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Abstract

The regenerative capacity of the heart has long fascinated scientists. In con-
trast to other organs such as liver, skin, and skeletal muscle, the heart pos-
sesses only a minimal regenerative capacity. It lacks a progenitor cell popu-
lation, and cardiomyocytes exit the cell cycle shortly after birth and do not
re-enter after injury. Thus, any loss of cardiomyocytes is essentially irre-
versible and can lead to or exaggerate heart failure, which represents a ma-
jor public health problem. New therapeutic options are urgently needed, but
regenerative therapies have remained an unfulfilled promise in cardiovascu-
lar medicine until today. Yet, through a clearer comprehension of signaling
pathways that regulate the cardiomyocyte cell cycle and advances in stem
cell technology, strategies have evolved that demonstrate the potential to
generate new myocytes and thereby fulfill an essential central criterion for
heart repair.
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1. INTRODUCTION

In 1886, Goldenberg published a detailed report on atrophy and hypertrophy of the heart, in which
he concluded that hypertrophy results from hypertrophic cardiomyocytes rather than hyperplasia.
But he also mentioned that rare events of hyperplasia occur (1). Since then, innumerable studies
have evaluated the heart’s response to injury. These studies were driven by scientific curiosity but
also inspired by a clinical need, because cardiovascular diseases have long been a major medical
burden. Almost 150 years later, it seems that Goldenberg’s conclusions, solely based on histological
analysis, were surprisingly accurate.

The human heart contains 2-4 x 10° cardiomyocytes (2) that make up most of the heart’s
volume, but they comprise only 20-30% of the heart’s cells. In combination with the nonmyocytes,
they supply the body with blood, thereby with oxygen and nutrients, for 72 years on average. Heart
diseases are common, and heart failure with reduced ejection fraction is the sequela of basically
all heart diseases, affecting ~26 million people worldwide. Coronary artery disease, favored by
risk factors such as hyperlipidemia, hypertension, age, male sex, and clonal hematopoiesis, is the
most frequent cause of heart failure. Myocardial infarction leads to an acute loss of cardiomyocytes
(~0.5-1 x 10° when 20% of the myocardium is affected). Interventional therapy has become the
standard care for patients with myocardial infarction. As a result, the number of fatal myocardial
infarctions has declined, but nonfatal events cause a loss of cardiomyocytes that eventually leads
to a decline in left ventricular function and contributes to the increase in heart failure prevalence
(3). Current pharmacotherapy targets neurohumoral activation, a hallmark of heart failure, and
aims to salvage myocardium. Combination drug therapy is highly effective and has substantially
improved life expectancy for heart failure patients. Nevertheless, mortality, particularly in end-
stage heart failure, remains high (4). Regenerative therapies are conceptually different, as they
aim to rebuild myocardium rather than salvage tissue. Even though they have been discussed for
years and a first wave of clinical studies has been conducted, regenerative therapies have remained
an unfulfilled dream in cardiovascular medicine until today.

2. CARDIAC REGENERATION: WHAT DO WE AIM FOR?

Tissue regeneration is difficult to define. Brockes & Kumar (5) begin their work “Comparative
Aspects of Animal Regeneration” with a paragraph that comes close to a definition when they
write that “it involves the recognition of tissue loss or injury followed by mechanisms that recon-
struct or restore the relevant structure” (p. 526). Yet, in a later paragraph they state “regenerative
phenomena represent a continuum in relation to mechanisms, and exact definitions can be diffi-
cult to justify” (p. 527). Therefore, a brief discussion might help to clarify what we understand as
cardiac regeneration. One aspect is, in our opinion, central for true heart regeneration: formation
of new myocardium. Resolution of fibrosis and the formation of new blood vessels are additional,
crucial aspects. Regeneration does not only involve morphological restoration. New myocardium
has to integrate functionally, including electrical and mechanical coupling to the host tissue. Re-
muscularization cannot be achieved with any current pharmacological, interventional, and surgical
strategies and is discussed most extensively in this review.

A central question is whether a direct correlation between cardiomyocyte number and left ven-
tricular function exists. At first sight, this seems like a straightforward hypothesis: The lower the
number of cardiomyocytes, the worse the heart function. Most evidence that cardiomyocyte num-
ber correlates with function derives from acute myocardial infarction. Even though the correlation
is not pronounced in the acute phase, infarct size eventually shows a strong correlation with ejec-
tion fraction in animal models as well as in patients (6-8) (Figure 1). There is also some evidence
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Figure 1

Correlation between infarct size and left ventricular function. () Data from Pfeffer & Braunwald (6)
correlating infarct size and ejection fraction in a rat myocardial infarct model 30 days after infarction.

(b) Data from Burns et al. (8) correlating the ejection fraction in patients one year after infarction and infarct
size measured at the time of hospital discharge.

