery an attractive 
patient population for early clinical trials. A number of other less-invasive and even 
closed-chest approaches to cardiomyocyte delivery have been proposed, including 
steerable catheters with an injection needle for endocardial delivery or intracoro-
nary catheters equipped with an injection needle (Wang et al. 2009). Steerable endo-
cardial catheters could be guided using fluoroscopy (Amado et al. 2005), 
echocardiography, or voltage mapping as is done with cardiac electrophysiology 
procedures. Another benefit of direct myocardial injection over intracoronary deliv-
ery is that materials, such as hydrogels, can be delivered in addition to cardiomyo-
cytes to provide a biodegradable scaffold during engraftment (Habib et al. 2011).

While a number of adult stem cell types have been delivered to the myocardium 
via an intracoronary route including autologous cardiosphere-derived cells (Makkar 
et al. 2012; Malliaras et al. 2014) and non-myogenic stem cells (Katritsis et al. 
2005; Yang et al. 2010), this approach is not likely relevant to the delivery of PSC- 
CMs. First, the retention of cells following delivery via the intracoronary route is 
known to be relatively poor (with ~2% of the injected cells being retained) (Leiker 
et al. 2008), obviously problematic in a situation in which billions of stably engrafted 
cardiomyocytes are required. A more important consideration relates to cell size. 
Human PSC-CMs (≥25–40 μm long) (Lundy et al. 2013) are significantly larger 
than other cell types that have been delivery via the intracoronary route including 
BMDCs (~10 μm), mesenchymal stem cells (~20 μm) and cardiosphere-derived 
cells (~20 μm) (Johnston et al. 2009). It is very unlikely that differentiated cardio-
myocytes would be capable of diapedesis and migration out of a vessel wall, so their 
larger size and predilection for clumping poses a major risk for vascular occlusion.

Another approach that has proven promising in animal studies is the delivery of 
human PSC-CMs after organization into engineered cardiac cell sheets. Early proof 
of principle for this approach came from studies using primary cardiomyocytes. 
Cardiac cell sheets are formed by culturing cardiomyocytes in monolayers on 
temperature- responsive polymers and then releasing the monolayer from the poly-
mer by reducing the temperature (Shimizu et al. 2002). Monolayers can be stacked 
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together to form multilayer cardiac cell sheets that can be transplanted onto the 
heart, integrate with host tissue, are angiogenic, and improve cardiac contractile 
function (Miyagawa et al. 2005; Sekiya et al. 2006; Furuta et al. 2006; Sekine et al. 
2006). Importantly, engineered cardiac cells sheets can be made using human iPSC- 
CMs, and these have been engrafted into a porcine model of myocardial infarction 
with improved cardiac performance, even though the cells did not survive long term 
(Kawamura et al. 2012). The thickness of engineered cardiac cell sheets has typi-
cally been limited to three layers because of hypoxia; however, sequential grafting 
or alternating with layers of gelatin hydrogel microspheres can produce sheets 
between 9 and 15 layers thick (Komae et al. 2015; Matsuo et al. 2015). As an alter-
native to cardiac cell sheets, human ESC-CMs can be grown on polymer scaffolds 
or can be mixed with collagen and cast into three-dimensional constructs, termed 
engineered heart tissue (EHT) (Chen et al. 2010; Xu et al. 2013; Chen et al. 2015; 
Riegler et al. 2015). EHTs from human ESC-CMs and collagen have been success-
fully engrafted onto rat hearts in a chronic MI model, and while cardiac systolic 
function improved, the improvement did not correlate with cardiomyocyte viability 
(Riegler et al. 2015). Because cardiac cell sheets and EHTs are engineered, different 
cells and materials can be incorporated to change their function. Changing cellular 
composition by adding fibroblasts and/or vascular cells can improve vasculariza-
tion, conduction velocity, or tension of the engineered tissue (Caspi et al. 2007b; 
Sekine et al. 2008; Lesman et al. 2010; Tulloch et al. 2011; Kreutziger et al. 2011; 
Liau et al. 2011; Hibino et al. 2012; Thavandiran et al. 2013). Some biodegradable 
scaffold materials have conductive properties (Baheiraei et al. 2015), are autologous 
like the omentum (Shevach et al. 2014) and urinary bladder (Turner et al. 2012), or 
structurally and mechanically tunable like silk combined with cardiac extracellular 
matrix (Stoppel et al. 2015). Engineered tissue may also present new challenges 
such as engineered cell sheets being capable of producing reentrant arrhythmias 
in vitro (Kadota et al. 2013); however, it is not known how host-graft integration 
will impact this.

Whole-organ tissue engineering is yet another approach to replacing damaged 
cardiac tissue, but this will be significantly more complicated than constructing 
small, three-dimensional EHTs. Building the scaffolds from the ground up for this 
type of fabrication has not yet been accomplished, but cell-free extracellular matrix 
scaffolds with preserved structure have been made from multiple organs, including 
the heart, using organ decellularization (Ott et al. 2008; Wainwright et al. 2010; 
Carvalho et al. 2012; Guyette et al. 2014; 2016; Weymann et al. 2015; Kawasaki 
et al. 2015). Human iPSC-CMs can grow on cell-free scaffolds made from both 
human (Oberwallner et al. 2014; Guyette et al. 2016) and mouse myocardium (Lu 
et al. 2013b). Decellularized porcine heart scaffolds have been reseeded with mix-
tures of cells including neonatal mouse cardiomyocytes and human umbilical vein 
endothelial cells (Weymann et al. 2014) as well as neonatal rat cardiomyocytes, 
fibroblasts, and endothelial cells in rat heart scaffolds (Yasui et al. 2014). For whole- 
organ tissue engineering to be a successful method of cardiomyocyte delivery, there 
are important hurdles that remain. One of the most significant problems is that acel-
lular vascular grafts are thrombogenic; and while this phenomenon can be reduced 
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somewhat by re-endothelialization (Robertson et al. 2014), graft intravascular 
thrombosis would clearly impair perfusion and graft viability. Seeding efficiency 
also remains very low, for example, despite the introduction of as many as 500 mil-
lion human iPSC-CMs into whole human heart cardiac matrices, only 50% of a 
small (~5 cm3) target region was successfully reseeded in one recent study (Guyette 
et al. 2016). In our opinion, these parameters would have to be greatly improved for 
this approach to compete successfully with the injection of cardiomyocyte cell sus-
pensions, which have been shown to successfully form comparably sized volumes 
of host-perfused myocardium (Chong et al. 2014).

9.10  What Preclinical Information Is Still Needed  
to Facilitate Successful Translation?

The field has made tremendous progress in recent years, but, in the present 
authors’ opinion, there are still many unanswered questions that should be 
addressed in preclinical studies to optimize cardiomyocyte transplantation for 
success in eventual clinical trials. Most importantly, we need to take every pre-
caution to avoid an outcome akin to the one that derailed the gene therapy field 
for many years, and there are a number of major safety concerns (e.g., graft-
related arrhythmias, tumorigenesis) that are inherent to cardiomyocyte trans-
plantation. Moreover, we must be mindful that there are finite resources available 
to support the development and testing of novel cardiovascular therapeutics. 
Even putting aside the risk of patient harm, a premature move to the clinic and 
finding a null or insignificant beneficial effect could permanently derail progress 
in the field. Indeed, there may be recent precedent for this outcome from clinical 
trials testing BMDCs in ischemic heart disease. BMDCs moved relatively rap-
idly from small-animal studies to humans, and it has been suggested that their 
disappointing performance in randomized clinical trials may have resulted in 
part from an incomplete mechanistic understanding, suboptimal cell doses and 
timing of delivery, and an inappropriate target patient population (Laflamme 
et al. 2007b; Simari et al. 2014). Given that PSC-based therapies arguably repre-
sent a “higher-risk, higher-reward” cell source, a more systematic, methodical 
approach to preclinical optimization seems warranted and would help facilitate 
successful clinical translation.

First and foremost, the feasibility and efficacy of large-scale remuscularization 
must be firmly established in a large-animal model, and the specific dose and com-
position of the cardiomyocytes needs to be better defined. For example, doses of 
human ESC derivatives ranging from 2 million to 1 billion cells have been tested in 
large-animal models (Ye et al. 2014; Chong et al. 2014), suggesting that the field is 
far from a consensus in terms of what mechanism of action and cell numbers are 
most likely to mediate clinically relevant beneficial effects. The optimal cellular 
composition also needs to be firmly established. For example, stromal and endothe-
lial cells make up the majority of the heart by nuclei (Bergmann et al. 2015), and 
so it makes intuitive sense that these cells should be incorporated in a heart 
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regeneration strategy. However, human ESC-derived multipotent cardiovascular 
progenitors did not outperform committed cardiomyocytes in a recent head-to-
head study (Fernandes et al. 2015).

Another issue that needs further optimization in large-animal studies is the 
approach to cardiomyocyte delivery. The various methods of cardiomyocyte deliv-
ery described above (e.g., surgical injection or catheter-based injection of cell sus-
pensions versus implantation of an engineered muscle “patch”) should be tested, 
ideally in a head-to-head comparison, and that approach resulting in the best reten-
tion of viable cells and/or greatest beneficial effects on LV contractile function 
should be prioritized in early clinical trials. To our knowledge, no one has reported 
the viability of PSC-CMs after passage through a cell-delivery catheter even in vitro, 
although this potential method of delivery has been frequently proposed. For any 
approach involving cell injection, large-animal studies are also required to inform 
the optimal number of injections, volume per injection site, and distribution of sites.

The risk of graft-related arrhythmias is a particularly important hurdle to suc-
cessful translation for the reasons described above. Even if this risk can be greatly 
minimized by enhancing the input cell population (e.g., by employing more mature 
and/or ventricular-enriched PSC-CMs), additional preclinical studies seem war-
ranted to determine the electrophysiological responses of graft tissue to antiarrhyth-
mic drugs and other relevant conditions likely to be encountered in heart failure 
patients (e.g., ischemia). An informed decision will also have to be made as to 
whether all early PSC-CM recipients will be required to have an automatic implant-
able cardioverter-defibrillator (AICD), as was the case during clinical trials with 
skeletal myoblasts. Such a requirement would obviously provide a greater margin of 
safety and so may be entirely appropriate, but it would necessarily affect economic 
considerations and target patient population during trial design.

Finally, immunosuppression is another important issue and one that is particu-
larly challenging to investigate based on xenotransplantation experiments involving 
human cardiomyocytes implanted into animal models. Allotransplantation experi-
ments within a single species would likely better model responses to cardiomyocyte 
transplantation in humans. For example, monkey ESC-CMs could be transplanted 
into allogeneic monkeys and evaluated for the minimal level of immunosuppression 
needed to ensure graft survival.

9.11  What Is the Status of PSC-Derived Cardiomyocyte 
Transplantation in Human Trials?

To date there have been no clinical trials testing the transplantation of committed 
cardiomyocytes from PSCs or any potential source. However, investigators in 
France recently initiated a clinical trial to test human ESC-derived cardiovascular 
progenitor cells delivered via surgery in a fibrin scaffold, although their objective 
is not to achieve direct remuscularization. The Transplantation of Human 
Embryonic Stem Cell-Derived Progenitors in Severe Heart Failure (ESCORT, 
NCT02057900) trial is a phase 1 clinical trial that aims to recruit six patients 
undergoing cardiac surgery (e.g., coronary artery bypass grafting or mitral valve 
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repair/replacement) to simultaneously receive an epicardial implant of multipo-
tent cardiovascular progenitor cells. These cells are generated by treating undif-
ferentiated human ESCs with the growth factor BMP2 and SU-5402, a 
small-molecule fibroblast growth factor receptor (FGF)-specific tyrosine kinase 
inhibitor. Somewhat paradoxically, these cells are defined by their expression of 
the surface marker SSEA-1, which is expressed by multipotent cardiovascular 
progenitors but is more commonly used as a pluripotency marker (Menasche et al. 
2015a). A relatively small number of cells (up to 10 million) will be implanted in 
the ESCORT trial, with the expectation that cell implants will mediate beneficial 
effects via an indirect, paracrine mechanism of action rather than direct remuscu-
larization (Menasche et al. 2015a). In addition to the aforementioned requirement 
that the enrolled patients must already be undergoing an open-chest procedure, 
other inclusion criteria include: (1) age 18–81 years, (2) LV ejection fraction 
≤35%, (3) MI older than 6 months, (4) New York Heart Association class III or 
IV heart failure despite optimal medical care, (5) AICD placement with cardiac 
resynchronization therapy as indicated, and (6) not eligible for heart 
transplantation.

In 2015, the ESCORT team released a case report describing their first enrolled 
patient (Menasche et al. 2015b). The patient is a 68-year-old, insulin-dependent 
diabetic woman with New York Heart Association class III heart failure from an 
anterolateral MI with a LV ejection fraction of 26% on maximal medical therapy. 
She underwent coronary artery bypass grafting with left internal thoracic artery (left 
internal mammary artery) to the left anterior descending artery without suitable 
targets for revascularization of the left circumflex coronary arterial tree. The pro-
genitor cell-containing patch made with 4 million cells was grafted onto the lateral 
LV in the region visually identified to have scar. She received immunosuppression 
with methylprednisolone, cyclosporine, and mycophenolate mofetil. At 3 months 
she has not had any adverse events and her LV ejection fraction improved to 36% by 
echocardiographic evaluation with the akinetic lateral wall improving to moderately 
hypokinetic. Her improvement in LV ejection fraction is in line with the effects of 
coronary artery bypass grafting for ischemic cardiomyopathy in the setting of ante-
rior wall viability (Sharma et al. 2011); however, whether the functional improve-
ment of the lateral wall was due to improved collateral flow or the overlying cellular 
patch is unknown.

9.12  How Should Future Clinical Trials with PSC-Derived 
Cardiomyocytes Be Designed?

Cardiomyocyte transplantation has the potential for both tremendous benefit and 
serious risks that will vary depending on the patient population selected. It will be 
important to recognize and account for these differences in planning the first clinical 
trials of human PSC-CM transplantation. In our opinion, the first patient population 
to be considered for study should have severe, symptomatic (NYHA class III or IV) 
ischemic cardiomyopathy, because patients with less severe cardiomyopathy are 
usually well managed with contemporary medical therapy alone. In our view, the 
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most appropriate participants of such a trial can be further divided into four broad 
categories of patients: (1) individuals with another indication for cardiac surgery, 
(2) candidates for long-term mechanical circulatory support with a LV assist device 
(LVAD) with or without a subsequent heart transplant, (3) chronic heart failure 
patients who are not candidates for LVAD or heart transplantation, or (4) individuals 
with cardiogenic shock from acute MI. Each of these patient profiles has unique 
clinical characteristics that would affect trial design and outcomes.

