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TOPICAL REVIEW

Remuscularization of the failing heart
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Abstract Myocardial remuscularization can be achieved by cardiomyocyte implantation. Electro-
mechanical integration and long-term survival of cardiomyocyte grafts are essential for maximal
therapeutic impact. Cardiomyocyte application with support material has been instrumental
in enhancing cell retention. Co-administration of pro-survival factors and immunological
matching are additional strategies for increased cell graft survival. Finally, larger cardio-
myocyte grafts, although therapeutically desirable, will increase the risk for arrhythmias
and, if pluripotent stem cells are used to derive cardiomyocytes, tumour formation. This
review introduces major challenges pertaining to myocardial remuscularization (cardiomyocyte
retention, arrhythmogenicity and tumourigenicity), discusses studies addressing these challenges,
and suggests strategies to overcome remaining challenges for the translation of myocardial
remuscularization.
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Abstract figure legend Schematic of tissue engineered heart repair with the aim to remuscularize the left ventricle.

Introduction et al. 2014; Mozaffarian et al. 2015). High mortality and
no therapeutic options for myocardial remuscularization
create an unmet need for advanced regenerative therapies.
Strategies to directly address the underlying cause of

In the United States and the European Union more than
10 million individuals live with heart failure (Nichols
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heart failure, namely cardiomyocyte loss, include the
activation of hibernating endogenous repair mechanisms
and the reinforcement of the failing myocardium by
cardiomyocyte implantation (Fig. 1). Despite exciting
experimental results, targeted activation of endogenous
progenitor cells or (myo)fibroblast-to-cardiomyocyte
conversion in situ and controlled reintroduction of
cell cycle activity in post-mitotic adult cardiomyocytes
have not yet been realized. A better understanding of
the fundamental mechanisms underlying the loss of
regenerative potential as well as cell cycle withdrawal
in cardiomyocytes shortly after birth will be pivotal
to targeting endogenous repair mechanisms in a cell
type-specific manner.

Remuscularization of the heart by cardiomyocyte
implantation follows a simple strategy — cardiomyocyte
loss is addressed by implantation of an equivalent amount
of exogenously produced cardiomyocytes (Fig. 1). A major
milestone towards this goal, particularly with respect to
the production of human cardiomyocytes, was met by the
introduction of human pluripotent stem cells (Thomson
et al. 1998; Takahashi et al. 2007) and the means to direct
their differentiation towards bona fide cardiomyocytes
(Burridge et al. 2012). Subsequently, scalability to address
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medical needs was demonstrated (Chen et al. 2015; Riegler
et al. 2015). Remaining challenges pertain to (1) sub-
optimal cell retention and functional integration, (2) the
risk of arrhythmia induction, and (3) tumour formation.
Whether a certain degree of maturity of cell grafts needs
to be reached remains a matter of contention. Despite
several open questions, there is compelling evidence for the
principle feasibility of myocardial remuscularization by
the implantation of immature cardiomyocytes, stemming
either from rodent allograft models (Klug et al. 1996;
Shimizu et al. 2006; Zimmermann et al. 2006; Didié et al.
2013) or from human xenograftsin rat (Riegler et al. 2015),
guinea pig (Shiba et al. 2012; Weinberger et al. 2016),
and macaque (Chong et al. 2014) models. Collectively
these data allow for guarded optimism regarding the
translatability of myocardial remuscularizartion either by
intramyocardial cardiomyocyte injection or by epicardial
implantation of tissue-engineered heart muscle patches.