from studies that analyzed cardiomyocyte apoptosis during heart failure. Assuming that a greater
number of apoptotic cardiomyocytes will result in a lower total cardiomyocyte number, one would
expect a negative correlation between cardiomyocyte number and ejection fraction. Although the
exact numbers vary widely [and studies that rely on DNA end labeling by deoxynucleotidyl trans-
ferase (TUNEL) most likely overestimate the true number (9)], myocardial samples from patients
with end-stage heart failure consistently showed more apoptotic cardiomyocytes (10, 11) than
healthy human myocardium [~0.25% (10) and 5-35% (11) versus 0.001% in control samples
(10)], providing some evidence that such a continuous low-level loss of cardiomyocytes perpet-
uates heart failure. The hypothesis is further strengthened by a mouse model that inducibly ex-
pressed activated, apoptosis-inducing caspase 8. As with many complex transgenic models, some
cells expressed caspase 8 even without induction. This resulted in a low number of apoptotic
cardiomyocytes even without induction (23 per 10° nuclei, 0.023%). Though this value is lower
than those reported for human end-stage heart failure (see above), the mice exhibited a lethal
cardiomyopathy within a few weeks (12). Combined, these findings support the very intuitive
hypothesis that remuscularization will improve left ventricular function. There is one more les-
son that can be learned from the animal models: It will most likely turn out to be a numbers
game; in other words, to achieve a clinically meaningful improvement in left ventricular func-
tion, a substantial part of the scar has to be remuscularized, as demonstrated by a simple cal-
culation. In a rat model, large myocardial infarcts affecting ~50% of the left ventricle resulted
in an ejection fraction of ~23% compared to a normal mean of ~80%. Remuscularization of
~10% of the scar (a value that is in the upper range of what has been reported so far) would
reduce the scar area to 45% of the left ventricle, which correlated with an ejection fraction of
~30% (an absolute increase by 7%) (6). Left ventricular function negatively correlates with mor-
tality in heart failure patients, indicating that an increase in ejection fraction of 5-10% can be
meaningful. Yet, it is far beyond complete recovery. There is a great variability in left ventricu-
lar function in humans after myocardial infarction, which complicates a direct comparison to the
clinical scenario (and other factors like fibrosis and cardiomyocyte hypertrophy also affect heart
function), but the correlation is similar (Figure 1), highlighting the challenge of regenerative
strategies.
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3. CARDIAC GROWTH AND PHYSIOLOGICAL RESPONSE TO INJURY

The origin of cardiomyocytes, pre- and postnatally, has been studied intensively for over a century
(13). Before discussing these studies, we briefly summarize what we have learned, as a clearer pic-
ture has finally emerged (14): (#) Growing evidence supports a model that the final cardiomyocyte
number is established early after birth; (§) the neonatal heart is able to regenerate during a brief
postnatal period; (c) cardiomyogenesis in the adult heart is rare; and (d) physiological and patho-
physiological stress appear to increase the number of newly formed myocytes, but even under
these circumstances the number of newly formed cardiomyocytes is low.

3.1. The Quest for a Cardiac Stem or Progenitor Cell Population

A well-described dichotomy regarding the origin of regenerative cells exists (15). Regeneration
can derive from either the differentiation of progenitor cells or already differentiated cells. Digit
tip regeneration represents an example in which lineage-restricted progenitor cell populations
regenerate an organ (16). In contrast, regeneration of hepatocytes occurs from differentiated
Sox9-positive hepatocytes (17). In the heart, myocyte and nonmyocyte lineages separate early
during development (18). Inspired by embryonic heart development and the adult hematopoietic
system, researchers started to search for a postnatal cardiac progenitor cell population. A bone
marrow transplantation study in mzdx mice was the first to report a contribution of hematopoietic
cells to the myocardium (19), but it was a study in which c-Kit* bone marrow cells were injected
into the injured myocardium that fueled this field because it reported a remuscularization of ~70%
of the scar after myocardial infarction (20). This was followed by two other studies: one that also
reported that c-Kit" marked a resident stem cell population in the heart (21) and the other that
reported a high percentage of cardiomyocyte chimerism (~10%) after transplantation of female
hearts in male donors (22), which paved the way for innumerable studies on cardiac progenitor
cells and laid the foundation for clinical studies. Yet early on, studies that applied more rigorous
experimental conditions questioned the cardiogenic potential of bone marrow cells (23, 24) and
the degree of chimerism after sex-mismatched transplantation (25). It took a long time until the
critical view became universally accepted (14), not at least because animal studies consistently
reported beneficial effects of bone marrow (and other) cell infusions/injections into the injured
heart. However, it seems very likely that such beneficial effects result from paracrine effects and/or
the immune response to the injected cells and not from the formation of new myocytes (26).

In a second wave of research, a variety of cardiac resident stem/progenitor cells have been
described, despite apparent conceptual problems. (#) Any myocardial injury leads to a decline
in left ventricular function. Spontaneous recovery is rare and not necessarily complete (e.g., in
myocarditis, postpartum cardiomyopathy). (#) Myocardial tumors are extremely rare. (c) Even
highly regenerative organs such as the intestine do not harbor several different (but rather one)
progenitor cell populations that eventually form the same single cell type. (d) Lower vertebrates
that possess the ability to regenerate the heart do so by cardiomyocyte proliferation (27).
Nevertheless, several resident cardiac progenitor cell populations have been described. Besides
the aforementioned c-Kit" cells, these were defined by stem cell antigen 1 (Sca-1) (28), the
transcription factor Islet-1 (29), the ability to form outgrow cell clusters (30), or the ability to
extrude Hoechst 33342, a fluorescent DNA dye (side population) (31). The strongest evidence
for the existence of a progenitor cell population evolved from a lineage tracing study in which
cardiomyocytes were labeled with green fluorescent protein (GFP). Labeling efficiency was
~80%. While the percentage of GFP* cardiomyocytes remained stable in normal life (arguing
against a role of noncardiomyocytes), it declined to ~65% after myocardial injury, indicating the
formation of new myocytes from a GFP~ progenitor cell pool (32). Retrospectively, it is more
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likely that GFP™ cells were more susceptible to myocardial injury and therefore preferentially
died after myocardial infarction. We believe this to be the case because several recent lineage
tracing studies have provided increasingly more evidence against the existence of a progenitor cell
population in the heart and found only a very limited cardiogenic potential for c-Kitt (17, 33),
Sca-17 (34), and Islet-1* (35) cells in the adult heart. Finally, a comprehensive study by Li et al.
(36) followed a strategy that did not lineage trace a specific cell population (with the inherent risk
of labeling other cells at low level) but used a dual reporter system to mark cardiomyocytes with
a specific fluorochrome and all nonmyocytes with a second one. The authors did not find a single
cardiomyocyte derived from a nonmyocyte in this study. In conclusion, these studies provide
compelling evidence that neither the adult heart nor the rest of the body harbors a cardiomyocyte
progenitor cell population. There is some evidence that pharmacological intervention with
THYMOSIN BETA 4 prior to myocardial infarction can activate epicardial cells to differentiate
to cardiomyocytes postinjury (37). Yet, when applied after myocardial injury, THYMOSIN BETA
4 treatment did not induce the formation of new myocytes, and further studies are needed to
better understand the cardiogenic potential of epicardial cells after injury. Reasons why the field
needed so long to solve this issue are complex and include methodological challenges, but we also
strongly believe that exaggerated competition and scientific fraud played a role (38).