Patients who are already undergoing cardiac surgery, as in the ESCORT trial, 
would allow for delivery of cardiomyocytes via transepicardial injection under 
direct visualization. As discussed above, this is the most studied delivery method to 
date and is arguably the approach by which the delivery of cardiomyocytes could be 
best controlled. Furthermore, since these patients will already have a cardiac sur-
gery, the decision to transplant cardiomyocytes does not impose an additional ster-
notomy or surgery.

Another potential population that has been proposed for early clinical trials test-
ing cardiomyocyte transplantation are end-stage heart failure patients receiving a 
LVAD. In this instance, the patients at question are obviously already undergoing an 
open-chest procedure (device implantation), and they will be receiving a device that 
is capable of taking over LV cardiac output, providing an additional margin of 
safety. That said, the support of an LVAD does not eliminate all risk; for example, a 
left-sided pump cannot compensate for right ventricular arrhythmias or right-sided 
failure. Importantly, the LVAD recipient population is further subdivided into two 
categories of patients: those being “bridged to transplantation” (i.e., supported with 
the device until a suitable donor heart becomes available) and those receiving the 
device as “destination therapy” (i.e., supported with the device permanently, as they 
are not candidates for heart transplantation). Each group has its pros and cons as 
potential subjects in a clinical trial of PSC-based cardiac therapy. Obviously, 
“bridge-to-transplant” patients have a “backup” plan in place, since they would be 
listed for heart transplantation. In this case, the engrafted heart would be removed at 
the time of transplantation, which would increase the margin of safety with regard 
to tumorigenesis while also providing invaluable information as to the structural 
fate of the graft cardiomyocytes. At the same time, a major disadvantage of “bridge- 
to- transplant” patients is that graft cells could allosensitize them, negatively affect-
ing their transplant candidacy or outcomes post-transplant. A major drawback with 
both “bridge-to-transplant” and “destination therapy” patients is that human 
PSC-CM recipients would likely require chronic immunosuppression to avoid graft 
cell rejection, thereby greatly increasing their risk of serious LVAD or driveline 
infection. Finally, while the LVAD patient population has a number of safety advan-
tages, it would be challenging to determine efficacy given the coexisting device, and 
there are obvious ethical issues inherent in cell transplantation in individuals that 
are unlikely to be benefit (and may be harmed).

On the other hand, end-stage heart failure patients who are not candidates for 
LVAD or heart transplantation would have to accept all of the risks of cardiomyo-
cyte transplantation and immunosuppression without any “backup” strategy in the 
case of a bad outcome (e.g., graft-related tumor). Looking beyond early safety 

M.E. Hartman et al.



203

studies, an important consideration here would be whether such individuals might 
stand any chance of benefiting from cardiomyocyte transplantation. Given that 
human PSC-CMs have not mediated significant beneficial effects in chronic MI in 
the limited number of animal studies to date, it is possible that these patients would 
be accepting all of the risks with little or no likelihood of benefit.

By contrast, animal studies have so far suggested that human PSC-CM transplan-
tation can have a significant beneficial effect in the acute phase post-MI. The risk- 
benefit ratio calculation here is very challenging, because most patients respond 
well to medical therapy following acute MI and go on to have only mild or moderate 
ischemic cardiomyopathy. Because it is not straightforward to identify and enroll 
those acute MI patients that will go on to have more serious dysfunction, one would 
likely need to have a large body of preclinical (and ideally clinical) safety data 
before contemplating cardiomyocyte transplantation in this context. One could con-
ceivably target acute MI patients with cardiogenic shock that are anticipated to need 
long-term circulatory support (e.g., LVAD), but this is a relatively small proportion 
of patients and would make recruitment very challenging.

In summary, we think that currently there is a division between the clinical sce-
nario where human PSC-CM transplantation will most likely be beneficial (e.g., 
acute MI) and the patient population with the greatest clinical need. Since patients 
with severe, chronic ischemic cardiomyopathy comprise the most likely target pop-
ulation for human PSC-CM transplantation, it seems important that the preclinical 
data demonstrate benefit in this disease context. As such, clinical benefit needs to be 
shown in small- and large-animal studies that best model patients with chronic isch-
emic cardiomyopathy. Once the efficacy of human PSC-CM transplantation is 
firmly established in chronic ischemic cardiomyopathy, then planning could begin 
for human clinical trials keeping in mind the different patient groups discussed 
above.

 Conclusions

Cardiomyocyte transplantation is not yet ready to be tested in human clinical tri-
als, but tremendous progress has been made in recent years through in vitro work 
and increasingly relevant animal models of MI. Cardiomyocyte manufacturing is 
now possible at a scale and cardiac purity that would have seemed impossible 
just a few years ago. Recent preclinical studies have demonstrated the feasibility 
of remuscularizing a significant fraction of the infarct scar with electrically inte-
grated new myocardium, and impressive beneficial effects on LV contractile 
function have been reported, at least in small-animal MI models. Going forward, 
the field must address a number of practical uncertainties including the most 
appropriate dosage, cell composition, route of administration, and immunosup-
pressive therapy. These are issues that should be addressed first in large-animal 
studies, which are costly, tedious, and absolutely essential. The field also needs 
to demonstrate functional efficacy following cardiomyocyte transplantation in a 
more clinically relevant large-animal model and must satisfactorily overcome 
concerns about graft cell survival, arrhythmias, and tumor formation. Post-MI 
heart failure is a disease with high morbidity and mortality, so the need for new 
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therapeutic options is acute. Cardiomyocyte transplantation is a highly promis-
ing approach, but its effective translation will require patience, hard work, coop-
eration, and a methodical approach in preclinical and first- in- human studies.
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Heart Repair
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Abstract
Heart muscle restoration with in vitro engineered tissue constructs is an exciting 
and rapidly advancing field. Feasibility, safety, and efficacy data have been 
obtained in animal models. First clinical trials are on the way to explore the 
therapeutic utility of cell-free and non-contractile cell-containing grafts. 
Engineering of contractile patches according to current good manufacturing 
practice (cGMP) for bona fide myocardial re-muscularization and scalability to 
address clinical demands remains challenging. Proof-of-concept for solutions to 
address obvious technical hurdles exists, and it can be anticipated that the first 
generation of clinically applicable engineered heart muscle (EHM) grafts will 
become available in the near future. Foreseeable, but likely manageable risks 
include arrhythmia induction and teratoma formation. Remaining biomedical 
challenges pertain to the requirement of immune suppression and the strategic 
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approach to optimize immune  suppression without subjecting the target patient 
population to an unacceptable risk. This chapter summarizes the current state of 
tissue- engineered heart repair with a special emphasis on knowledge gained 
from in vitro and in vivo studies as well as issues pertaining to transplant immu-
nology and cGMP process development.

10.1  Introduction

Chronic heart failure is a major health burden affecting >5 million patients in the 
USA (Mozaffarian et al. 2015) and >6 million patients in Europe (Nichols et al. 
2014). Regardless of its etiology, the hallmark feature of chronic heart failure is 
progressive myocardial remodeling characterized by myocardial fibrosis, cardio-
myocyte death, and consecutive impairment of cardiac function (Travers et al. 
2016). This myocardial remodeling process is preceded and exacerbated by a mech-
anistically not fully understood chain of events, best described as the vicious cycle 
of heart failure ((Kemp and Conte 2012); Fig. 10.1). Present guidelines focus on 
pharmacological inhibition of neurohumoral pathways involved in myocardial 
remodeling as well as interventional, device, or surgical treatment. None of these 
approaches result in sustained reversal of the remodeling process or re- 
muscularization of the failing heart. To date, heart transplantation with approxi-
mately 4000 procedures performed annually is the only curative therapeutic option 
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Fig. 10.1 Overview of the pathophysiologic chain of events leading to chronic heart failure. Blue 
current state-of-the-art therapy for chronic heart failure. Red cell therapy candidates
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with excellent long-term outcome (Long et al. 2014). It will, however, remain a rare 
intervention because of donor organ shortage and thus does not provide a solution 
to the pressing medical burden imposed on our societies by the evolving heart fail-
ure epidemic (Lund et al. 2015; Roger 2010). Given the urgent need for alternative 
therapies, restoration of cardiac function is attempted by implantation of acellular 
patches and cells of different origin either directly or as engineered tissue patches 
(Laflamme and Murry 2011; Nguyen et al. 2016; Ye et al. 2013). In this chapter, we 
provide an overview of the current state of development in tissue-engineered heart 
repair. For a detailed discussion of the current tissue engineering principles, which 
include (1) cell seeding of synthetic and biological preformed matrices, (2) cell 
sheet engineering, and (3) hydrogel-based tissue engineering, we refer the inter-
ested reader to more specialized reviews (Ye et al. 2013; Zimmermann 2009). We 
touch upon what we foresee as the specific challenges for heart re-muscularization 
and its translation into clinical application. These include anticipated side effects, 
graft retention, transplant immunology, and cGMP processing.

10.2  From Paracrine Protection to Myocardial 
Re-muscularization

Direct delivery of cardiac stem/progenitor cells (SCIPIO (Bolli et al. 2011)), 
cardiosphere- derived cells (CADUSCEUS (Makkar et al. 2012)), naïve 
(POSEIDON—(Hare et al. 2012)) or modified (CHART-1 (Bartunek et al. 2016)) 
mesenchymal stem cells, and bone marrow-derived cells (REPAIR-AMI 
(Schachinger et al. 2006)) have been under clinical investigation for more than 
10 years with mixed results (Nguyen et al. 2016). Most of these studies were 
designed to explore safety and efficacy of autologous cell therapy candidates. More 
recently this strategy has been reconsidered in favor of an allogeneic off-the-shelf 
approach (e.g., in ALLSTAR (Chakravarty et al. 2016)) to better address the imme-
diate medical unmet need in patients with heart failure and render the procedure 
cost-effective. The anticipated modes of action of these cell therapy candidates 
entail (1) activation of endogenous heart repair mechanisms, (2) induction of angio-
genesis for the rescue of hibernating myocardium, and (3) activation of pro- survival 
pathways in disease-affected cardiomyocytes. A concurrent finding of preclinical 
and clinical studies is the lack of long-term retention of implanted cells (Aicher 
et al. 2003; Blocklet et al. 2006; Hofmann et al. 2005; Hou et al. 2005). Accordingly, 
the interpretation of current data is that cell grafts protect rather than re-muscularize 
the failing heart. Consequently, applications in acute and subacute disease states 
rather than in terminal heart failure with substantial scarring seem mechanistically 
plausible (Fig. 10.1). Similar limitations as to cell retention apply to cardiomyocyte 
implantation (Müller-Ehmsen et al. 2002). Heat shock treatment with co-adminis-
tration of survival factors (Laflamme et al. 2007; Shiba et al. 2016) or the utilization 
of engineered heart muscle (EHM; Riegler et al. 2015; Zimmermann et al. 2006) 
have been introduced successfully to address this limitation. Collectively, the avail-
able data on stem cell-based heart repair allow for the following conclusions: (1) 
stem cells can offer protection to the failing heart by various, so far, still not fully 
defined means; (2) sustainable re-muscularization requires cardiomyocyte grafts.
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10.3  Tissue Engineering Strategies: Lessons Learned 
from In Vitro Studies

Several tissue formats have been developed for applications in tissue-engineered heart 
repair (Fig. 10.2): (1) contractile patches or pouches, (2) non-contractile cell- containing 
patches and pouches, and (3) cell-free patches (reviewed in (Ye et al. 2013; 
Zimmermann 2009)). Contractile patches contain cardiomyocytes (Riegler et al. 2015; 
Weinberger et al. 2016; Zimmermann et al. 2006). The intention is to achieve contrac-
tile support by bona fide re-muscularization of the chronically failing heart. An out-
come measure is increased myocardial muscle mass, leading to enhanced contractile 
function. Alternatively, non-contractile patches and pouches are engineered to target 
(stem) cell therapy candidates to a defined epicardial region for spatially restricted 
paracrine protection (Bellamy et al. 2015; Chachques et al. 2008; Christman et al. 
2004). Cell-free patches or hydrogels are applied topically for mechanical stabiliza-
tion and reduction of wall stress according to the Law of Laplace (Mann et al. 2016). 
Mechanistically, cell-containing patches or pouches are capable of conferring mixed 
activities to the failing heart, including contractile support, paracrine protection, and 
mechanical stabilization. Cell-free patches, primarily applied for mechanical support, 
can be loaded with therapeutic agents for targeted delivery of, for example, defined 
growth factors to the epicardial surface of the heart (Wei et al. 2015; Zhang et al. 
2007). Tuning of the viscoelastic properties of synthetic and biological matrix material 
can be attempted to optimize mechanical support of the failing heart (Sanchez et al. 

Cellsa
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Cell-containing
patches
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Cell-free patches

Cardiomyocytes

Cardiac progenitor cells

Paracrine active cells
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Non-contractile patches

Contractile patches

Remuscularization

Prevention of disease progresssion

Prevention of disease progression

•  Contractile support
•  Paracrine protection
•  Mechanical stabilization

•  Paracrine protection
•  Mechanical stabilization

•  Mechanical stabilization
Fibrin
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Fig. 10.2 Schematic overview of the different strategies in tissue-engineered heart repair. 
Different cell types (a) can be mixed with scaffold materials (b) to engineer contractile or non-
contractile cell-containing patches or cell-free patches (c). Depending on the cell types applied, the 
mode of action of engineered tissue patches differs: Cell-containing contractile patches aim at the 
contractile support of the failing heart as well as providing paracrine protection and mechanical 
stabilization (d). Cell-containing non-contractile patches aim at paracrine support and mechanical 
stabilization (e) while cell-free patches solely provide mechanical stabilization (f)
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2015). These various activities and means to control them by design principles make 
tissue-engineered heart repair a multimodal therapeutic intervention.