Experimental approaches to enhanced
remuscularization of the heart

The assumption is that 1 billion cardiomyocytes are lost
in patients experiencing a haemodynamically relevant
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Schematic overview of strategies aiming at the remuscularization of the failing heart either by activation of
endogenous mechanisms or by cardiomyocyte supplementation.
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myocardial infarction (Gepstein, 2002). Consequently,
it has been reasoned that for optimal therapeutic
impact matching numbers of cardiomyocytes need
to be engrafted and electromechanically integrated
(Chong et al. 2014). This has not been achieved to date.
The use of survival cocktails comprising extracellular
matrix produced by the Engelbreth-Holm-Swarm
tumour, also known as Matrigel™, apoptosis inhibitors
ZVAD (benzyloxycarbonyl-Val-Ala-Asp(O-methyl)-
fluoromethyl ketone) and Bcl-X; BH4, cyclosporine
A, insulin-like growth factor-1 (IGF-1) and pinacidil
(Laflamme et al. 2007) as well as tissue engineering
technologies have improved long-term cardiomyocyte
retention (Riegler et al. 2015). Matrix—cell combinations
appear particularly advantageous with demonstrated
long-term cardiomyocyte retention of up to 25% (average
10%) of the engrafted cells for as long as 12 weeks
by application via collagen-based engineered heart
muscle (Riegler et al. 2015). Similar cell retention has
been observed with the co-injection of cardiomyocytes,
endothelial cells, and smooth muscle cells derived
from induced pluripotent stem cells together with the
co-administration of IGF-1 via an overlying epicardial
patch (Ye et al. 2014). Regardless of these advances,
further improvements are needed for optimal therapeutic
efficacy according to the proposed mechanism of action,
i.e. contractile support by electromechanically integrated
cardiomyocyte grafts. Of note, the data collectively suggest
that cardiomyocyte survival rates of as little as 10% may
already have a therapeutic effect on the failing heart (Ye
et al. 2014; Riegler ef al. 2015; Qin et al. 2016; Shiba et al.
2016; Weinberger et al. 2016), which may be the result of
paracrine effects, mechanical stabilization (according to
the law of Laplace), and functional remuscularization or
a combination of any or all of these mechanisms.

It seems plausible that increasing the engrafted muscle
mass will not only improve efficacy, but also increase the
risk for arrhythmia development and tumour, namely
teratoma or teratocarcinoma, formation. Studies in
clinically highly relevant macaque models confirmed that
1 billion pluripotent stem cell-derived cells comprising
70-80% cardiomyocytes can cause ventricular tachycardia
(Chong et al. 2014; Shiba et al. 2016). Importantly, tumour
formation has not been reported, even in long-term
studies (> 200 days in nude rats) with tissue-engineered
grafts comprising 5 million cardiomyocytes (Riegler et al.
2015). It can be anticipated that stringent quality control
measures to exclude tumourigenic cells in cardiomyocyte
grafts will further reduce the potential risk of tumour
formation.

Finally, terminal differentiation of cardiomyocyte grafts
appears to be supported by both engineered and
recipient heart muscle environments. Reported differences
in cell cycle activity in cardiomyocyte grafts in situ
(12% in Weinberger et al. 2016 and < 1% in Riegler
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et al. 2015) may stem from the use or omission of
Matrigel, which is commonly used in oncology research
to support tumour cell engraftment and growth in
immunocompromised rodent models (Benton et al.
2011). Matrigel-supplemented collagen type I was first
introduced in the tissue engineering of heart muscle from
neonatal rat ventricular cardiomyocytes (Zimmermann
et al. 2000). This protocol was subsequently adapted for
the use in human heart muscle engineering (Tulloch
et al. 2011). More than 40% of the human cardio-
myocytes in this mixed collagen type I/Matrigel hydrogel
model displayed evidence of ongoing DNA replication by
BrdU incorporation (Tulloch et al. 2011); whether this
can be related to bona fide cardiomyocyte proliferation
(cytokinesis) or multi-nucleation by karyokinesis without
cell division requires further analyses. In a recently
optimized defined Matrigel- and serum-free collagen
formulation, DNA synthesis was observed in only ~5% of
the human cardiomyocyte and non-myocyte populations
by Ki67 labelling (Tiburcy et al. 2017). The rate of
active DNA replication was further reduced to ~1% 1
month after implantation (Riegler et al. 2015). Low DNA
replication (< 1%]/year), as reported for adult human
heart (Bergmann et al. 2015), appears advantageous from
a safety perspective.