3.2. Cardiomyocytes as the Source for New Myocytes

Returning to the initially mentioned dichotomy, a second option remains: cardiomyocytes as a
source for new myocytes. At birth the human heart weighs about 20 g, doubles in weight within
one year, reaches 120 g at the age of 10 years, and weighs about 300 g in young adults (39). This
increase in weight by a factor of 15 is paralleled by a similar increase in cardiomyocyte cell volume
(2). Hence, postnatal heart growth could be completely explained by cardiomyocyte hypertrophy,
but of note, even slight variations in volume determination would leave room for ongoing hyper-
plasia to contribute to the overall increase in heart weight. Mollova et al. (40) reported a ~3.5-fold
increase in cardiomyocyte number within the first two decades in humans. In contrast, stereology
studies and retrospective birth dating by *C labeling (1*C increased in the atmosphere from the
mid-1950s due to nuclear bomb tests and decreased after the test ban in 1963) provided evidence
that the final cardiomyocyte number is established early after birth and postnatal cardiomyogen-
esis is rare (2), ~0.8% in young adults. It decreases to ~0.3% in the elderly, indicating that only
~40-50% of all cardiomyocytes are exchanged during life. Studies on human samples have in-
herent limitations but are well in line with animal data. Heart weight in mice is about ~7 mg at
birth, increases to ~50—-60 mg around day 21 (the time point of weaning), and reaches ~150 mg in
adulthood. In parallel, cardiomyocyte volume also increases threefold from day 21 (~8,000 pm?)
to ~25,000 pm? in the adult heart (41, 42).

In congruence with the human example, these numbers alone can explain the postnatal heart
growth, assuming that there is no substantial cardiomyocyte death. Cardiomyocyte death has not
been studied as extensively as cardiomyocyte proliferation, but the existing data provide some ev-
idence that the number of cardiomyocytes undergoing programmed cell death declines during
embryonic development and in the early postnatal period (43) and is very low after postnatal day
20 (44). Studies that (#) evaluated cell cycle markers, (9) performed lineage tracing, and (c) con-
ducted clonal analysis further corroborated that cardiomyogenesis after birth is rare. Early studies
analyzed DNA synthesis as a marker for proliferation by radioactive labeling with tritiated thymi-
dine in mice and rats. Cardiomyocyte DNA synthesis declined during the late phase of embryonic
development in mice, followed by a small temporary increase within the first week. Eventually,
there was no detectable degree of DNA synthesis in adult cardiomyocytes. The small increase
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after birth paralleled an increase in binucleation, reaching ~80% in adult mice (45). More recent
studies labeled DNA with the nonradioactive nucleosides BrdU, EdU, or N-thymidine com-
bined with stainings for other cell cycle markers (Ki67, histone H3 phosphorylation, Aurora B
kinase, and Anillin) and lineage tracing models. With the exception of one study that reported
a burst in cardiomyocyte proliferation in the second postnatal week (46), they reported (very)
low indices of cell cycle activity in the healthy neonatal, adolescent (42, 47), and adult heart (48).
These results agree with studies that applied clonal analysis (49, 50) and collectively provide unde-
niable evidence that postnatal cardiomyocyte proliferation is rare under uninjured, physiological
conditions. There is some evidence that not all cardiomyocytes are equal and proliferation is not
randomly distributed. Based on the hypothesis that progenitor cells, e.g., in the bone marrow, lo-
calize in a hypoxic microenvironment, Kimura et al. (51) used a lineage tracing approach in which
the oxygen—dependent degradation domain of Hif-1a was fused to an inducible Cre-recombinase
(CreERT?2). This strategy labeled rare cardiomyocytes in the adult heart (~0.005%) that were
either hypoxic or in which Hif-1a was stabilized via nonhypoxic manners. During a one-month
follow-up period the number of labeled cardiomyocytes increased (sometimes in clusters), and the
authors calculated an annual cardiomyocyte formation rate of 0.6-1%, which could account for
all newly formed cardiomyocytes.

3.3. Does Injury Induce Cardiomyocyte Proliferation?

The first experimental studies to answer this question were carried out by Zielonko in 1874 (13).
He performed transverse aortic constriction (TAC) surgery in frogs and rabbits but also directly
injured the heart with a needle and eventually concluded that he was not able to answer the ques-
tion with certainty whether new myocytes are formed. Transgenic approaches now allow eval-
uation of the plasticity of the heart during embryonic development. Heart-specific deletion of
the holocytochrome ¢ synthase (Hees), an X chromosomal-localized gene crucial for the mito-
chondrial respiratory chain, led to embryonic lethality in males. In female animals, in which one
X chromosome is randomly silenced, one would assume that 50% of all cardiomyocytes are af-
fected, but during development diseased cardiomyocytes contributed progressively less over time
and at birth comprised only 10% of the total cardiomyocyte number, resulting in a mild hypoplas-
tic phenotype (52, 53). The pronounced plasticity of the embryonic heart was also demonstrated
by genetic ablation with a diphtheria toxin model. Ablation of up to 60% of cardiac progenitors or
cardiomyocytes was compensated without morphological and functional restriction, demonstrat-
ing substantial regenerative potential during embryonic development (54).