Most current tissue engineering approaches utilize collagen and fibrin with or with-
out Matrigel™ (a mixture of basal membrane proteins and growth factors) to support 
self-assembly of cardiomyocytes into a synchronously contracting three- dimensional 
functional syncytium (Ye et al. 2013). The viscoelastic properties of these hydrogel-cell 
mixtures change dramatically in the presence of non-myocytes to reach similar values as 
observed in native myocardium (E-modulus in human- engineered heart muscle (EHM): 
~20 kPa; own unpublished data). How cardiomyocytes and non-myocytes interact dur-
ing the self-organization process and whether tuning of this process will enable enhanced 
cellularity and maturation is currently under investigation. The observation that non-
myocytes, and in particular fibroblasts or cells with fibroblast activity (i.e., extracellular 
matrix production), are important for in vitro tissue self-organization came initially as a 
surprise (Naito et al. 2006; Zimmermann and Eschenhagen 2003), but follows the logic 
that the normal heart is assembled from an ensemble of multiple cell types with specific 
“core” functions: (1) cardiomyocytes—contractility; (2) fibroblasts—extracellular 
matrix production; (3) endothelial cells and smooth muscle cells—vascularization; (4) 
neurons—autonomic control of contractility; (5) immune cells—tissue homeostasis. All 
cells are in constant paracrine and biomechanical cross-talk. Cardiomyocytes, fibro-
blasts, and endothelial cells comprise the largest cell fraction in the heart (Naito et al. 
2006; Pinto et al. 2016). All current myocardial tissue engineering approaches apply 
multiple defined or undefined cell types to achieve optimal contractility (Kensah et al. 
2013; Radisic et al. 2008; Riegler et al. 2015; Tiburcy et al. 2017; Tulloch et al. 2011; 
Weinberger et al. 2016; Zhang et al. 2013; Zimmermann et al. 2006); whether heart 
muscle with in vivo cellularity will have to be engineered for optimal results remains to 
be elucidated. For clinical translation and regulatory approval, it will be best to keep the 
tissue-engineered therapeutic candidate also with respect to its cellular components as 
simple as possible. Interestingly, non-myocytes appear to vanish upon implantation of 
engineered grafts originally constructed from mixed cell populations, leaving essen-
tially pure cardiomyocyte grafts (Riegler et al. 2015; Weinberger et al. 2016).

Mechanical loading and electrical stimulation have been identified as essential 
components for structural, functional, metabolic, and molecular maturation of tissue- 
engineered myocardium (Fink et al. 2000; Liaw and Zimmermann 2015; Radisic 
et al. 2004, 2007; Shimko and Claycomb 2008; Vandenburgh et al. 1996; Zimmermann 
et al. 2000, 2002b, 2006). Mechanical stimulation is one of the main driving factors 
for proper heart development. Hence, different mechanical loading approaches have 
been investigated to enhance tissue formation and maturation. These experiments 
revealed that mechanical loading improves force generation and structural organiza-
tion, increases the number of gap junctions, and leads to enhanced paracrine factor 
release (Fink et al. 2000; Lammerding et al. 2004; Vandenburgh et al. 1996; 
Zimmermann et al. 2000, 2002b, 2006). In terms of the mode of loading, support of 
auxotonic contractions by mounting EHM on flexible poles resulted in optimal func-
tional results (Naito et al. 2006; Zimmermann et al. 2006). Electrical pacing of auxo-
tonically contracting EHM at near-physiological frequency led to further enhanced 
structural and functional maturation (Godier-Furnemont et al. 2015). On the cellular 
level, electrical stimulation resulted in different models of tissue-engineered 
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myocardium in improved alignment of myofibrils, assembly of contractile proteins, 
and calcium handling (Godier-Furnemont et al. 2015; Hirt et al. 2014; Radisic et al. 
2004; Tandon et al. 2009). Collectively, these data suggest that electromechanical 
stimulation contributes substantially to all so far investigated aspects of heart matura-
tion. For heart repair purposes, it is unclear whether a state of optimal maturity exists 
or would even be desirable, because of the anticipated limited capacity of terminally 
differentiated and metabolically highly demanding matured heart muscle to adapt to 
the recipient heart environment upon implantation.

10.4  Tissue-Engineered Heart Repair: Lessons Learned 
from In Vivo Studies

In early proof-of-concept and more recent follow-up studies, we could demonstrate 
that the epicardial implantation of EHM allografts is feasible, safe, and effective 
(Didié et al. 2013; Zimmermann et al. 2006). Structural and functional support by 
EHM grafts was confirmed by echocardiography, magnetic resonance imaging, 
and left heart catheterization, demonstrating enhanced left ventricular free wall 
thickness (+0.5 mm in systole) and enhanced systolic thickening (+20%) of a tar-
geted left ventricular free wall injury (Zimmermann et al. 2006). Similarly as 
observed in a clinical trial utilizing intracoronary bone marrow-derived mononu-
clear cell infusion (Schachinger et al. 2009), there was an improvement in param-
eters of global heart function such as fractional area shortening (+40%) and ejection 
fraction (+15%) in recipients (rat model) with severely compromised heart func-
tion, i.e., a reduction in fractional area shortening (FAS) to below 30% 2 weeks 
after myocardial infarction from a FAS of ~60% in healthy rats (Zimmermann et al. 
2006). Efficacy of EHM implantation was subsequently confirmed in a mouse 
model of acute myocardial infarction (Didié et al. 2013). Electrical integration of 
allografts was demonstrated by epicardial mapping experiments and was further 
supported by the observation of enhanced systolic thickening of the EHM-treated 
heart wall (Zimmermann et al. 2006). However, it cannot be ruled out that addi-
tional mechanisms contributed to the observed functional benefits. These include 
mechanical stabilization to prevent deterioration of left ventricular geometry and 
paracrine protection. A direct comparison to non-contractile grafts provided how-
ever solid evidence as to the superiority of bona fide re-muscularization versus 
mechanical stabilization and paracrine protection alone (Didié et al. 2013; 
Zimmermann et al. 2006).

With the availability of human pluripotent stem cells, robust directed differentia-
tion protocols and controlled bioreactor systems, large-scale production of human 
cardiomyocytes and tissue-engineered constructs is now possible (Burridge et al. 
2012; Chen et al. 2015; Soong et al. 2012; Streckfuss-Bomeke et al. 2013; Tiburcy 
et al. 2014; Tiburcy and Zimmermann 2014; Tiburcy et al. 2017). Early studies sug-
gested that human embryonic stem cell (hESC)- and induced pluripotent stem cell 
(hiPSC)-derived cardiomyocytes can improve the function of injured hearts in rodent 
models (Caspi et al. 2007a; Funakoshi et al. 2016; Laflamme et al. 2007; Nelson 
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et al. 2009; van Laake et al. 2007). Whether these effects were related to electrome-
chanical integration or indirect effects (milieu modulation, mechanical support) 
remains unclear. Myocardial re-muscularization could also be demonstrated in a 
large animal xenograft study (human cardiomyocytes in pigtail macaque—Macaca 
nemestrina), while confirming the anticipated arrhythmogenicity of cardiomyocyte 
grafts (Chong et al. 2014). This study did not detect beneficial or detrimental func-
tional consequences of cardiomyocyte engraftment, very likely because of only mild 
impairment of left ventricular function after ischemia/reperfusion injury (2.4–10.4% 
of the left ventricle was affected with an ejection fraction of ~70%). 

Human EHM made of hESC derivatives enriched for cardiomyocytes showed 
sustained survival with progressive vascularization and cardiomyocyte maturation in 
a chronic ischemia/reperfusion rodent model over a study duration of >200 days 
(Riegler et al. 2015). Interestingly, enhanced ejection fraction (+5%) was observed 
independently of the presence or absence of cardiomyocytes in this model of mild 
myocardial damage with an ejection fraction of ~55% at the time of EHM implanta-
tion (Riegler et al. 2015). These observations support the notion that cardiomyocyte-
independent effects can mediate functional improvements and that more severe 
models of end- stage heart failure would be required to evaluate in detail the thera-
peutic effectiveness of re-muscularization. Similarly, hiPSC-derived cardiomyocyte 
sheets and patches improved cardiac function in a porcine ischemic cardiomyopathy 
model (Kawamura et al. 2012) and a cryo-injury guinea pig model (Weinberger et al. 
2016). Despite these encouraging data, xenogeneic models provide only limited 
information as to safety concerns pertaining primarily to tumor formation and 
arrhythmia induction because of physiological (e.g., heart rate, heart size), molecular 
(e.g., differences in the expression of sarcomeric proteins and ion channels), and 
immunological (e.g., differences in AB0, MHC proteins) mismatches. We posit that 
the use of homologous (especially as to organ physiology and immunogenicity) large 
animal models will be instrumental to translate existing preclinical models. Here, not 
only the close resemblance to the anatomy, physiology, and pathophysiology to the 
human system is important, but also the availability of allogeneic pluripotent stem 
cells for the production of tissue-engineered allografts. To date, the only model that 
fulfills these criteria is the macaque model. The usefulness of this model has been 
clearly demonstrated in several late preclinical studies (Bel et al. 2010; Shiba et al. 
2016) and was found to be instrumental for the approval of the first-in- patient 
ESCORT trial in Europe, which tests non-contractile patches comprising hESC-
derived cardiac progenitor cells identified by the expression of stage-specific embry-
onic antigen 1 (SSEA-1 aka CD15) and the second heart field marker Isl1 in patients 
with severe heart failure (Menasche et al. 2015). In an earlier study, feasibility and 
safety of collagen meshes seeded with mesenchymal stem cells were demonstrated 
(Chachques et al. 2007). Interestingly, an autologous engineered myoblast cell sheet 
product (TCD-51073; Terumo Corporation) was conditionally approved in 2015 by 
the Japanese Council of the Ministry of Health, Labour and Welfare for applications 
in heart failure. A direct contribution to myocardial contractility via electromechani-
cal integration of myoblasts or myotubes is however unlikely (Menasche 2008). 
Mechanical stabilization and paracrine mechanisms may have contributed to the 
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observed therapeutic effects in animal models and patients with heart failure (Sawa 
et al. 2015; Shirasaka et al. 2016).

Cell-free therapeutics are considered biologically less complex and thus from a 
regulatory point of view less complicated alternatives for myocardial preservation. 
The multicenter phase II AUGMENT-HF trial investigates the treatment of advanced 
heart failure patients with an alginate-hydrogel formulation (Algisyl®—LoneStar 
Heart, Inc.) in a non-blinded randomized fashion (Anker et al. 2015). After 1-year 
follow-up, improved exercise capacity, quality of life, and NYHA class, but also a 
trend to higher mortality (9 of 35 vs. 4 of 38 patients in the control group), were 
observed in the Algisyl®-treated group (Mann et al. 2016). Further studies also with 
alterative materials, for example, with natural extracellular matrix (Wassenaar et al. 
2016), are warranted to determine the therapeutic value of this approach.

10.5  Metabolic Engineering for Enhanced Survival 
Upon Transplantation

For implantation, metabolic immaturity appears advantageous and may finally be key 
for enhanced cell survival if immediate blood perfusion cannot be established. After 
implantation and graft retention with concomitant vascularization, metabolic matura-
tion will likely be advantageous for optimal in situ performance. Despite fast and 
extensive vascularization of engineered heart tissue grafts shortly after implantation 
(Leor et al. 2000; Riegler et al. 2015; Tulloch et al. 2011; Zimmermann et al. 2002a, 
2006), there is clearly limited oxygen and nutrient supply in the absence of immediate 
tissue perfusion upon epicardial implantation. To shorten the time to optimal blood 
perfusion, several groups including our own have employed pre- vascularization strat-
egies either by taking advantage of endothelial cell components in naïve heart cell 
mixtures (Naito et al. 2006) or by the specific addition of endothelial and smooth 
muscle cells (Caspi et al. 2007b; Lesman et al. 2010; Tulloch et al. 2011; Weinberger 
et al. 2016). Despite the observation that vascularization of the heart muscle implants 
is supported by co-engrafted endothelial cells (Tulloch et al. 2011; Zimmermann et al. 
2006), we are not aware of compelling evidence as to an impact of pre-endothelializa-
tion or pre-vascularization on performance of engineered heart tissue grafts. 
Interestingly, thin multilayered engineered cell sheet implants (>80 μm in thickness) 
demonstrated core necrosis after implantation and required a multistep implant strat-
egy to enable augmentation of epicardial cardiomyocyte grafts (Shimizu et al. 2006). 
The reason for this discrepancy between hydrogel and cell sheet approaches is not 
resolved, but may be related to differences in metabolic demand in high-density mul-
tilayered cardiomyocyte constructs versus thick hydrogel models comprising loosely 
organized muscle networks with the capacity for hypertrophic growth in vivo 
(Zimmermann et al. 2006; Riegler et al. 2015). Whether this proposed metabolic 
advantage will hold up in centimeter scale clinical tissue grafts remains to be deter-
mined. Large animal studies will be instrumental to scrutinize whether means to pre-
vascularize in vitro or enhance vascularization in vivo will be necessary to match 
oxygen/nutrient supply and demand for optimal therapeutic outcome.
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10.6  Immunological Considerations

Implantation of cells and tissue bears the risk of triggering an immune response, 
leading to rejection of the graft. Accurate characterization of the immunogenicity of 
stem cell-based tissue-engineered constructs is therefore of utmost importance for 
safe and effective therapy. The principal mechanism underlying graft rejection is 
recognition of the donor graft (or parts of it) by the immune system of the recipient 
as “non-self.” For rejection of solid organ transplants, three important alloantigen 
systems have been identified: (1) the AB0 system, (2) the major histocompatibility 
complex (MHC), and (3) minor histocompatibility antigens (miHA). Experience 
from solid organ transplantation indicated that single mismatches in any of these 
systems may trigger an immune response. The current heart allocation system 
exclusively considers the AB0 system, whereas HLA matching is not performed, 
mainly for logistic reasons, i.e., to not increase ischemia time beyond 4 h. In kidney 
transplantation HLA matching is feasible and was found to improve outcome 
(Montgomery et al. 2012).

Immune responses appear to be organ specific, which is most likely related 
to differences in organ cell composition, variable antigen expression, and a vari-
able degree of vascularization and thus accessibility by circulating immune cells. 
AB0 antigens are highly expressed in cardiac vascular endothelial cells and typi-
cally not found on cardiomyocytes (Thorpe et al. 1991). Similarly, HLA anti-
gens are strongly expressed on cardiac endothelial cells and represent the first 
point of contact between immune cells of the recipient in AB0-matched grafts 
(Wijngaard et al. 1991). The presence of foreign HLA antigens on endothelial 
cells is therefore considered a major factor in the immune response after heart 
transplantation.