Future strategies for enhanced therapeutic efficacy of
cardiomyocyte grafts

Despite some evidence for efficacy of tissue-engineered
and directly injected cardiomyocyte grafts in rat
(Zimmermann et al. 2006, Riegler et al. 2015; Qin et al.
2016), mouse (Didié ef al. 2013), guinea pig (Weinberger
et al. 2016) and macaque (Shiba et al. 2016) models, there
is a clear need for an improvement of graft size. In fact,
recent studies demonstrated consistently the dependency
of therapeutic impact on cardiomyocyte dosing in rat
(Maass et al. 2017) and graft size in macaque (Shiba et al.
2016) allograft models. The latter study highlights the need
for the assessment of therapeutic efficacy in same-species
graft-recipient  (allograft) models if functional
remuscularization by electromechanical integration is
considered the primary mechanism of action. Xenograft
studies are, despite evidence for electrical coupling in vitro
and in vivo (Kehat et al. 2004), limited by the mismatch of
cardiovascular physiology and immunological responses.
For example, it appears unlikely that a mismatch of
heart rate and the genetically encoded differences in
excitation—contraction coupling will enable sustained
electro-mechanical integration in xenograft models under
clinically acceptable immune suppression (calcineurin
inhibition by cyclosporine or tacrolimus, antiproliferative
agents mycophenolat mofetil or azathioprine, and cortico-
ids). This is exemplified by two recent studies with the
demonstration of anti-arrhythmic and pro-arrhythmic
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effects of human cardiomyocyte grafts in guinea pig (Shiba
et al. 2012) and macaque (Chong et al. 2014) models,
respectively. Of note, the anticipated pro-arrhythmic
effects of cardiomyocyte grafts was recently confirmed in a
macaque model (Shiba et al. 2016). Untameable immune
responses have so far been insurmountable obstacles to the
xenografting of living organs (heart, kidney, lung, liver)
and it appears unlikely that immune suppression beyond
the current clinical state-of-the-art or, for example,
genome editing, at its present state of development, to
reduce immunogenicity will be acceptable for the clinical
translation of myocardial remuscularization. Conversely,
paracrine or passive mechanical effects may contribute
to the therapeutic effects of tissue grafts. Paracrine
effects could be studied well in xenograft models if the
paracrine mechanisms were evolutionarily conserved.
In line with a paracrine or mechanical contribution of
tissue-engineered constructs to heart regeneration, we
have observed small therapeutic effects by non-contractile
(Zimmermann et al. 2006) or human xenografts (Riegler
et al. 2015) in rats. These effects were, however, clearly less
pronounced compared to the therapeutic effects observed
in recipients of cardiomyocyte-containing allografts
(Zimmermann et al. 2006; Didié et al. 2013).