In 1956, Robledo (55) described mitotic figures in cardiomyocytes of neonatal rat hearts after
injury, and the work of Rumyantsev (56) substantiated this injury-induced increase in cardiomy-
ocyte proliferation in neonates. Porrello et al. (57) eventually demonstrated a profound regen-
erative response after apical resection in the neonatal heart in mice during the first seven days
and provided evidence that the newly formed cardiomyocytes derive from the proliferation of
pre-existing cardiomyocytes. A brief regenerative window, lasting only two days, has been also de-
scribed in pigs, during which myocardial injury increased cardiomyocyte proliferation and resulted
in only minimal scarring (58). Anecdotal data suggest that a brief regenerative window might exist
in humans as well (59). However, after this brief regenerative period, the heart possesses only a
minimal regenerative capacity. This conclusion is based on (#) consistent clinical observations that
left ventricular function declines after myocardial injury and () findings from postmortem human
samples after myocardial infarction that report an increase in cardiomyocyte cell cycle activity re-
sulting in polyploidy but not in cytokinesis (60); and (¢) it is substantiated by results from animal
studies. Tritiated thymidine injections (to visualize DNA synthesis) in a transgenic mouse model
specifically labeling cardiomyocyte nuclei yielded 1/180,000 cells (0.00055 %) in the healthy heart,
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butalso only 3/36,000 screened cardiomyocytes (0.0028% = 5 times higher) after injury (61). Very
limited numbers of (or even no) proliferating cardiomyocytes were also reported in studies that
used transgenic models to visualize cell cycle activity (62), monitored DNA synthesis by the incor-
poration of P N-thymidine by multi-isotope imaging mass spectrometry (48), or used transgenic
labeling of cycling cells followed by single-cell RNA sequencing to determine cell identity (63).
It is important to consider that all biological assays have some background noise. Even the most
rigorous assays probably reach their sensitivity threshold when events occur in the magnitude of
1% per year, and the interpretation therefore requires caution (for more discussion, see review in
64).

3.4. Why Do Cardiomyocytes Exit the Cell Cycle but Not Re-Enter It After
Injury in the Adult?

Several studies have addressed this issue, indicating that there is not a single factor but rather a
compendium of factors that drive cardiomyocytes to exit the cell cycle. The increase in oxygen
tension after birth (caused by the establishment of the pulmonary circulation and the closure of
the foramen ovale and ductus arteriosus) was shown to increase reactive oxygen species (ROS)
production and DNA damage. Scavenging ROS prolonged the regenerative window (65). There
is some evidence that polyploidy and multinucleation impede cardiomyocyte proliferation (66).
The switch to fatty acid oxidation (67) and changes in the extracellular matrix composition have
been linked to cardiomyocyte cell cycle exit (68). Moreover, a recent study revealed a correlation
between the loss of postnatal regenerative potential and the development of endothermy (the abil-
ity to maintain constant body temperature) and demonstrated that this correlates with a postnatal
increase in thyroid hormone signaling (69).

The question of why cardiomyocytes, in contrast to other cell types of the body, lose their
regenerative potential postnatally is unanswered. A common hypothesis is that the need for con-
tinuous work precludes cell division, during which sarcomers have to be (partially) disassembled.
During embryonic development, single myocytes proliferate while remaining connected to their
neighboring cells in a beating heart, but the higher afterload during postnatal circulation might
preclude this process. A regenerative response after myocardial injury, e.g., myocardial infarction,
would require the generation of a huge number of new cardiomyocytes. Therefore, a large number
of preexisting cardiomyocytes would have to (partially) disassemble their sarcomeres, which might
further reduce left ventricular function. In addition, newly formed cardiomyocytes have to mature
and structurally and physiologically integrate during a critical time given the high arrhythmogenic
risk in the early postinfarct period. Scar formation is a rapid alternative process to cellular regen-
eration that acutely stabilizes the heart (as demonstrated by ventricular rupture in mouse models
in which scar formation is inhibited) and therefore might have provided evolutionary advantages.

4. STRATEGIES TO INDUCE REMUSCULARIZATION

We currently see three strategies to remuscularize the injured heart: stimulation of cardiomy-
ocyte proliferation, transdifferentiation of nonmyocytes to cardiomyocytes, and transplantation
of pluripotent stem cell-derived cardiomyocytes (Figure 2).

4.1. Cardiomyocyte Proliferation to Remuscularize the Injured Heart

Field pioneered the study of cardiomyocyte proliferation when he overexpressed the SV40 T
antigen under the atrial natriuretic promoter and discovered that the transgenic mice developed
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miRNAs), and (¢) transplantation of stem cell-derived cardiomyocytes (either as single-cell injection or as engineered cardiac patch).
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hyperplasia of the right atrium (70). Tiventy years later, a translational study that therapeutically
applied miRNAs to stimulate cardiomyocyte proliferation in a late preclinical study encountered
a similar problem and thereby (almost) closes a circle (71). During this period, we have learned
that stimulation of cardiomyocyte proliferation can be achieved with several strategies. Concep-
tually, stimulation of cardiomyocyte proliferation is attractive because it is, per se, autologous and
therefore circumvents the immunological problems of cell transplantation. Most studies did not
analyze integration and coupling of newly formed myocytes in detail, but gross analysis showed
structural integration of the newly formed cardiomyocytes. In addition, stimulation of cardiomy-
ocyte proliferation consistently inhibited the fibrotic response after injury, resulting in smaller
scars.