To prevent rejection of highly vascularized AB0-matched cardiac allografts, 
pharmacological immune suppression is applied. Common immunosuppressive 
regimens include a combination of steroids and drugs that inhibit T-cell function 
(Table 10.1). Steroids are typically reduced within the first weeks after transplanta-
tion and, if possible, tapered off completely in the subsequent clinical course. 
Maintenance immunosuppression typically consists of a calcineurin inhibitor 
(cyclosporine A or tacrolimus) in combination with an antiproliferative agent (now-
adays preferably mycophenolate mofetil, formerly azathioprine) (Lund et al. 2015). 
In addition, in about 50% of heart transplant recipients, induction therapy is per-
formed with the interleukin-2-receptor antagonists (basiliximab, daclizumab) or 
polyclonal antilymphocyte globulin/antithymocyte globulin (ATG) (Lund et al. 
2015). For specific patient subgroups with certain comorbidities and drug intoler-
ance, additional immunosuppressants are available, including mTOR-inhibitors 
(sirolimus, everolimus) and co-stimulatory signal blocking agents (abatacept, 
belatacept). Under these immune suppression therapies, acute rejection episodes 
can be prevented effectively. Chronic rejection remains however a serious clinical 
concern (Lund et al. 2015). Acute and chronic heart rejection episodes are probably 
triggered mainly by unfavorable HLA mismatches and could be further aggravated 
by miHA mismatches.
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In tissue-engineered heart repair, similar precautions will have to be taken as in 
solid organ transplantation. In an ideal world, EHM with a perfect AB0 and HLA 
match would be implanted. This could be achieved by employing autologous iPS- 
cells if all cell components would be generated from the patient’s own (autologous) 
iPS-cells. Immunosuppression should in theory be dispensable under these condi-
tions. However, a large body of literature suggests that even autologous iPSC- 
derived cells trigger an immune response due to residual expression of embryonic 
self-antigens, reprogramming induced DNA mutations, or incomplete epigenetic 
resetting (Gore et al. 2011; Lister et al. 2011). In addition, immunogenic profiles 
would likely be variable in different iPSC clones and derivatives thereof (Koyanagi- 
Aoi et al. 2013; Zhao et al. 2015). In the clinical scenario of autografting, the indi-
vidual immunological signatures of the cell/tissue grafts would have to be 
characterized prior to implantation and after a time-consuming period of primary 
cell isolation, reprogramming, differentiation, and tissue construction. This would 
in our view preclude a timely allocation of an autologous cell therapy to patients 
with advanced heart failure and an accordingly high 1-year mortality.

A more realistic approach would be the establishment of an immunologically 
well-characterized cell or even tissue repository to facilitate AB0 and HLA match-
ing in an allogeneic off-the-shelf setting. It has been estimated that up to 160,000 
potential donors would have to be screened to develop a repository, allowing immu-
nologically relevant HLA matching in 90% of the Japanese population (Okita et al. 
2011). A more recent report noted that this number can be significantly reduced if 

Table 10.1 Immune suppressants in clinical application in heart transplant recipients. Typical 
doses and target trough levels assessed by therapeutic drug monitoring (TDM) are indicated

Dose
TDM: target trough 
levels

Steroids

Methylprednisolone Intra-/perioperatively
• Pulse therapy: 3 g

Not applied

Maintenance
•  Low dose (5–10 mg/day) tapered off if 

possible

Calcineurin inhibitors

Cyclosporine A Early postoperative
• 4–8 mg/kg/day PO or 1–2 mg/kg/day IV

200–250 ng/mL

Maintenance
• Dosing to target trough levels

140–180 ng/mL

Tacrolimus Early postoperative
• 0.05–0.1 mg/kg/day PO or
• 0.01–0.02 mg/kg/day IV

10–15 ng/mL

Maintenance
• Dosing to target trough levels

5–8 ng/mL

Antiproliferative agents

Mycophenolate mofetil 500–1500 mg BID PO or IV 2.5–5.0 μg/mL

Azathioprine 1–2 mg/kg/day PO or IV Not applied
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HLA-haploidentical donor cells would be used (Taylor et al. 2012). Finding these 
HLA-haploidentical donors appears to be another major task, given the high allelic 
variability of the HLA locus.

A unique twist of developmental biology, i.e., the possibility to derive partheno-
genetic stem cells (pSCs) from unfertilized oocytes, could be instrumental in estab-
lishing a manageable cell bank, because pSCs derived from metaphase II (MII) 
oocytes contain a largely haploidentical chromosome set (Kim et al. 2007). In fact, 
experimental data from mouse and human models confirmed haploidentity of their 
respective H2 and HLA loci in ~75% of the derived pSC-lines (Didié et al. 2013; 
Revazova et al. 2008). The advantage of MHC-haploidentity was recently demon-
strated by the retention of EHM allografts constructed from H2-haploidentical pSC- 
derived cardiomyocytes without the need for comprehensive immune suppression 
under MHC-matching (Didié et al. 2013).

Despite this exciting data, safe and effective treatment with human stem cell- 
derived tissue-engineered constructs will in our view first be attempted under 
immune suppression. Several immune suppression strategies have been investi-
gated in rodent and large animal models (Table 10.2). In rodent models, rejection of 
allogeneic EHM was successfully prevented by a clinically relevant immunosup-
pressive regimen consisting of cyclosporine A, azathioprine, and methylpredniso-
lone (Zimmermann et al. 2002a, 2006). Human cardiomyocytes containing tissue 
constructs implanted in Sprague Dawley rats receiving tacrolimus (Riegler et al. 
2015) and guinea pigs receiving cyclosporine A and methylprednisolone (Weinberger 
et al. 2016) showed good survival. Furthermore, human cardiomyocytes injected 
into Macaca nemestrina receiving methylprednisolone, cyclosporine A, and abata-
cept showed no obvious signs of rejection at the time of tissue harvest (Chong et al. 
2014). In two similarly designed studies, cardiac progenitor cells from rhesus 
embryonic stem cells were implanted in rhesus monkeys receiving tacrolimus or 
cyclosporine A at clinically relevant doses (Bel et al. 2010; Blin et al. 2010). In both 
studies, no obvious signs of graft rejection were observed. Interestingly, rejection of 
MHC-mismatched rhesus macaque iPSC-derived cardiomyocytes was noted even 
under “clinically appropriate” immune suppression (Shiba et al. 2016), suggesting 
an alteration of antigen presentation by the reprogramming procedure or procedure 
related bystander effects leading to immunological priming.

Apart from antigen mismatches, further factors may play a role in eliciting an immune 
response after implantation of EHM constructs. A particular risk is associated with the 
presence of circulating donor-specific antibodies (DSA) (Lister et al. 2011; Zhang et al. 
2011). DSA are considered the primary cause of hyperacute rejection, and it appears 
imperative to screen for such antibodies also in tissue- engineered heart repair recipients.

Collectively, we conclude that (1) both the cell source and the types of cells employed 
for generation of tissue constructs will determine the immunogenic profile of a tissue-
engineered heart muscle graft—cardiomyocytes appear to be the least immunogenic cel-
lular component; (2) rejection of engineered tissue constructs should be manageable 
under current immune suppression regimens, but an increased risk of infection will have 
to be considered; and (3) preformed circulating DSA should be screened for to avoid 
hyperacute rejection. Autologous transplantation of iPSC-derived cells has been com-
monly suggested since their first introduction (Takahashi et al. 2007) as a solution to the 
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obvious immunological challenge. Recent data on immune rejection of iPSC autografts 
(Zhao et al. 2015) and the apparent need for immune suppression after application of 
MHC- mismatched iPSC allografts (Shiba et al. 2016) challenged this concept. Moreover, 
we consider the need for a timely allocation of a heart muscle graft, cost-effectiveness, 
and difficulties to ensure reproducibility of therapeutic efficiency in autografts as addi-
tional and potentially even more important practical roadblocks. Currently, an off-the-
shelf allograft approach under established immune suppression protocols seems in light 
of the medical unmet need the most likely scenario for the translation of the first-generation 
tissue-engineered heart muscle patch into a clinical application.

10.7  Good Manufacturing Practice and Procedural Safety

Clinical translation will not be possible unless tissue-engineered grafts can be pro-
duced according to current good manufacturing practice (cGMP). A meticulously 
defined production process will finally ensure safety and reproducibility in clinical 
applications. Several studies have confirmed that re-muscularization can be achieved 
by human cardiomyocyte implantation, either by direct injection (Chong et al. 2014; 
Shiba et al. 2016) or application as tissue-engineered myocardium (Riegler et al. 
2015; Weinberger et al. 2016). There is also considerable evidence for electrome-
chanical integration of human cardiomyocyte grafts even in non-human recipient 
myocardium (Chong et al. 2014; Kehat et al. 2004; Shiba et al. 2012, 2016; 
Weinberger et al. 2016). Risks of arrhythmia induction and teratoma formation are 
clearly described. Collectively, the available data provides a solid underpinning for 
the clinical translation of cardiomyocyte injection and tissue-engineered heart 
repair. As to tissue-engineered heart repair and the construction of tissue-engineered 
heart muscle under cGMP conditions, several steps will have to be taken:

 1. The scaffold material must be defined and of clinical grade—as to collagen and 
fibrin, there will be no issues because of their use in clinical practice. Conversely, 
Matrigel™, secreted protein from the murine Engelbreth-Holm-Swarm sarcoma 
cells, will most likely not be acceptable.

 2. Cardiomyocytes and support cells will have to be produced by specialized labo-
ratories to meet cGMP requirements.

 3. Culture medium will have to be defined and ideally devoid of serum components 
for optimal reproducibility.

Classical product testing including sterility, identity, and potency assays need to be 
in place. Safety assays of regulatory relevance should be performed with the cGMP 
tissue-engineered product primarily in immune-compromised mice or rats. Respective 
models are well established to investigate growth of human tumor cells and pluripo-
tent stem cells. Arrhythmogenicity will remain a concern, and according to recent 
studies, its occurrence must be anticipated in all treated patients at least transiently 
(Chong et al. 2014; Shiba et al. 2016). Highly synchronized grafts, electrical pacing, 
and concomitant implantation of defibrillation devices may address this concern. 
Whether therapeutic efficacy will outweigh the risk of cardiomyocyte- based heart 
repair will finally only be predictable after the completion of clinical studies.
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 Conclusion
Tissue engineering technologies have made tremendous advances throughout 
recent years and are rapidly approaching the clinical stage. Cell-free (Mann et al. 
2016) and noncontractile patches (Chachques et al. 2007; Menasche et al. 2015) are 
already under clinical investigation (Table 10.3); contractile patches and pouches 
will follow. We do not consider scale to meet clinical demands and costs to be limit-
ing factors. Process development to meet cGMP quality has overcome important 
obstacles with early proof of concept for the cGMP-compatible manufacturing of 
contractile EHM patches available today (Riegler et al. 2015; Tiburcy et al. 2017). 
Further assessments of safety and efficacy in immune-compromised rodents and 
homologous large animal models, preferably the macaque as the most commonly 
used and predictive model for solid organ transplantation, will inform the design of 

Table 10.3 Overview of preclinical and studies on (tissue) engineered heart repair

Cell-free 
alginate

Clinical trial:

   –  Algisyl™ tested in AUGMENT-HF study Mann et al. (2016)
NCT01311791

   – VentriGel™ Study NCT02305602

Preclinical animal study:

   –  Alginate in pig with myocardial infarction Leor et al. (2009)

   –  Decellularized ECM from pig heart 
(VentriGel™)

Wassenaar et al. (2016)

Non-
contractile 
patches

Clinical trials:

   –  ESCORT (hESC-derived progenitors in fibrin 
patch)

Menasche et al. (2015)
NCT02057900

   –  Autologous myoblast cell sheet (TCD-51073) 
Study

Sawa et al. (2015)
UMIN000008013

   –  MAGNUM (mesenchymal stem cells in 
collagen patch)

Chachques et al. (2008)

Preclinical animal studies:

   –  ESC-derived progenitor sheets in macaque 
model

Bel et al. (2010)

   – Autologous skeletal cell sheets in pig Miyagawa et al. (2010)

   –  Fibrin patch with ESC-derived endothelial 
cells and smooth muscle cells in pig

Xiong et al. (2011)

Contractile 
patches

Clinical trials:

None

Preclinical animal studies:

   –  Collagen patch with ESC-derived 
cardiomyocytes in RNU rats

Riegler et al. (2015)

   –  Fibrin/Matrigel™ with iPSC-derived 
cardiomyocytes/endothelial cells in guinea pigs

Weinberger et al. (2016)

AUGMENT-HF A randomized, controlled study to evaluate Algisyl-LVR™ as a method of left 
ventricular augmentation for heart failure, ESCORT Transplantation of human embryonic stem 
cell-derived progenitors in severe heart failure, MAGNUM Myocardial assistance by grafting a 
new bioartificial upgraded myocardium, EF ejection fraction, NYHA New York Heart Association, 
ECM extracellular matrix
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early clinical trials. The optimal route of administration and dosing remain to be 
tested in large animal models, the latter under allogeneic conditions with clinically 
acceptable immune suppression if re-muscularization is the proposed mode of 
action. Therapeutic effects by mechanical stabilization and paracrine protection, if 
its target is known, do in our view not necessarily require preclinical allograft mod-
els. After 20 years of work in the field of myocardial tissue engineering, there is in 
our view a clear rationale for the clinical translation of tissue-engineered heart 
repair. Close interactions with regulatory authorities are needed to design pivotal 
(i.e., IND-enabling) preclinical trials and ensure that patients will not be subjected 
to inacceptable risks in the anticipated first-in-patient studies.
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11Imaging Cardiac Stem Cell Therapy

Xulei Qin, Ian Y. Chen, and Joseph C. Wu

Abstract
Cardiac stem cell therapy is a promising approach to repair an injured heart. 
Noninvasive imaging can be tremendously useful for characterizing its therapeu-
tic mechanisms and efficacy. In this chapter, we summarize the roles of various 
imaging modalities in assessing cell fate and cardiac function following stem cell 
therapy. The advancement of these imaging technologies is crucial for the full 
clinical translation of cardiac stem cell therapy.

11.1  Introduction

Ischemic heart disease is a condition characterized by compromised coronary blood 
flow relative to myocardial demand. When severe, the interruption of blood supply 
to the heart itself can damage heart muscle, causing a myocardial infarction (MI). 
This condition is accompanied by both contractile dysfunction and arrhythmia, 
which contribute significantly to its high morbidity and mortality (Zipes and Jalife 
2009; Chen et al. 2013). Unfortunately, the adult heart has a limited capacity to 
repair itself in the setting of an acute MI. Therefore, approaches to regenerate the 
injured myocardium via exogenous delivery of stem cells have been proposed and 
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tested in preclinical animal models, with some also undergoing further evaluation in 
clinical trials.

To date, three major types of stem cells have been used for myocardial repair, 
including adult stem cells, embryonic stem cells (ESCs), and induced pluripotent 
stem cells (iPSCs). In clinical trials, adult stem cells such as bone marrow stem cells 
(BMSCs), mesenchymal stem cells (MSCs), endothelial progenitor cells (EPCs), and 
cardiac progenitor cells (CPCs) have been the primary choices. Although not yet 
extensively tested in humans partly due to ethical concerns, human ESCs have char-
acteristics that are ideal for cardiac cell transplantation. For instance, compared to 
adult stem cells, human ESCs are pluripotent and capable of unlimited self-renewal. 
Both human ESC-derived cardiomyocytes (ESC-CMs) and ESC- derived endothelial 
cells (ESC-ECs) have been used for heart repair in MI animal models (Li et al. 2007; 
Chong et al. 2014). A recent clinical study further demonstrated the feasibility of 
transplanting human ESC-derived cardiac progenitor cells in a tissue-engineered 
graft to the failing heart of a patient (Menasche et al. 2015). Compared to human 
ESCs, human iPSCs have similar pluripotency and self-renewal capacities but raise 
fewer ethical concerns. They can be derived from the patient’s somatic cells (e.g., 
skin, blood, urinary epithelial, or adipose stromal cells). Transplantation of human 
iPSC-derived cardiomyocytes (iPSC-CMs) has been shown to improve cardiac func-
tion in a mouse MI model (Ong et al. 2015). However, for both human ESCs and 
iPSCs, their clinical transplantation is hampered by issues related to cost, immuno-
genicity, and tumorigenicity (Lee et al. 2013; Neofytou et al. 2015).