Major histocompatibility complex (MHC)-matching of
allografts was demonstrated to be instrumental for cardio-
myocyte graft survival even under immune suppression
with tacrolimus and methylprednisolone (Shiba et al.
2016). In patients, MHC-matching may be achievable via
access to the Bone Marrow Donors Worldwide (BMDW)
registry that includes > 17 million human leukocyte
antigen (HLA)-typed volunteer stem cell donors. The
utility of the BMDW registry for HLA-matching within
the UK has recently been interrogated (Taylor et al. 2012).
In this registry, 236 matching HLA-haploidentical donors
were identified that provided a zero mismatch to 93%
of the UK population; 50 matching HLA-haploidentical
donors provided a zero mismatch to 79% of the
putative recipients. An even simpler approach to
obtain HLA-haploidentical cells may be by the use of
parthenogenetic stem cells (Revazova et al 2008). If
derived from unfertilized meiosis II oocytes it appears
that ~75% of the parthenogenetic stem cells exhibit
HLA-haploidentity, making the prospective sourcing of
haploidentical pluripotent stem cells a relatively easy task
(e.g. 60 000 unfertilized oocytes are discarded annually
in Germany). The utility of parthenogenetic stem cells
in myocardial remuscularization without the need for
immune suppression (only methylprednisolone was
administered to control foreign body reactions) was
demonstrated recently in mice (Didié et al. 2013). Given
the demonstrated pluripotency in human parthenotes
it should be straightforward to generate cardiomyocytes
and tissue-engineered human myocardium thereof using
established protocols.
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Finally, control of arrhythmias will be equally
important for optimal efficacy and safety. This may
be achieved by the development of electromechanically
quiescent grafts composed mainly of ventricular cardio-
myocytes, simultaneous applications of antiarrhythmic
drugs or the use of pacemaker/defibrillation devices for
graft-host synchronization. Large animal and patient
studies are needed to fully determine, and if needed
develop strategies to reduce, a potential arrhythmogenic
burden associated with myocardial remuscularization.
In addition, assessment of optimal dosing and timing
of human epicardial tissue graft implantation will be
important endpoints in first-in-patient studies.

Conclusion

Myocardial remuscularization has been realized in small
and large animal models. Therapeutic efficacy will
depend on cardiomyocyte retention and proper electro-
mechanical integration. Presently, maximal retention rates
of 10-25% of the cardiomyocyte grafts have been reported
with evidence for safety and efficacy. Enhanced cardio-
myocyte retention can be realized by making use of
a co-administration of pro-survival factors and tissue
engineering approaches. Combinations of both may be
useful to further increase cardiomyocyte survival and
enhance efficacy. Electrical integration will occur as long
as donor—recipient contact can be firmly established. The
process of electrical integration will likely be accompanied
by an increased risk of ventricular arrhythmias as
confirmed in the recent pioneering xeno- and allograft
studies in the macaque model (Chong et al. 2014; Shiba
etal. 2016). Accordingly, means to control rate and rhythm
of the cardiomyocyte grafts will have to be established for
clinical translation. As to this end, concomitant device
therapy appears more suitable than pharmacological
control of rate and rhythm, which may, especially in
immature cardiomyocytes, enhance rather than reduce
arrhythmic burden.

Tumour formation appears to be less of a concern
if cardiomyocyte grafts can be defined well and
produced according to stringent quality control criteria.
Whether cardiomyocyte graft immaturity is good
or bad cannot be answered at the present time.
Immature cardiomyocytes appear to be metabolically less
demanding, but also electrically less stable. Several studies
have demonstrated consistently that cardiomyocytes
mature upon implantation and become indistinguishable
morphologically and functionally from the recipient
heart’s cardiomyocytes (Rubart et al. 2003; Didié et al.
2013). Low DNA replication appears advantageous from
a safety point of view.

A first clinical study investigates the application of
cardiac progenitor cells derived from human embryonic
stem cells (Menasche et al. 2015). These progenitor
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cells are defined by their SSEA1 and Isll expression.
Enhanced retention and localization of the progenitor
cell graft is achieved by making use of a fibrin patch.
In this study, the aim is not to directly remuscularize
the heart, but to exploit paracrine support to stabilize
disease progression and potentially activate endogenous
repair mechanisms. In future studies, based on existing
preclinical evidence, remuscularization will be attempted
clinically by intramyocardial injection of cardiomyocytes
and tissue-engineered heart repair (Fig. 1). As in any
type of pharmacological therapy, it will be essential to
define safe and efficacious doses and an optimal timing
(acute or chronic, early or advanced disease condition) for
cardiomyocyte-based remuscularization. This will finally
require carefully designed clinical studies. Late preclinical
animal studies will have to focus primarily on safety
to inform the design of the anticipated first-in-patient
studies.
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