4.1.1. Cyclins: first attempts to stimulate cardiomyocyte proliferation. Cyclins and cyclin-
dependent kinases jointly regulate cell cycle progression. Studies showed that after birth, cyclin A
and B gene expression decreases over time, whereas gene expression of cyclin D and E is unaltered
(72). Field’s group targeted D cyclins to induce cardiomyocyte proliferation. They overexpressed
the three members of the cyclin D family [cyclin D1, D2, and D3 (Ccnd1/2/3)], which together
with the cyclin-dependent kinase 4 regulate G1/S-phase transition. Overexpression of Cend1/2/3
increased DNA synthesis in the healthy heart (and altered the degree of multinucleation), but
there was a striking difference after injury when Cendl and Cend3 localized to the cytoplasm
and only Cend2 remained in the nucleus, resulting in increased DNA synthesis and eventually
profound generation of new myocardium (73, 74). One aspect is particularly remarkable about this
study. The new myocardium enveloped the scar within 180 days, thereby partially replacing scar
tissue (74), indicating that the generation of new myocytes takes time and resolution of fibrosis is
even slower. This stands in contrast to many other studies in which stimulation of cardiomyocyte
proliferation also resulted in smaller scars, but in which the new myocardium appeared to take the
place of the scar tissue rather than overgrowing it (e.g., 75). Other cyclins have also been targeted
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to stimulate cardiomyocyte proliferation. Cardiomyocyte-specific overexpression of cyclin A2,
which is usually not expressed in the adult heart, resulted in hyperplastic hearts and eventually
a reduced ejection fraction (76), providing a good example that an increase in cardiomyocyte
number can be detrimental in a healthy organ. Yet, the increase in cardiomyocyte proliferation
improved left ventricular function after injury (77). This strategy has been moved forward, and
a gene therapy study in pigs demonstrated increased cell cycle activity and improvement of left
ventricular function (78). Follow-up studies using this strategy are awaited.

4.1.2. Hippo signaling: the major hub for cardiomyocyte proliferation. In the past decade,
the Hippo pathway has been identified as the major hub for the regulation of cardiomyocyte pro-
liferation. This pathway regulates heart growth during development. Prenatal stimulation or inhi-
bition results in hypo- or hyperplastic hearts, respectively. YAP (Yes-associated protein) and TAZ
(transcriptional coactivator with PDZ-binding motif) are the effectors of Hippo signaling. They
are transcriptional coactivators that interact with transcription factors, mainly from the targeting
the transcriptional enhanced associate domain (TEAD) transcription factor family. Activation of
Hippo signaling results in Yap and Taz phosphorylation, which prevents their translocation into
the nucleus and promotes degradation in the cytoplasm. Phosphorylation occurs via a kinase cas-
cade in which Mstl and Mst2 (mammalian STE20-like protein kinase 1/2) in combination with
Salv1 (scaffold protein salvador homolog 1) phosphorylate (and thereby activate) Lats1/2 (large
tumor suppressor homolog 1/2), which then phosphorylate Yap and Taz. In short, Hippo signaling
impedes cardiomyocyte proliferation. As a consequence, inhibition of the Hippo pathway stim-
ulates cardiomyocyte proliferation. This strategy has successfully been used to drive cardiomy-
ocyte proliferation and improve left ventricular function in several small animal myocardial injury
models and recently in the first large animal model. Cardiomyocyte-specific deletion of Salv re-
sulted in decreased Yap phosphorylation (i.e., activation), increased cardiomyocyte proliferation,
and cardiomegaly (79). Similarly, expression of a constitutively active Yap mutant increased car-
diomyocyte proliferation, either during development or in early postnatal hearts (80, 81), whereas
cardiomyocyte-specific deletion of Yap (i.e., inactivation) reduced cardiomyocyte proliferation and
caused myocardial hypoplasia (80, 81). From a translational perspective, the most remarkable find-
ing is that the Hippo pathway can be effectively targeted for cardiac regeneration. Constitutively
active Yap, as well as cardiomyocyte-specific Salv knockout, stimulated cardiomyocyte prolifera-
tion after myocardial injury and improved left ventricular function (82-84). Similarly, gene therapy
with an adeno-associated virus (AAV) expressing a short hairpin (sh)RINA against Salv three weeks
after myocardial infarction, a time point at which a scar was already established, also stimulated
cardiomyocyte proliferation. Although left ventricular function improved more slowly than by
genetic knockout, it eventually showed the same effect size (84).

Two further aspects regarding the Hippo pathway seem of particular interest. First, the Hippo
pathway is connected to other pathways involved in the regulation of cell cycle, e.g., Wnt sig-
naling, which might offer additional therapeutic targets. Growing evidence also suggests a link
between the extracellular matrix, mechanical signaling, and the Hippo pathway. There is initial
evidence that Yap is restrained to the intercalated discs. Disruption of intercalated discs, by knock-
ing out alpha-catenins (¢E- and o’T-catenin double knockout), increased nuclear Yap (i.e., activa-
tion), indicating that it was released from the intercalated discs and translocated to the nucleus.
Knockout of alpha-catenins also resulted in enhanced cardiomyocyte proliferation in the neonatal
heart (in which intercalated discs are not fully matured). Inducible deletion of alpha-catenin in the
adult heart did not stimulate cardiomyocyte proliferation under physiological conditions, but after
myocardial infarction, suggesting that Yap is not only restrained by alpha-catenins in the mature
intercalated discs, but that myocardial injury is necessary to release these additional restrains (85).
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This indicates that Yap is sequestered by alpha-catenins in mature intercalated discs and upon re-
lease translocates to the nucleus and stimulates cardiomyocyte proliferation. Morikawa et al. (86)
showed that phosphorylated (i.e., inactivated) Yap is not only bound to intercalated discs that join
cardiomyocytes end-to-end, but also to the dystrophin-glycoprotein complex along the lateral
cell membrane. This binding sequesters Yap, prohibits translocation to the nucleus and thereby
inhibits cardiomyocyte proliferation. Bassat et al. (68) demonstrated that these changes are not
only coincidental but causal. They described agrin, an extracellular matrix component that de-
creases in abundance postnatally, as a regulator of cardiomyocyte proliferation. Interestingly, this
protein can be used as a pharmacological agent to release Yap from the dystrophin-glycoprotein
complex (by extracellular binding to a-dystroglycan), stimulate cardiomyocyte proliferation, and
improve heart function (68).