Despite the exciting progresses in stem cell biology, several issues in cardiac 
stem cell therapy still need to be addressed before its full clinical translation: (1) 
How can we optimally deliver these cells to the target site and track their distribu-
tion? (2) How can we monitor the fate of the transplanted cells, including their 
survival, integration, proliferation, and differentiation? (3) How can we best evalu-
ate their therapeutic efficacy? (4) What is the best way to evaluate their long-term 
safety? To answer these important questions, researchers have developed noninva-
sive imaging techniques using ultrasound, magnetic resonance imaging (MRI), 
single photon emission computed tomography (SPECT), and positron emission 
tomography (PET) imaging to investigate cardiac stem cell therapy in both preclini-
cal and clinical studies. Molecular imaging techniques optimized for cell tracking 
have been particularly useful in elucidating the fate, efficacy, and safety of these 
transplanted cells and will continue to help accelerate the translation of cardiac stem 
cell therapy.

11.2  Imaging Modalities for Cardiac Stem Cell Therapy

Different imaging modalities have been used in various capacities to evaluate car-
diac stem cell therapy in both preclinical and clinical studies (Chen and Wu 2011; 
Nguyen et al. 2014). Molecular imaging techniques have been primarily used for 
monitoring the fate of transplanted cells following implantation (e.g., viability, 
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proliferation, and distribution), whereas conventional imaging modalities have been 
used mostly for evaluating the therapeutic efficacy of cell therapy. The strengths and 
weaknesses of each modality need to be specifically matched to its spatiotemporal 
resolution, target sensitivity, and penetration depth in order to maximize its diagnos-
tic performance (Table 11.1).

Table 11.1 Comparisons among different imaging modalities for imaging cardiac stem cell 
therapy

Imaging 
modality

Imaging 
principal Advantage Limitation

Imaging cardiac 
stem cell therapy

Radionuclide 
imaging

Imaging organs 
or transplanted 
cells following 
the injection of 
radioactive 
tracer

High sensitivity; 
quantification 
ability

Radioactivity; 
expensive; poor 
spatial 
resolution; short 
imaging time

• Biodistribution
•  Cell viability, 

proliferation, and 
differentiation

•  Myocardial 
viability and 
perfusion

Magnetic 
resonance 
imaging (MRI)

Using magnetic 
fields and radio 
frequency 
pulses to detect 
the anatomic 
and tissue 
structures

High spatial 
resolution; 
excellent soft 
tissue contrast; 
non-radiation

Expensive; 
complicated 
operations

• Cell delivery
•  Cell 

biodistribution
•  Therapeutic 

efficacies
• Teratoma risk

Ultrasound Using the 
reflected sound 
waves to image 
organ anatomy 
and blood flow

Real-time; 
inexpensive; 
easy operation

Low tissue 
contrast; operator 
dependency

• Cell delivery
• Cardiac functions

Computed 
tomography 
(CT)

Imaging organ 
anatomy

Detailed 
structures with 
high spatial 
resolution

Ionizing 
radiation, limited 
soft tissue 
discrimination

• Cell delivery

Optical 
imaging

Using an optical 
detector to 
capture the 
emission light 
from target cells

High sensitivity, 
convenient, 
inexpensive

Poor penetration 
depth; poor 
spatial 
resolution, 
preclinical only

• Biodistribution
•  Cell viability, 

proliferation, and 
differentiation

Magnetic 
particle 
imaging (MPI)

Using 
low-frequency 
magnetic fields 
to detect iron 
oxide 
nanoparticles

High sensitivity, 
high tissue 
contrast, fast, 
non-radiational

Inability to 
discriminate live 
cells from dead 
cells

• Biodistribution
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11.2.1  Imaging Modalities

Clinical imaging modalities including radionuclide imaging, ultrasound, MRI, and 
computed tomography (CT) have different roles in the management of various car-
diac conditions due to their distinct imaging capabilities. In terms of evaluating 
cardiac stem cell therapy, one strength of imaging techniques is in providing detailed 
anatomical and functional information of the heart as illustrated in Fig. 11.1a.

Radionuclide imaging methods such as SPECT and PET using different radio-
isotopes (e.g., 99mTc for SPECT; 18F for PET) have been used to detect myocardial 
perfusion, scar size, and viability as endpoints of cardiac stem cell therapy trials. 
Cardiac MRI, due to its superior spatial resolution, offers a more precise assessment 
of cardiac function and myocardial scar than PET (La Gerche et al. 2013; Friedrich 
and Marcotte 2013). Cardiac ultrasound (e.g., echocardiography) is routinely used 
in the clinic to image structure, function, and blood flow of the heart in real time and 
has been widely applied to evaluate cardiac stem cell therapy (Huikuri et al. 2008; 
Wendel et al. 2014; Chong et al. 2014). Although CT has received increased atten-
tion for its role in the diagnosis of coronary artery disease, it has been primarily 
used as an adjunct modality to SPECT or PET (i.e., SPECT/CT or PET/CT) by 
providing the anatomical information useful for determining the distribution of 
transplanted cells.

For preclinical studies involving small animals, many of these imaging modali-
ties have miniature versions with higher sensitivities and spatial resolutions than 
their clinical counterparts. Imaging modalities that are exclusively used in small 
animals include bioluminescence imaging (BLI) and fluorescence imaging (FI), 
both of which use visible lights as signal and are therefore limited by the depth of 
light penetration. BLI has been used mainly to track stem cells that are genetically 
marked with the firefly luciferase reporter gene. Imaging of stem cell viability or 

•  PET
•  SPECT

•  MRI •  Ultrasound •  CT

b

Nucleus

Reporter gene

Reporter protein
Magnetic
nanoparticle

Radionuclide
tracer

Direct labeling Indirect labeling

•  MRI
•  MPI

•  PET
•  SPECT

•  BLI
•  FI
•  PET
•  SPECT
•  MRI

a

Fig. 11.1 Imaging for cardiac stem cell therapy. (a) Clinical imaging plays a fundamental role in 
the evaluation of cardiac anatomy and function. (b) Both direct and indirect cell labeling strategies 
have been developed to monitor the fate of transplanted cells in vivo. Direct cell labeling enables 
the imaging of labeled cells using an exogenous signal source (e.g., nanoparticle or nuclear tracer). 
Indirect cell labeling allows the imaging of cells overexpressing a reporter gene, which encodes for 
either a cell surface receptor or an intracellular enzyme to produce an endogenous signal source
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distribution is performed by exogenously delivering the substrate d-luciferin, which 
upon encountering the firefly luciferase enzyme in these cells will cause emission of 
visible light as signal. In contrast, FI of stem cells is performed by first marking the 
cells with either a fluorescent reporter gene or a fluorescent dye and then imaging 
the cells using a dedicated FI system with the appropriate laser and excitation/emis-
sion filters. These optical imaging techniques are highly sensitive and have been 
broadly used in preclinical studies. Magnetic particle imaging (MPI) that relies on 
the use of superparamagnetic iron oxide (SPIO) contrast agents as cell markers have 
also been used extensively to sensitively image transplanted cells in vivo (Zheng 
et al. 2015).

11.2.2  Cell Labeling Strategies

Current clinical imaging methods are unable to directly track the transplanted stem 
cells in vivo unless the cells were specifically labeled a priori. An ideal cell label is 
one that has high specificity for the target, generates ample signal to enable sensi-
tive detection, but does not perturb cell integrity or function. Figure 11.1b illus-
trates two major cell labeling strategies. The first strategy involves direct labeling 
of cells with an exogenous signal source (e.g., nanoparticle or nuclear tracer). The 
second strategy involves labeling the cells with a reporter gene, whose product as 
a protein, a receptor, or an intracellular enzyme will then partake in signal 
generation.

Direct labeling is typically achieved by incubating cells with an imaging probe 
that either binds to the cell surface, diffuses freely through the cell membrane, or 
is taken up into the cell via endocytosis. Superparamagnetic nanoparticles (e.g., 
SPIO), paramagnetic ion chelates, and radionuclide tracers are the most frequently 
used probes for direct labeling of cardiac stem cells. SPIO nanoparticles cause a 
highly sensitive hypointense signal on T2- or T2*-weighted images, yielding high- 
resolution tracking of the migration and integration of injected cells. However, 
because SPIO nanoparticles can be released after cell death and engulfed by mac-
rophages, SPIO-based cell labeling and imaging lead to overestimation of cell 
viability (Li et al. 2008; Winter et al. 2010). In contrast to SPIO, gadolinium (Gd) 
chelates shorten longitudinal (T1) relaxation times to generate hyperintense signal 
on T1-weighted images. Labeling of cells with Gd chelates in general provides 
lower imaging sensitivity than labeling cells with SPIO. Moreover, the potential 
dechelation of free Gd3+ ions raises potential toxicity concerns for Gd-based cell 
labeling (Budde and Frank 2009). 19F-labeled perfluorocarbon nanoparticles have 
also been used to label stem cells so that MR spectroscopy can be performed to 
track their locations (Partlow et al. 2007). Cell tracking using this approach requires 
a prolonged imaging time due to its lower sensitivity compared to conventional 
1H-based MRI.

Direct cell labeling with radionuclides is necessary when using SPECT or PET 
for cell tracking. Several radionuclides have been used to monitor transplanted cells 
for myocardial restoration, including 111In-oxine (111In; half-life ~2.8 days) and 
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99mTc-hexamethylprophylene amine oxine (99mTc-HMPAO; half-life ~6 h) for 
SPECT imaging and 18F-fluorodeoxyglucose (18F-FDG; half-life ~110 min) for PET 
imaging. Although these tracers provide highly sensitive cell detection, their rela-
tively short half-lives preclude long-term cell monitoring. Their other drawbacks 
include limited spatial resolution and radioactivity.

Indirect (genetic) labeling involves transfecting cells with a reporter gene whose 
expression as either intracellular proteins, enzymes, or surface receptors can then be 
feasibly imaged. This cell labeling method has been widely used for optical and 
radionuclide imaging of stem cells in preclinical studies. To date, BLI is the most 
widely used optical imaging method for tracking stem cells in small living animals. 
It requires the creation of genetically modified stem cells a priori to express a lucif-
erase enzyme (e.g., firefly luciferase or Renilla luciferase). During imaging, the 
enzyme substrate (e.g., d-luciferin for firefly luciferase or coelenterazine for Renilla 
luciferase) is used as an imaging probe, which on encountering the luciferase 
enzyme will emit visible light as signal to indicate cell location. This imaging 
approach is highly sensitive, semiquantitative, and easy to perform, making it suit-
able for tracking the location and survival of transplanted stem cells in preclinical 
studies (Nguyen et al. 2014). However, BLI’s poor depth-dependent spatial resolu-
tion and the inability of visible light to penetrate thick tissues make it unsuitable for 
human studies.

Reporter gene-based labeling is also frequently utilized in association with 
radionuclide imaging, which commonly uses herpes simplex virus type 1 thymi-
dine kinase (HSV1-tk) and its mutant (HSV1-sr39tk) (Cao et al. 2006). The 
reporter enzymes expressed from these genes can phosphorylate and trap intra-
cellularly various PET imaging probes, including 9-[4-[18F]fluoro-
3-(hydroxymethyl)butyl]guanine (18F-FHBG) or similar agents (Sun et al. 2009; 
Yaghoubi et al. 2009), thus providing an intrinsic mechanism for signal amplifi-
cation to ensure high imaging sensitivity. Other reporter genes have also been 
validated for radionuclide imaging of stem cells, including dopamine type 2 
receptor (D2R) for PET imaging and sodium iodide symporter (NIS) for both 
PET and SPECT imaging (Penheiter et al. 2012).

The main advantage of reporter gene-based labeling is that the detected 
imaging signal only comes from the viable cells expressing the reporter gene. 
Thus, it can be used for long-term monitoring of viability, proliferation, and 
differentiation of the transplanted cells in vivo. However, its clinical applica-
tion is hampered by potential insertional mutagenesis from transgene integra-
tion and a possible significant immune response against the genetically 
modified cells.

11.3  Noninvasive Imaging for Cardiac Stem Cell Therapy

To date, noninvasive imaging has been used to investigate various parameters of 
cardiac stem cell therapy, including cell delivery, cell fate after transplantation, ther-
apeutic efficacy, and safety (Fig. 11.2).
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11.3.1  Image-Guided Cell Delivery

Efficient cell delivery is a prerequisite for successful cardiac stem cell therapy. The 
process of delivering cells involves finding the target site(s) and delivering thera-
peutic cells in order to maximize cell retention. Different delivery methods have 
been used to deliver cells to the infarcted heart, including intravascular injection 
(Kang et al. 2012; Choudry et al. 2015), intramyocardial injection, and matrix- 
based delivery (Ye et al. 2014). Cardiac imaging plays an important role in guiding 
cell delivery and evaluating cell retention and long-term engraftment.

A clinical stem cell trial using 18F-FDG as cell labels found under 5% of injected 
cells in the infarcted myocardium following intracoronary injection (Hofmann et al. 
2005). Compared to intracoronary injection, intramyocardial and transendocardial 
injections have been shown to maintain greater cell retention in the myocardium (Hou 
et al. 2005; Vrtovec et al. 2013). Several multimodality guidance methods have been 
developed to enhance the accuracy of intramyocardial delivery. For instance, an inte-
grated imaging platform was developed to combine MRI angiography and electroana-
tomical mapping unipolar voltage to accurately identify infarct border zone for cell 
injections (Williams et al. 2013). Alternatively, ultrasound has also shown effective-
ness in guiding the delivery of stem cells labeled with nanoparticles (Jokerst et al. 
2013). Although these methods have helped improve the precision of cell delivery, a 
recent study involving tracking of stem cells using 18F-FDG PET found that injected 
cells were rapidly lost within 2 h of injection (Lang et al. 2013). Riegler et al. offered 
a solution to this problem by using tissue-engineered matrix-based delivery of cells in 
the form of engineered heart muscles (EHMs), which significantly improved cell 
retention long-term in post-MI rats (Riegler et al. 2015).