Second, microRINAs can be used pharmacologically to stimulate cardiomyocyte proliferation
and repair the injured heart. This finding, per se, is remarkable, but interestingly, recent stud-
ies demonstrated that the miRNA effect is mediated via Hippo signaling, further strengthening
its role as the main regulator for cardiomyocyte proliferation. The Giacca group (75, 87) per-
formed a high-throughput screening and discovered ~200 miRNAs that increased cardiomyocyte
proliferation. Expression of miRNA-199 and miRNA-590 stimulated cardiomyocyte prolifera-
tion in the healthy neonatal rat hearts but also after myocardial infarction in mice, resulting in
smaller scars and better left ventricular function (75, 87). This proproliferative effect was abol-
ished by Yap knockdown, demonstrating a link between Hippo signaling and these miRNAs. The
miRNA-mediated proproliferative effect involved inhibition of the expression of Yap-degrading
proteins but also altered cytoskeleton regulation (88). Tian et al. (89) described a similar function
for miRNA302. Knockout resulted in myocardial hypoplasia, whereas overexpression stimulated
cardiomyocyte proliferation via downregulation of Mst and Lats (thereby preventing Yap phos-
phorylation). A transient therapy with a miRNA-302 mimic after myocardial infarction decreased
infarct size and improved function in mice. However, constitutive (prolonged) miRNA-302 over-
expression after myocardial injury decreased left ventricular function despite smaller scars, possi-
bly as a result of an immature cardiomyocyte phenotype (89). This suggests that cardiomyocyte
proliferation always happens at the expense of lower contractile function and highlights a caveat
for clinical application. The conclusion is further strengthened by a recent study in which sus-
tained inhibition of Hippo signaling induced cardiomyocyte dedifferentiation and had deleterious
effects in a chronic pressure overload model (90).

Giacca’s group (71) recently moved the miRINA-199 strategy toward clinical application. Direct
intramyocardial AAV6 injection encoding for miRNA-199a at the time of injury stimulated car-
diomyocyte cell cycle activity after myocardial infarction in pigs, reduced scar size, and improved
left ventricular function (assessed by cardiac MRI) after 28 days. This effect was sustained in a small
group of animals, but the majority died of sudden cardiac death due to ventricular arrhythmias
that occurred 7-8 weeks after treatment. Cardiac histopathology revealed highly proliferative cell
clusters infiltrating the myocardium that expressed markers for rhabdo- and leimyosarcomas and
were microRNA-199a negative (71). The study thus impressively shows the potential of propro-
liferative therapies but also that any such strategy needs to incorporate robust means for temporal
regulation of cardiomyocyte proliferation before clinical translation.

4.2. Direct Reprogramming

In 1898, Thomas Morgan (who later received the Nobel Prize in physiology for his work on
Drosophila genetics) described a form of regeneration in worms in which “relative proportions of
the planarian are attained by a remodeling of the old tissue” (morphallaxis) (91, p. 385), involving
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transdifferentiation from one cellular identity to another. A striking example is the regeneration
of the newt eye. After surgical removal of the lens, pigmented epithelial cells of the iris trans-
differentiate and form a new lens. During this process they transiently dedifferentiate, but remain
committed to a lens fate as exemplified by the fact that they generate lens tissue even if transplanted
into other regions of the newt (92).

After myocardial injury, fibroblasts become activated, proliferate, secrete abundant extracel-
lular matrix proteins, and eventually together with the extracellular matrix form the scar tissue.
Therefore, transdifferentiation of fibroblasts to cardiomyocytes could offer solutions for two prob-
lems: de novo cardiomyogenesis and resolution of scar tissue. Researchers showed in 1987 that
forced expression of MyoD transdifferentiates nonmyocytes to striated skeletal muscle myocytes
(93). Yet, in contrast to skeletal muscle, a master regulator for cardiomyocytes does not exist.
Bruneau’s (94) group showed transdifferentiation of noncardiac mesoderm to cardiomyocytes by
the forced expression of two transcription factors (Tbx5 and Gata4) and a chromatin-remodeling
complex (Baf60c). Based on this result, Ieda et al. (95) demonstrated that (neonatal) murine car-
diac and skin fibroblasts can be transdifferentiated to cardiomyocytes (induced cardiomyocytes)
by viral overexpression of the three transcription factors Gata4, Mef2c, and Tbx5 (GMT) in vitro.

During the transdifferentiation process, cell identity bypasses a pluripotent or mesodermal
progenitor state and converts from fibroblasts (via the intermediate steps referred to as induced
fibroblast and preinduced cardiomyocyte) (96) to induced cardiomyocytes, which raises interest-
ing questions about cardiomyocyte identity. Ieda et al. (95) used a GFP reporter system under
the alpha-myosin heavy chain reporter to identify induced cardiomyocytes. These cells morpho-
logically resembled neonatal cardiomyocytes. Most expressed sarcomeric alpha-actinin, only 30%
expressed cardiac troponin T} a subset showed spontaneous Ca’* oscillations, and, as the most
direct evidence of (immature) cardiomyocyte identity, they displayed spontaneous contractions
after 4-5 weeks in culture.

The in vivo application of GMT or similar GMHT (Gata4, Mef2c, Hand2, Tbx5), though inef-
ficient, induced a morphologically and electrophysiologically more complete transdifferentiation.
Viral delivery of GMT or GMHT resulted in the formation of cardiomyocytes from nonmyocytes
[lineage traced by periostin (97), fibroblast-specific protein 1-Cre (97, 98), or capsulin/epicardin-
MerCreMer (98)] in mouse myocardial infarct models. The in vivo-induced cardiomyocytes were
rod shaped (assessed after cell isolation), and N-cadherin expression was localized to the longitudi-
nal termini of the cells in many cases, whereas connexin, although abundantly expressed, showed a
more dispersed expression. Action potentials closely resembled adult mouse ventricular action po-
tentals. Qian et al. (97) reported that four weeks after injury, ~35% of the borderzone cardiomy-
ocytes were derived from transdifferentiation events after GMT treatment, whereas Song et al.
(98) reported ~6% new borderzone myocytes three weeks after GMHT delivery and calculated
that a minimum of 10,000 new cardiomyocytes were generated. Induction of transdifferentiation
with either GMT or GMHT resulted in a sustained improvement of left ventricular function.
Similar results were described after viral delivery of four miRNAs in the injured mouse heart (87).
After the initial description, research has focused on maximizing the efficiency of the process,
e.g., by optimizing the stoichiometry of Gata4, Mef2c, and Tbx5 (99) or inhibition of TGF-8
signaling (100). The discovery is fascinating, but major hurdles remain in regard to human heart
regeneration. (#) Human cells proved to be more resistant than murine cells. For example, re-
programming required more factors [GATA4, HAND?2, TBX5, MYOCD, miR-1, and miR-133
(101); GATA4, MEF2c¢, TBXS5, and MYOCD plus inhibitors of WNT and TGF-g signaling (102);
GATA4, MEF2¢, TBX5, MESP1, MYOCD, and miR-133 (103); or nine small molecular sub-
stances (104)], was less efficient, and led to less well-developed cardiomyocytes with no (103) or
only weak contractility (101). (§) Adult (human) fibroblasts were more difficult to reprogram than
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fetal cells, a factor that might particularly affect the elderly population suffering from heart fail-
ure, as age has been shown to affect fibroblast composition, activation state, and reprogramming
efficiency (105). (¢) The in vivo—generated cardiomyocytes are not well characterized yet. Proper
integration and maturation will be important aspects determining their arrhythmogenic risk.

4.3. Cardiomyocyte Transplantation

It is difficult to imagine a more straightforward approach than cardiomyocyte transplantation.
Myocardial infarction kills cardiomyocytes, so replenishment with new myocytes should normal-
ize the situation. Currently, this strategy is being evaluated in late preclinical trials; a first clinical
trial was initiated, and more clinical studies are underway. Nevertheless, it took time since the
Oberpriller lab (106) performed the first cardiomyocyte transplantation studies in newts in 1978,
in which they amputated the heart’s apex, minced the myocardium, and retransplanted the tis-
sue. Fifteen years later, embryonic mouse cardiomyocytes were transplanted in syngeneic mouse
hearts and structurally integrated (107). Since then the field has progressed significantly and step
by step cleared most hurdles toward clinical trials. The main bottleneck for clinical studies has for
long been the lack of human cardiomyocytes. As discussed above, cardiac progenitor cells, bone
marrow cells, and other mesenchymal stroma cells do not possess quantitatively relevant cardio-
genic potential. In this respect, pluripotent stem cells opened the door, as they offer the oppor-
tunity to generate human cardiomyocytes in very large numbers (108-110). Fundamental work
on cardiomyocyte transplantation has been performed with neonatal rat and mouse cardiomy-
ocytes. These studies (even though not all results are directly translatable to stem cell-derived
myocytes) have taught us some lessons: (#) Transplanted cardiomyocytes engraft and are able to
survive long term. (§) Yet, engraftment rates are low (111), and the majority of transplanted cells
does not survive transplantation and/or is washed out immediately (112). (¢) Cardiomyocyte matu-
ration is critical. Adult rat cardiomyocytes did not survive transplantation, whereas immature cells
did (113), which probably reflects their remarkable resistance against hypoxia (114). (d) Two cell
delivery strategies have been developed: direct intramyocardial injection and the transplantation
of engineered tissue constructs (113, 115-117).

4.3.1. Stem cell-derived cardiomyocyte transplantation. Initial differentiation protocols
produced only a small number of human pluripotent stem cell-derived cardiomyocytes with low
purity. Heterogeneous cell populations, containing small numbers of cardiomyocytes, were used
for transplantation. These studies demonstrated (somewhat unexpectedly) that while stem cell-
derived cardiomyocytes survived transplantation, nonmyocytes did not (118, 119). They also re-
vealed that stem cell-derived cardiomyocytes, which are immature, proliferate after transplan-
tation (118, 119) and that the transplanted myocytes are able to electrically couple to the host
myocardium when transplanted in healthy ventricular myocardium in species with a human-like
electrophysiology (e.g., pigs) (120).

Even though direct cell injection is a very intuitive strategy, it has been troubled by low
engraftment rate (121). Further advances in the differentiation protocols allowed the generation
of cardiomyocytes in much greater numbers (laboratory scale 108-10°) and of higher purity
(routinely around 80-95%), but simple upscaling only partially overcame this problem. Even
with modern differentiation protocols, cardiomyocyte differentiation is difficult, error prone, and
expensive. Moreover, pluripotent stem cells possess a tumorigenic risk, and large cell numbers
increase the risk of remnant pluripotent stem cells. Murry’s group (122) developed a strategy
combining heat shock and a pharmacological prosurvival cocktail to improve engraftment. This
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strategy resulted in substantial larger grafts when transplanting 10 x 10¢ human embryonic stem
cell (hESC)—derived cardiomyocytes in a rat infarct model. Left ventricular function remained
stable in the intervention group, whereas the control groups showed a decline in left ventricular
function. Follow-up studies demonstrated that the transplanted cells can electrically couple to the
host myocardium when injected into the scar (123), but they also revealed that transplantation in a
chronically injured heart is more difficult than in the subacute setting (124). Fukuda’s group (121)
developed a method to generate cardiomyocyte aggregates (spheroids, 150-200 pm in diameter;
~1,000 cardiomyocytes per spheroid) to improve cell retention. Final graft size is a net result
of cells that survive transplantation and cells that proliferate after transplantation. Stimulation
of cardiomyocyte proliferation, as a way to increase graft size after transplantation, has been
achieved by cyclin D2 overexpression, resulting in larger grafts and better left ventricular function
(125). As genetic modifications are unfavorable for translation, pharmacological interventions to
stimulate cardiomyocyte proliferation could be a practically more applicable strategy to improve
graft size. A second approach is the combination of several cell types to promote engraftment;
e.g., cardiomyocyte and epicardial cell cotransplantation stimulated cardiomyocyte proliferation,
increased angiogenesis, and resulted in larger grafts (126).