Evaluate therapeutic efficacy Monitor safetyMonitor cell fatesGuide cell delivery
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Fig. 11.2 Monitoring different processes of cardiac stem cell therapy in vivo. Cardiac imaging 
provides noninvasive assessments of different processes associated with cardiac stem cell therapy. 
(a) Clinical imaging modalities (MRI, ultrasound, and PET/CT) are used to guide cardiac stem cell 
delivery. (b) Cell labeling-based imaging methods (BLI, PET, SPECT, and MRI) are used to moni-
tor cell fate after transplantation. (c) Clinical imaging modalities (MRI, ultrasound, PET, and 
SPECT) are used to evaluate the therapeutic efficacy. (d) PET, MRI, or ultrasound is used to moni-
tor teratoma risks
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11.3.2  Imaging Transplanted Cell Fate In Vivo

To improve the efficacy of stem cell therapy, noninvasive imaging techniques have 
been used to assess various parameters such as the distribution, viability, prolifera-
tion, and differentiation of stem cells.

11.3.2.1  Imaging Cell Distribution and Viability
The distribution of transplanted cells can be imaged by direct cell labeling. For 
example, stem cells can be labeled with iron oxide nanoparticles to obtain highly 
sensitive and high-resolution imaging of cell location following delivery (Emmert 
et al. 2013a, b; Vallee et al. 2012; Qiao et al. 2009). Using SPIO nanoparticles for 
cell labeling, autologous bone marrow stem cells were detected in the infarcted 
myocardium 3 weeks after transplantation (Peng et al. 2013). Besides iron oxide 
nanoparticles, nanoparticles incorporating Gd as a contrast agent were used in MRI 
to track the location of transplanted cells up to 2 weeks (Jokerst et al. 2013). Cells 
can also be labeled with radioactive compounds for short-term radionuclide imag-
ing of cell distribution. For instance, a PET-based study showed that 5% of the 
injected ESC-CMs or fibroblasts labeled with 18F-FDG remained at the site of injec-
tion, with most of the cells having leaked to the lungs (Lang et al. 2014).

Despite its usefulness in short-term tracking cell distribution, direct labeling 
does not lend itself to long-term monitoring of cell viability because the cell labels 
are diluted with cell division and do not accurately reflect the number of viable 
cells. Furthermore, these labels can be released from cells following cell death and 
be taken up by scavenging macrophages, thus rendering the signal nonspecific to the 
transplanted cells. Radionuclide-based labels are limited by half-lives, which make 
their use unsuitable for long-term cell tracking. Thus, for long-term cell viability 
monitoring, indirect genetic labeling is more ideal.

As mentioned earlier, BLI is currently the most popular method for imaging 
the long-term survival of transplanted cells in preclinical studies (Hu et al. 2011; 
Ong et al. 2015; Freeman et al. 2015). Using BLI, Riegler et al. found that almost 
75% of the transplanted cells in EHMs died within the first 2 weeks, though a 
fraction of the cells retained viability for up to 85 days (Riegler et al. 2015). 
Besides BLI, cell viability can be also tracked using PET, SPECT, or MRI in con-
junction with appropriate reporter genes. For instance, 18F-FHBG PET imaging 
was successfully used to track the reduction of cell viability of transplanted human 
cardiac progenitor cells labeled with the HSV1-tk reporter gene over a 4-week 
period (Liu et al. 2012). 99mTc-methoxyisobutylisonitrile (99mTc-MIBI) and 99mTc-
pertechnetate (99mTcO4

−) SPECT imaging of stem cells transduced with the NIS 
reporter gene was achieved for up to 9 days (Lee et al. 2015). MRI in conjunction 
with intravenous injection of SPIO-conjugated monoclonal antibody targeting 
was used to serially image the viability of transplanted ESCs overexpressing the 
HA-fluc-myc antigen as a reporter (Chung et al. 2011). Lastly, multimodality 
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imaging of BMSCs implanted in the infarcted rat myocardium has been success-
fully performed by indirectly labeling the cell with a triple-fusion reporter gene 
composed of HSV1-tk, enhanced green fluorescence protein, and firefly luciferase 
(Pei et al. 2014).

11.3.2.2  Imaging Cell Proliferation
Besides viability, cell proliferation also determines the total number of therapeutic 
cells in the infarcted myocardium. Generally speaking, indirect labeling of cells 
with a reporter gene is necessary for imaging evaluation of cell proliferation. In a 
pioneering study, Cao et al. showed the feasibility of labeling undifferentiated ESCs 
with a triple-fusion reporter gene that expresses firefly luciferase, monomeric red 
fluorescent protein, and truncated thymidine kinase, and they were able to image the 
proliferation of ESCs in the rat myocardium over a 4-week period using BLI and 
PET (Cao et al. 2006). Chan et al. further showed that cardiosphere-derived cells 
labeled with the hNIS reporter gene can be imaged for up to 3 days using 99mTcO4 
with SPECT, during which the cell signal increased, indicating possible short-term 
cell proliferation following implantation (Chan et al. 2015). Lastly, MRI has also 
been used to assess the proliferation of transplanted cells that overexpress the fer-
ritin reporter gene following their implantation into infarcted mouse hearts 
(Naumova et al. 2012).

11.3.2.3  Imaging Cell Differentiation
Imaging stem cell differentiation in an adult heart remains challenging because 
there is not a robust protocol for directly differentiating implanted pluripotent stem 
cells into functional cardiomyocytes in vivo. Nevertheless, several imaging methods 
have been attempted. For instance, Kammili et al. successfully used BLI to monitor 
the differentiation of implanted ESCs into cardiomyocytes by genetically modify-
ing the stem cells with firefly luciferase reporter gene to express firefly luciferase 
under the regulation of the cardiac sodium calcium exchanger-1 promoter (Kammili 
et al. 2010). This approach is feasible because firefly luciferase is expressed only 
when the cardiac-specific promoter is turned on during cardiac differentiation. 
Using this method, Kammili et al. found that the transplanted ESCs continued to 
differentiate for 2–4 weeks after transplantation into neonatal mouse hearts. Later, 
Wang et al. applied a similar approach to image the in vivo endothelial differentia-
tion of hMSCs following injection into infarcted mouse hearts. Specifically, hMSCs 
were genetically modified to express firefly luciferase under the regulation of 
endothelial- specific promoter Tie-2 (Wang et al. 2012). hMSCs were capable of dif-
ferentiating into endothelial cells within 48 h of injection into MI hearts. Although 
imaging of stem cell differentiation remains challenging, these pioneering studies 
suggest that molecular imaging with further optimization of reporter gene technol-
ogy may hold the key to pinpointing the evasive mechanisms of stem cell differen-
tiation in vivo.
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11.3.3  Evaluating Therapeutic Efficacy

The major goal of cardiac stem cell therapy is to improve cardiac function via 
enhanced regeneration of the infarcted myocardium. Various clinical imaging 
modalities have been used to specifically assess its efficacy in terms of cardiac func-
tion, myocardial perfusion, myocardial viability, myocardial scar, and myocardial 
microvasculature (Chen and Wu 2011; Nguyen et al. 2014).

11.3.3.1  Evaluating Cardiac Functions
Systolic and diastolic cardiac functions measure the capacity of the heart to 
pump and fill blood. These parameters can be assessed using both ultrasound and 
MRI and have been the cornerstone of standard evaluation for any cardiac 
therapy.

Systolic function is a surrogate measure of myocardial contractility. Most stem 
cell trials to date have relied on ultrasound (echocardiography) or MRI-based esti-
mates of global systolic function, which can be inferred from both left ventricular 
ejection fraction (EF) and volumes (Huikuri et al. 2008; Wendel et al. 2014; Chong 
et al. 2014; Laflamme et al. 2007; Surder et al. 2013; Macarthur et al. 2014; Riegler 
et al. 2015). Although these global measures are convenient for evaluating systolic 
function, they are less sensitive in detecting regional changes in myocardial func-
tion that can result from direct cell implantation. Therefore, a more accurate assess-
ment of regional contractile function in terms of regional wall thickening or strain 
should be an integral component of routine evaluation for cardiac stem cell therapy. 
Indeed, several groups have shown that regional wall thickening in the scar or bor-
der zone can be a sensitive measure of recovered systolic function following cell-
based treatments (Zimmermann et al. 2006; Kang et al. 2012). Strain imaging using 
either cardiac ultrasound or MRI has also been successfully used to assess the direct 
effect of cell implantation on regional contractile function (Yamada et al. 2013; 
Macarthur et al. 2014; Chen et al. 2015).

Diastolic dysfunction is a condition that describes the abnormal relaxation of the 
ventricular myocardium following cardiac contraction and twist. It often occurs in 
patients with ischemic heart failure and can be a useful measure for assessing the 
efficacy of cardiac stem cell therapy. So far, several methods have been used to 
noninvasively evaluate the recovery of diastolic dysfunction following cardiac stem 
cell therapy. For instance, Schneider et al. have applied ultrasound-based strain rate 
imaging to document the improved diastolic function following BMSC transplanta-
tion (Schneider et al. 2009). Similarly, Riegler et al. applied tissue Doppler from 
cardiac ultrasound to measure possible changes in diastolic function following 
EHM transplantation in a chronic rat MI model (Riegler et al. 2015).

11.3.3.2  Evaluating Myocardial Perfusion
The potential effects of stem cell therapy on vasculogenesis can be assessed in terms 
of myocardial perfusion, which can be imaged using SPECT, PET, or MRI. A ran-
domized clinical trial used 99mTc-MIBI rest and stress SPECT imaging to assess left 
ventricle perfusion found a better microcirculation in the BMSC treatment group 
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compared to control group (Grajek et al. 2010). Using SPECT imaging with 99mTc- 
MIBI, investigators found improved myocardial perfusion of the left ventricle at 
8 weeks after MSC transplantation (Peng et al. 2013). Similarly, 13N-ammonia PET 
was used to show improved hibernating myocardium following intracoronary 
BMSC infusion in 15 patients (Castellani et al. 2010). In addition, Gowdak et al. 
showed that Gd-based contrast agents can be used to sensitively detect the increased 
myocardial perfusion by MRI in 21 patients after injection of autologous BMSCs 
(Gowdak et al. 2011).

11.3.3.3  Evaluating Myocardial Viability and Scar Changes
Increased myocardial viability is a main goal for applying cardiac stem cell therapy 
to treat MI. Various imaging methods have been used to assess myocardial viability. 
18F-FDG PET, which measures the glucose metabolism, is considered the gold stan-
dard for measuring myocardial viability. It has been widely used to measure myo-
cardial viability following stem cell transplantation (Hofmann et al. 2005; Castellani 
et al. 2010; Sheikh et al. 2012). Additionally, SPECT/CT imaging with 99mTc- 
HMPAO was applied to evaluate cardiomyocyte apoptosis in a stem cell-engineered 
delivery platform (Godier-Furnemont et al. 2013). Several MRI technologies have 
also been used to evaluate myocardial viability. For instance, an MR spectroscopic 
saturation transfer technique has been developed to detect the myocardial ATP turn-
over rate after human iPSC transplantation. Using this technique, Xiong et al. 
showed markedly attenuated ATP utilization in the border zone after treatment of 
human iPSC-derived vascular cells (Xiong et al. 2013). Manganese-enhanced MRI 
has also been applied to detect myocardial viability in MI mice treated with human 
placenta-derived amniotic MSCs (Kim et al. 2015).

Besides increased myocardial viability, shrinkage of scar size is also considered 
a desirable outcome of stem cell therapy. Late gadolinium enhancement (LGE) MRI 
is considered the gold standard for quantifying myocardial scar in the clinical set-
ting (Kwong and Farzaneh-Far 2011). This technique has been successfully used to 
assess changes in scar size after stem cell therapies in both preclinical and clinical 
studies (Golpanian et al. 2015; Kraehenbuehl et al. 2011; Riegler et al. 2015).

11.3.3.4  Evaluating Myocardial Microstructure
The myocardial microstructure (i.e., cardiac fiber orientation) is closely related to 
cardiac contractile and conduction functions. Therefore, successful cardiac repair 
is expected to improve myocardial microstructure, and a comprehensive evalua-
tion of cardiac stem cell therapy should encompass an assessment of myocardial 
microstructure. However, the evaluation of myocardial microstructures has been 
primarily limited to ex vivo studies because of the requirements for high resolu-
tion and limited motion (Chen et al. 2015). Fortunately, recent advances in MR 
diffusion tensor imaging (DTI) have made it possible to directly assess the effect 
of stem cell therapy on the microstructure of infarcted myocardium in a beating 
heart. DTI tractography method has been used to directly measure the recon-
structed microstructures after BMMC therapy in an in vivo mouse MI model 
(Sosnovik et al. 2014).
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11.3.4  Evaluating the Safety of Stem Cell Therapy

Depending on the cell type, stem cell therapy can cause untoward side effects. For 
example, undifferentiated pluripotent stem cells, even at low numbers following 
implantation, can cause teratoma (Lee et al. 2013; Neofytou et al. 2015). Genetic 
modification of stem cells, especially with the use of integrating vectors, can also 
cause insertional mutagenesis and thus potentially undesirable cellular phenotypes. 
Because of these concerns, it is imperative to include in the assessment of cardiac 
stem cell therapy an evaluation for potential side effects.

Several imaging methods have been utilized to detect the potential for teratoma 
formation after pluripotent stem cell transplantation. A simple approach is to 
directly identify the abnormally shaped mass using cardiac ultrasound (Oommen 
et al. 2015). This approach, however, suffers from low accuracy and sensitivity, 
especially when used for very small tumors. BLI provides an alternative approach 
to assessing teratoma by detecting the rapid increases in signal associated with 
enhanced cellular proliferation (Cao et al. 2006; Wyles et al. 2014). Another 
approach to detect teratoma is by assessing the enhanced angiogenesis that often 
accompanies teratoma formation, which can be detected using 64Cu-DOTA-RGD4 
PET (Cao et al. 2009). MRI using serial intravenous administration of SPIO- 
conjugated monoclonal antibody targeting the HA-fluc-myc antigen can also be 
employed to characterize teratoma formation (Chung et al. 2011). A recent study 
using T2-weighted, T2*-weighted, and LGE MRI showed the feasibility of detect-
ing iPSC-derived teratoma of >8 mm3 (Riegler et al. 2016). This study also demon-
strated the potential utility of combining MRI with serum biomarkers (i.e., 
carcinoembryonic antigen, a-fetoprotein, and human chorionic gonadotropin) for 
more sensitive detection of teratoma.

 Conclusion

Although cardiac stem cell therapy for myocardial repair has been well estab-
lished in preclinical studies, it has yet to confer consistent benefits in humans due 
the lack of a systemic approach to optimize this therapeutic modality in the clini-
cal setting (Nguyen et al. 2016a, b). In this regard, noninvasive imaging can play 
an important role by providing a valuable tool to optimize cell delivery, investi-
gate unknown biological mechanisms, evaluate therapeutic efficacy, and detect 
potential stem cell misbehavior. Although it is now feasible to perform image- 
guided cell delivery and evaluate therapeutic efficacy, challenges remain for 
long- term monitoring of transplanted cells because of limitations associated with 
direct cell labeling, as well as safety concerns associated with indirect cell label-
ing using reporter genes. Therefore, the need to develop a safe and sensitive 
approach to monitor long-term stem cell fates in humans is of the utmost clinical 
importance. The rapid progress in developing powerful noninvasive and molecu-
lar imaging techniques will make them indispensable in the clinical translation 
of promising cardiac stem cell therapy.
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12Stem Cell Transplant Immunology

Katharine K. Miller and Sonja Schrepfer

Abstract
Stem cell transplantation is quickly developing as an attractive therapeutic option 
for regenerating tissues injured by cardiovascular disease. From embryonic to 
induced pluripotent stem cells, from injection of stem cells to differentiation of 
cardiac cell lineages, researchers continue to push the boundaries of how stem 
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cells can be used in treatments. The major hurdle in the way of creating effective 
methods for tissue regeneration is immune rejection of transplanted materials; 
even undifferentiated stem cells can be recognized by the transplant recipients’ 
immune system, limiting their survival and overall beneficial potential. 
Posttransplant rejection of cellular materials does not always follow the same 
immunological progression, and as such, different types of stem cells can be 
rejected through distinct immune pathways. Therefore, a strong understanding of 
the known mechanisms behind stem cell immunogenicity—including specific 
cases of embryonic and patient-specific stem cell rejection—is pivotal for 
researchers to develop more efficient therapeutics. The future of stem cell trans-
plantation research lies in developing techniques that prevent immune recogni-
tion of transplanted cells or tissues and in generating ready-to-use stem cell lines 
that can be quickly and easily prepared for transplantation.

Abbreviations

ES Embryonic stem
HLA Human leukocyte antigen
IFN Interferon
iPS Induced pluripotent
MHC Major histocompatibility complex
miHA Minor histocompatibility antigen
NK Natural killer
NT-ESC Nuclear transfer embryonic stem cell
TCR T cell receptor
SCNT Somatic cell nuclear transfer
SNPs Single nucleotide polymorphisms

12.1  Stem Cell Therapy: Possibilities and Drawbacks

Stem cell therapy is fast developing as one of the most intriguing prospective treat-
ments for regenerating injured cardiovascular tissue. With the low availability of 
organs for transplantation and the accompanying lengthy wait, the possibility of 
regenerating tissue by transplanting readily available cell lines into patients is 
understandably appealing. Stem cell therapy has shown promising initial results for 
rehabilitating ischemic heart tissue after transplantation in animal models (Yang 
et al. 2002; Laflamme et al. 2007; Nelson et al. 2009; Carpenter et al. 2012; Zwi- 
Dantsis et al. 2013); however, the propensity for the transplant recipient’s immune 
system to reject allogeneic material greatly reduces the potential efficacy of thera-
peutics and diminishes the possible positive effects surrounding such treatment.

Because pluripotent stem cells can be differentiated into numerous cell types, the 
potential application of stem cell therapy is wide-ranging. Differentiation can be 
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performed ex vivo, allowing researchers or clinicians to closely monitor the proce-
dure, insuring that the proper population of cells is generated prior to transplanta-
tion. In most cases, undifferentiated stem cells are avoided in clinical transplant 
therapies due to their propensity to form teratomas (Blum and Benvenisty 2008); 
rather, such therapies tend to use differentiated stem cells (e.g., stem cell- derived 
cardiomyocytes transplanted into the myocardium of patients suffering from heart 
failure).

Pluripotent stem cells can be obtained through a range of methods, from directly 
using embryonic stem cells, to generating induced pluripotent stem cells, and to 
performing somatic cell nuclear transfer. Designing more effective treatment 
options requires knowledge of the pros and cons behind each of the stem cell variet-
ies, as well as the immunological reasons behind posttransplant rejection of pluripo-
tent stem cells and their differentiated progeny. Researchers are working to design 
stem cell lines and transplantation methods that will not trigger rejection from the 
recipient’s immune system. Until then, scientists continue to develop more effica-
cious therapeutics by avoiding materials that strongly induce immunological rejec-
tion pathways.

12.2  Immunological Mechanisms of Stem Cell Rejection

Transplanted materials—including stem cells—are easily rejected by the recipient’s 
immune system. While acute cellular rejection can be successfully avoided through 
the use of general immunosuppressants, this treatment is not an ideal solution for 
long-term clinical applications as it can result in negative side effects (see Sect. 
12.5.1). New methods must be developed in order to generate therapies that are 
conducive to robust cellular regeneration and the enduring health of transplant 
patients. In order to generate stem cell transplantation methods that effectively 
evade activation of the immune system, it is pivotal to understand the molecular 
mechanism behind their posttransplant rejection.

12.2.1  Major Histocompatibility Complexes

The immune system is designed to protect the individual from invading materials; 
the properties of the immune system that create effective protection are also the 
reason why allogeneic transplanted material is so effectively rejected. T lympho-
cytes continuously search for invading material and can recognize cells presenting 
antigens bound to major histocompatibility complexes (MHCs) at the cell surface 
(For reviews, see Horton et al. 2004; Neefjes et al. 2011). MHCs—human leukocyte 
antigens (HLAs) in humans—are cell surface molecules organized into two classes. 
Class I MHCs consist of three subunits and interact with a β2-microglobulin sub-
unit, while class II MHCs are made up of four subunits and have no β2-microglobulin 
interaction (Fig. 12.1). MHC classes are also expressed in different cell types: class 
I MHCs are nearly ubiquitously expressed on cells with nuclei, and class II MHCs 
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are found on so-called “antigen-presenting” cells, such as endothelial cells, macro-
phages, B cells, and dendritic cells. This separation in localization helps to ensure 
that the appropriate receptor can recognize the correct MHC class. When an antigen 
is taken into the cell, it is broken down into peptides. MHCs bind to certain fre-
quently occurring peptide sequences and present them on the cell surface, at which 
point T cell receptors (TCRs) can interact directly with the MHC and peptide com-
plex. The presence of the peptide bound to the MHC is necessary for this interaction 
and ensures that self-MHCs alone do not trigger a T cell reaction. TCRs are selected 
to recognize and avoid reacting to self-MHC variants without peptide or with self-
peptide (Starr et al. 2003).

MHCs are polygenic: every individual carries multiple genes that influence the 
molecular makeup of their MHCs (Fig. 12.2). Each human individual carries six 
MHC class I alleles and 6–8 MHC class II alleles. Through this diversity, multiple 
different class I and II MHCs can be generated (Horton et al. 2004). Each polygene- 
specific MHC variant targets distinct subsets of peptide sequences, which allows 
immune detection of diverse antigens. Increasing the number of MHC-associated 
polygenes would expand the number of total peptides recognized by the varied final 
MHCs, which begs the question why MHC variations are relatively limited in indi-
viduals. One possible explanation relies on the fact that TCRs that can bind to and 
recognize self-MHCs without peptide should not be expressed. By increasing the 
number of MHC variants, there would have to be a corollary reduction in T cell 
diversity in order to prevent T cells attacking self-cells. The immune system seems 
to have struck a balance between the diversity of MHCs that can bind to various 
peptide sequences and the variety of T cells that can target antigen-bound MHCs.

Although MHC polygenes found in individuals are limited in number, the chance 
of infectious disease spreading throughout a population is low due to the polymor-
phic nature of MHCs (Fig. 12.2). Different MHC genes are expressed in individuals 

MHC CLASS I MHC CLASS II

Cell Membrane Cell Membrane

α2 α1

α3

α1

α2β2

β1

β2-
microglobulin

peptide-binding
groove

peptide-binding
groove

Fig. 12.1 MHC classes. Both MHC classes are membrane-bound complexes. MHC class I con-
sists of three subunits which associate with a β2-microglobulin. MHC class II consists of four 
subunits. Both MHC classes contain a peptide-binding groove where antigen peptides can be 
presented
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across the population, which allows the balance of MHC diversity and T cell diver-
sity in the individual to be maintained while still generating an extremely diverse 
overall variety of peptide recognition in the population.

While the population-wide polymorphic nature of MHCs is very successful in 
preventing the human population from being wiped out by disease, it vastly com-
plicates the matter of cellular, tissue, and organ transplantation. Allogeneic trans-
planted materials usually express different MHCs than the recipient. This causes 
transplanted materials to be identified as foreign invaders by the recipient’s T 
cells. TCRs recognize specific self-MHCs bound to peptides, and they have been 
“trained” not to respond to self-MHCs without foreign antigen peptides. However, 
T cells can respond to non-autologous MHCs through a cross-reactivity process. 
This method for recognizing and reacting to mismatched MHCs is extremely 
important for the immune system to prevent invading material from attacking the 
host (Zerrahn et al. 1997; Macedo et al. 2009) but also complicates transplanta-
tion therapeutics.

12.2.2  Minor Histocompatibility Antigens

If MHCs were the only reason for immune rejection, MHC-matched transplantable 
materials would easily address this problem. However, even when using MHC- 
matched materials, posttransplant immune responses have still been observed 
(Goulmy et al. 1976; Vogt et al. 2000). Rejection can be caused by expression of 
minor histocompatibility antigens (miHAs). Simply, miHAs are altered peptides 
created from a small gene variance between individuals in a population. MHCs can 
bind to and present miHAs for recognition by T cells.

Polygenic:
Individual Variance

Polymorphic:
Population Variance

Individual 1 Individual 1 Individual 2 Individual 3

Fig. 12.2 MHCs are polygenic and polymorphic. Diversity of MHCs is generated through two 
methods. Diversity within the individual is generated through the polygenic nature of MHCs, with 
multiple genes coming together to form variants of MHCs. A broader diversity is generated 
population- wide through the polymorphic nature of MHCs. Different individuals often express 
different MHC genes, thereby increasing the overall number of peptides that can be bound and 
decreasing the chances for a population-wide epidemic
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Most miHAs are generated by single nucleotide polymorphisms (SNPs), leading 
in some instances to alterations of a single amino acid within the encoded polypep-
tide according to the RNA codon usage. This change can potentially alter the struc-
ture and function of the protein and can even create a truncated isoform if a stop 
codon is produced upstream. Other mutations, such as gene deletions, can also gen-
erate miHAs. The final outcome in all cases is a small difference in the protein that 
is expressed between the donor and the recipient that, when presented by MHCs, 
can directly activate T cells. This alloantigenic property is the defining factor of 
miHAs.

The first reported miHA-caused rejection was identified after an HLA-matched 
male to female sibling transplantation rejection occurred. In this case, the presence 
of a miHA found on the Y chromosome increased T cell production and caused 
immune rejection (Goulmy et al. 1976). This study emphasized that certain rejec-
tion pathways can be activated despite controlling for matched MHCs and sug-
gested that additional non-MHC-dependent transplant rejection pathways may 
exist.

In addition to Y chromosomal miHAs, several autosomal miHAs have been 
identified. Although the number of genes that could potentially generate miHAs is 
quite high, it appears that only certain gene alterations trigger recognition by the 
immune system. Even so, more than 50 different miHAs have been identified in 
humans, with more that likely exist (Table 12.1; Spierings 2014).

Table 12.1 More than 50 
minor H antigens have been 
identified. While many 
antigens have the possibility 
to be minor H antigens, to 
date, around 50 minor H 
antigens have been identified 
(Spierings 2014)

Name Gene

ACC-1Y BCL2A1

ACC-1C BCL2A1

ACC-2 BCL2A1

ACC-4 CTSH

ACC-5 CTSH

ACC-6 HMSD

C19orf48 C19orf48

CD19 CD19

DPH1 DPH1

HA-1/A2 HMHA1

HA-1/B60 HMHA1

HA-2 MYO1G

HA-3 AKAP13

HA-8 KIAA0020

HB-1H HMHB1

HB-1Y HMHB1

HEATR1 HEATR1
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Name Gene

HER2 HER-2/NEU

LB-ADIR-1 TOR3A

LB-APOBEC3B-1K APOBEC3B

LB-ARHGDIB-1R ARHGDIB

LB-BCAT2-1R BCAT2

LB-EBI3-1I EBI3

LB-ECGF-1 TYMP

LB-ERAP1-1R ERAP1

LB-GEMIN4-1V GEMIN4

LB-LY75-1K LY75

LB-MR1-1R MR1

LB-MTHFD1-1Q MTHFD1

LB-NISCH-1A NISCH

LB-NUP133-1R NUP133

LB-PDCD11-1F PDCD11

LB-PI4K2B-1S PI4K2B

LB-PRCP-1D PRCP

LB-PTK2B-1T PTK2B

LB-SON-1R SON

LB-SSR1-1S SSR1

LB-SWAP70-1Q SWAP70

LB-TRIP10-1EPC TRIP10

LB-WNK1-1I WNK1

LRH-1 P2X5

P2RX7 P2RX7

PANE1 CENPM

SLC19A1 SLC19A1

SLC1A5 SLC1A5

SP110 SP110

T4A TRIM42

TRIM22 TRIM22

UGT2B17 UGT2B17

UGT2B17 UGT2B17

UGT2B17 UGT2B17

UTA2-1 KIAA1551

UTDP4 ZDHHC12

ZAPHIR ZNF419

Table 12.1 (continued)

Although mismatched MHCs are considered to be the clearest cause of post-
transplant rejection, miHAs have also been shown to be involved. With regard to 
hematopoietic stem cell transplantation, mismatched miHAs increased the occur-
rence of graft-versus-host disease and strongly decreased the probability of 
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overall survival (Dzierzak-Mietla et al. 2012). Taken together, it becomes clear 
that known miHAs should be considered when designing transplantation 
therapeutics.

12.3  Embryonic Stem Cell Immunogenicity

Early developments in stem cell therapy revolved around the generation of the first 
human embryonic stem (ES) cell line (Thomson et al. 1998). These pluripotent cells 
can be obtained from the blastocyst stage of embryonic development and not only 
have the ability to self-regenerate but can also be differentiated into various cell 
types. Despite ethical concerns and consequent restrictions on their availability, the 
unique properties of ES cells have been integral to many important research and 
clinical developments.

Initial reports suggested that ES cells were afforded a level of immune privilege, 
largely thought to exist due to their low levels of MHC expression (Li et al. 2004; 
Drukker et al. 2002). It was hoped that due to their immune privilege, ES cells could 
be transplanted into patients without triggering an immune response. However, over 
time it has become clear that the concept of ES cell immune privilege is more 
nuanced. Although some ES cells express low levels of MHCs, these MHC expres-
sion levels seem to be enough to trigger an immune response (Swijnenburg et al. 
2008a; Deuse et al. 2011). Moreover, MHC levels appear to be highly variable and 
to change with regard to culture time, differentiation state, and culture conditions 
(Drukker et al. 2002).

An example of variable MHC expression levels on ES cells can be seen after the 
addition of interferon (IFN)-γ, a cytokine associated with transplantation and rejec-
tion (Drukker et al. 2002). Experimental addition of IFN-γ increased expression 
levels of MHC-I in undifferentiated ES cells, although a similar increase is not seen 
after addition of IFN-α or IFN-β. However, when ES cells are differentiated, all 
three IFNs can cause increased expression of MHC-I. This suggests that an increase 
in ES cell MHC expression could occur posttransplantation, therefore initiating 
rejection of cellular material.

Even without MHC expression level variation, ES cells may not avoid rejection. 
The “missing self” hypothesis suggests that cells that present low levels of MHC-I 
are more likely to be targeted by natural killer (NK) cells. NK cells use an inhibitory 
feedback loop to prevent an attack when they recognize MHCs (Karlhofer et al. 
1992; Kambayashi et al. 2001). When MHC-I is not presented on a cell, the inhibi-
tory pathway of NK cells is not activated. NK cells can then target low MHC-I- 
expressing cells as invading material. Indeed, during a syngeneic transplant model, 
it was shown that low levels of MHC-I resulted in a nearly total destruction of the 
graft by NK cells (Ma et al. 2011). However, when IFN-γ was added to the cells to 
induce MHC-I expression, the NK attack was mitigated. It appears that a delicate 
balance of MHC expression in stem cells during development is maintained in order 
to avoid triggering an immune response.
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It has been suggested that an inability to easily resolve rejection during experi-
ments over time is the culprit for varied reports on the immune privilege (or lack 
thereof) of ES cells. This was addressed by monitoring human ES cell survival 
through noninvasive bioluminescence, which further confirmed the progression of 
human ES cell rejection in a xenotransplant model. When posttransplant human ES 
cell survival was compared in immunocompetent and immunodeficient mice, it was 
shown that ES cell rejection was much higher in the immunocompetent mice 
(Swijnenburg et al. 2008b). Additionally, upon repeat injection of human ES cells, 
the rejection speed increased, suggesting that rejection was promoted by the adap-
tive immune system.

There has been particular interest in using stem cells to regenerate injured tis-
sue, and ES cell’s suggested immune privilege made them an ideal starting mate-
rial for this research. ES cells can be differentiated in vitro into beating 
cardiomyocytes (Mummery et al. 2002; Xu et al. 2002; He et al. 2003), and initial 
transplantation of ES-derived cardiomyocytes into mouse cardiac tissue showed 
promise, with reports of integration and partially improved heart function 
(Laflamme et al. 2007; Ardehali et al. 2013). However, combined with the inclina-
tion for ES cells to form teratomas, there have been reports that ES-differentiated 
cardiomyocytes can induce an immune response in the myocardium posttransplan-
tation (Nussbaum et al. 2007).

The first trial of human ES cell transplantation into humans has been undertaken 
with regard to regenerative therapy for patients with macular degeneration 
(Schwartz et al. 2012; Schwartz et al. 2015). The eye is a known immune privi-
leged organ, which naturally reduces the possibility of posttransplant rejection 
(Streilein 2003). In this trial, retinal pigment epithelium was derived from human 
ES cells and transplanted into the subretinal space. Impressively, even nearly 
2 years after treatment, a continued significant improvement in visual acuity was 
observed in the eyes that received the transplant. This was not accompanied by 
obvious safety issues. Future trials will surely look into methods to further improve 
regeneration, as well as hopefully moving ES cell therapy, toward the ability to 
regenerate additional tissue types.

ES cell therapy shows great promise for use in tissue regeneration. With varied 
reports of MHC expression level and immune responses, it is important that future 
studies not take ES cell immune privilege for granted. The immunogenicity of plu-
ripotent stem cells remains one of the major hurdles in the way of developing effec-
tive clinical stem cell applications.

12.4  Patient-Specific Stem Cell Immunogenicity

Because allogeneic material is frequently and easily rejected, developing syngeneic 
and autologous stem cells has been a clear goal for generating better stem cell meth-
odology. Subsequently, multiple methods for generating such cell lines have been 
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established, including induced pluripotent stem (iPS) cell and somatic cell nuclear 
transfer (SCNT) derivation. Both of these powerful technologies have been impor-
tant for modern stem cell research development. However, despite their ability to 
generate genetically identical cellular material for transplantation, neither stem cell 
type fully avoids the problem of posttransplant immune rejection.

12.4.1  Induced Pluripotent Stem Cell Immunogenicity

Due to the ethical questions associated with ES cell use and the resulting restricted 
availability of ES cell lines, the research community welcomed the advent of iPS 
cells in 2006 (Takahashi and Yamanaka 2006). iPS cells are pluripotent cells gener-
ated through systematic reprogramming of adult cells by sequentially adding mul-
tiple chemicals or molecules. Once generated, iPS cells can be differentiated into 
many different cell lineages for research or clinical purposes.

Patient-specific differentiated cells have been targeted for their possible thera-
peutic applications through direct transplantation or generation of tissue grafts. 
Since these cells would be genetically identical to the donor recipient, it was ini-
tially believed that there would be no cause for the recipient immune system to 
recognize and reject them posttransplantation. However, it appears that even with a 
genetically identical template, patient-specific iPS cells may not always success-
fully avoid rejection.

Through the process of reprogramming autologous iPS cells, certain gene expres-
sion levels are increased when compared with ES cells. This altered gene expression 
can be recognized by the transplant recipient’s immune system (Zhao et al. 2011; de 
Almeida et al. 2014). It may be that some of the overexpressed genes are normally 
turned off during development of the fetus’ immune system. In the case of autolo-
gous iPS cells, their expression appears to cause the immune system to identify 
them as nonself cells (Fig. 12.3). A separate study found that T cell intrusion and 
tissue necrosis accompanied teratoma formation when autologous human iPS- 
derived cells were transplanted into a humanized mouse model. Moreover, depend-
ing on the type of cell derived from the human iPS cells, the level of immune 
response and accompanying rejection was altered (Zhao et al. 2015).

Despite difficulties with posttransplant rejection, iPS cells and iPS cell-derived 
cardiomyocytes continue to be a focal point for myocardial regenerative therapy. 
This is due in part to the fact that iPS cells can be proliferated in culture and dif-
ferentiated into multiple cardiac cell lineages. Initial results have been encouraging 
in animal models, showing partial rescue of cardiac function (Nelson et al. 2009; 
Carpenter et al. 2012; Zwi-Dantsis et al. 2013). However, it seems that the number 
of cells that survive posttransplantation reduces significantly over time—a process 
that could have multiple explanations, including an immune response (Templin 
et al. 2012). Clearly, the immune reaction to iPS cells will have to be investigated in 
detail before their use in clinical applications.

Autologous-generated iPS cells for human treatment may not be ideal even if 
immune rejection can be avoided, since generating patient-specific iPS cells is 
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extremely time, cost, and labor intensive. Speed of treatment is particularly neces-
sary when responding to many types of cardiovascular disease. On the other hand, 
immune rejection of allogeneic iPS cells and iPS cell-derived cardiomyocytes 
undoubtedly inhibits their full regenerative potential. The ideal solution would be to 
create a method that could reliably reduce posttransplant rejection of allogeneic 
cells. If this can be achieved, an “off-the-shelf” iPS cell line or its derivatives could 
be kept on hand for fast response in cardiovascular disease therapy. Multiple labo-
ratories worldwide are currently pursuing such technologies.

12.4.2  Somatic Cell Nuclear Transfer Immunogenicity

SCNT has been suggested as a method for quickly generating patient-specific stem 
cells (Tachibana et al. 2013). By transferring the nucleus from a patient cell into the 
cell body of an enucleated oocyte, the resulting pluripotent stem cell will contain an 
identical nuclear genome to the donor recipient. This was suggested as a potentially 
useful therapy for patients with mitochondrial disease, as the mitochondria are 
derived from the healthy oocyte donor (Tachibana et al. 2013).

While SCNT transfer has been successfully performed and used for significant 
stem cell research contributions, Deuse et al. found that despite generating match-
ing nuclear genomes between the SCNT cells and the recipient, the mismatched 
mitochondria can stimulate an immune response due to differences in the mitochon-
drial DNA (Fig. 12.3; Deuse et al. 2015). Observation of embryonic stem cells 

SCNT

Autologous Cell SCNT-derived Cell

iPS Cells

Autologous Cell Reprogrammed iPS Cell

Identical nucleus
Mismatched mitochondria

Altered gene expression
through pluripotency induction

Fig. 12.3 iPS and SCNT cell immunogenicity. iPS cells can be generated to be autologous, which 
should prevent their rejection in theory. However, during this reprogramming, iPS cells may have 
altered expression of certain genes, which can cause rejection of transplanted cells. SCNT was 
suggested as an alternative method for generating cells with identical nuclei to the transplant recip-
ient. However, mismatched mitochondrial DNA and consequent proteins appear to be enough to 
trigger rejection
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generated by nuclear transfer (NT-ESC) revealed that mismatched mitochondrial 
proteins are able to trigger the recipient immune system, even with as few as one or 
two mismatched proteins. The immune response appeared to be adaptive in nature, 
directed against mitochondrial content, and amenable for tolerance induction 
(Deuse et al. 2015).

iPS cell and SCNT technology continue to be extremely important for develop-
ing new regenerative therapies; however, it is clear that posttransplant rejection is a 
serious issue. For future development of stem cell therapies, it will be particularly 
important to keep in mind the possible immunogenic effects of proteins associated 
with pluripotency and mismatched mitochondria.

12.5  Current and Developing Methods to Reduce Stem Cell 
Immunogenicity

The future of stem cell therapy relies on developing methods that can regenerate 
tissue without activating an immune response. Finding a method that can overcome 
this hurdle is one of the “holy grails” of modern cardiovascular disease research. 
Some methods, such as general immunosuppression, while not ideal, are presently 
in use to prevent rejection of transplanted materials. However, many innovate tech-
niques are currently under development.

12.5.1  General Immunosuppression

Since there are many nuanced reasons why immune rejection of transplanted stem 
cells can occur, the research community will have to be innovative with regard to 
developing therapeutic methods. Currently, one of the main methods used to prevent 
posttransplant rejection is through long-term use of general immunosuppressants, 
including corticosteroids and calcineurin inhibitors such as cyclosporine or tacroli-
mus. However, use of long-term immunosuppressants is not an ideal solution, as it 
can lead to severe side effects including cardiovascular complications, infections, 
and increased risk of cancer, among others (Hsu et al. 2008; Khurana and Brennan 
2011). Finding methods that prevent the rejection of transplanted material without 
compromising the general immune system would be better alternatives.

12.5.2  Cardiospheres

The recent generation of cardiospheres and cardiosphere-derived cells has shown 
promise as a method for therapeutic regeneration. Cardiospheres are cells derived 
from the heart that have stem capabilities, in that they can be differentiated into dif-
ferent cell lineages and can regenerate (Messina 2004). Importantly, autologous 
cardiosphere-derived cell transplantation was clinically tested through a trial named 
CADUCEUS (Cardiosphere-Derived Autologous Stem Cells to Reverse Ventricular 
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Dysfunction) (Makkar et al. 2012). The CADUCEUS trial monitored tissue regen-
eration and overall health in patients that had a recent myocardial infarction. 
Although they did not find any improvements in cardiac function, they did observe 
a reduction in myocardial scarring. The current ALLSTAR (Allogeneic Heart Stem 
Cells to Achieve Myocardial Regeneration) trial is assessing for the first time the 
safety and efficacy of allogeneic cardiospheres as a treatment option for patients 
within 12 months of a myocardial infarction (Makkar et al. 2014). Use of cardio-
spheres for tissue regeneration shows promise; however it will be important to iden-
tify the mechanism by which cardiosphere cells act as well as methods for increasing 
treatment efficacy.

12.5.3  Generation of a Molecularly Modified Stem Cell Line

One method to avoid immune rejection would be to create a molecularly modified 
non-immunogenic stem cell line. Such an “off-the-shelf” cell line would be very 
useful for clinical stem cell therapy in regenerative medicine. This cell line might be 
created by altering the expression levels of different molecules (e.g., MHCs) in 
order to modify the cell’s communication and interaction with T lymphocytes, NK 
cells, and macrophages. However, one complication with such a method is that mis-
matched MHCs are targeted by T lymphocytes. Generating multiple “off-the-shelf” 
stem cell lines that express various MHC molecules could solve this problem. The 
number of MHC cell variants needed for a comprehensive cell bank for human 
treatment has previously been calculated, and while it varies between populations, 
it remains within a reasonably maintainable range (Taylor et al. 2012).

A second major complication with generating a non-immunogenic stem cell line 
is that certain stem cell molecular markers (e.g., OCT4) appear to strike a delicate 
balance between conferring stem abilities and causing cancer (Chiou et al. 2010). 
Because of this, most humans develop T cells against these markers in abundance, 
which may be necessary in adults to prevent cancer development. If generation of a 
non-immunogenic stem cell line relies on reducing the recognition of stem cell 
molecular markers, this may result in an increase in cancer development. Generation 
of a molecularly modified stem cell line that does not induce immune rejection or 
generate cancer will not be a simple undertaking, but if such a cell line could be 
achieved, it would be a game changer for stem cell therapy.

12.5.4  Creating a Local Hypo-immunogenic Environment

As indicated in Sect. 12.5.1, general immunosuppression can cause multiple nega-
tive long-term consequences for patients. A method that could generate a local 
hypo-immunogenic environment and suppresses the immune system only at the site 
of transplantation would be a prodigious alternative. A natural model for such a 
specific immune response reduction is found in fetomaternal tolerance (Guleria and 
Sayegh 2007). Because the fetus’ genetic material is 50% paternally inherited and 
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therefore partially allogeneic to the mother, there are multiple mechanisms in the 
mother’s body that prevent fetal rejection. Importantly, the mother’s general immune 
system does not seem to be significantly affected under such circumstances. It may 
be possible to harness the natural methods of fetomaternal tolerance to create a local 
hypo-immunogenic environment for transplanted materials without affecting the 
general immune system of the patient.

12.5.5  Final Takeaway

Potential stem cell therapies continue to quickly develop, and many show great prom-
ise in the field of regenerative medicine. The ability to continuously and consistently 
generate new cells to replace malfunctioning, dead, or missing tissue is an advantage 
to using stem cells; however, as with any transplanted material, the propensity for 
posttransplant rejection has constrained the possible positive results of stem cell ther-
apy. By avoiding known transplant rejection catalysts (e.g., by matching MHCs 
before transplantation or by keeping in mind the possible immunogenicity of mis-
matched mitochondrial proteins), current transplant techniques continue to increase in 
efficacy. Future methods to reduce immune responses to transplantation are under 
development and give hope for increased success of regenerative stem cell therapy.
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