Within the last 6 years, the cell injection approach has been advanced to studies in nonhu-
man primates (127-130) and pigs (131, 132). It is difficult to directly compare these studies be-
cause they used such different cell numbers or different cell preparations. With the exception of
one study in which nonhuman primate stem cell-derived cardiomyocytes were transplanted (al-
logeneic) (128), all other large animal studies were xenogeneic (human cells in animal models).
Different immunosuppressive regiments were applied and animals were followed over different
periods of time. There are, however, a few lessons that can be learned. Substantial remusculariza-
tion was achieved only when large numbers of cells were transplanted (127-129, 132). Nonhuman
primates (body weight 3—13 kg) received 4 x 108-1 x 10’ cardiomyocytes or 1 x 107 cardiac
progenitor cells. Pigs (body weight 10-30 kg) received 6 x 10° cells of a mixed population (2 x
10° cardiomyocytes, 2 x 10¢ endothelial cells, and 2 x 10¢ smooth muscle cells, all from human-
induced pluripotent stem cells, hiPSCs) or 1 x 107 cardiomyocytes. Substantial remuscularization
was seen in the four studies that used the largest cell numbers. In one nonhuman primate study,
1 x 107 cardiomyocytes were injected in ~40 g hearts and remuscularized ~40% of the infarct
(which affected ~4-10% of the left ventricle). A second study applied ~7.5 x 108 cells that re-
muscularized ~10% of larger infarcts (~20% of the left ventricle), and a third study used 4 x 108
cells (infarct size was 10% of the left ventricle, and the graft area was ~15% of the scar). The same
number of cells (1 x 10%) similarly remuscularized substantially larger hearts in a pig model (heart
weight ~150 g, infarct size ~25%, and graft size ~15% of the scar) (132). This comparison does
not reveal a dose-response curve and indicates that the results probably cannot be simply extrap-
olated to the human heart one to one. It highlights the challenges when aiming to remuscularize
a human heart (300 g). Assuming that ~3 x 10° cardiomyocytes contribute ~75% to the heart
mass, 1 x 10° human cardiomyocytes weigh ~75 g and thereby more than a nonhuman primate
heart. Even when taking the much smaller size of immature stem cell-derived cardiomyocytes
(~20-fold less than adult) into account, the ratio between the input cell mass and target organ
remains a substantial challenge for any upscaling strategies aimed at clinical application.

Pluripotent stem cell-derived cardiomyocytes are immature and, compared to the rodent car-
diomyocyte transplantation studies, should engraft better in the host myocardium than more ma-
ture cells. Yet, cardiac progenitor cells did not survive long term (140 days), and even four weeks
after transplantation engraftment was low in a large nonhuman primate study (130). There is also
some evidence that cardiomyocyte maturation (at least) to a certain degree promotes engraftment
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(133). A major limitation is the lack of long-term follow-up data. Early studies transplanting hu-
man cardiomyocytes in mice showed that, despite long-term graft survival, improvement in left
ventricular function was temporary (119). The longest follow-up period in the large animal studies
that demonstrated remuscularization was 12 weeks (128), during which left ventricular function
continued to improve. Of note, even though cardiomyocyte transplantation resulted in large grafts
in pigs, it did not improve left ventricular function (132). In contrast, two studies in primates and
pigs that saw only modest (or no) cardiomyocyte engraftment reported an increase in left ventric-
ular function (130, 131). It is difficult to reconcile these findings. One general problem in large
animal studies is that they are limited to small animal numbers for economic and logistic reasons,
making robustly powered efficacy studies difficult (if not impossible). For comparison, the first
study with ACE inhibitors in severely sick patients (heart failure class III-IV) was done in 253
patients and showed a number-needed-to-treat (NNT) of six (134). Modern heart failure studies
are done with 3,000 or more patients and result in NN'Ts of 20-30. The interpretation of these
results therefore requires caution. Taking all small and large animal studies together, there is ev-
idence that cardiomyocyte transplantation improves function after injury. However, the benefit
seems to not purely derive from remuscularization (and thereby active contribution of the new
myocardium) but also from paracrine effects, e.g., reduced apoptosis of host cardiomyocytes and
increased angiogenesis.

Electromechanical stability is more critical than predicted from small animal models. Small
animal models provided no evidence for arrhythmias after transplantation. In contrast, cardiomy-
ocyte transplantation induced ventricular tachycardia in all large animal models with persistent
remuscularization (127-129, 132). Even though they were transient (2—4 weeks after transplan-
tation), they represent a significant hurdle for a first clinical trial. Interventional electrophysio-
logical studies revealed that they were caused by focal automaticity (129, 132), indicating that the
immature cardiomyocytes initiate ectopic pacemaking. Nonhuman primates (heart rate between
120-170 beats per minute) were clinically mainly unaffected, but one pig (heart rate ~100 beats
per minute) died due to ventricular fibrillation. Remarkably, in one study arrhythmias occurred
in the presence of amiodarone therapy (127). Humans have an even lower heart rate and there-
fore might be even more susceptible to these life-threatening arrhythmias after cardiomyocyte
transplantation.

4.3.2. Cardiac patch transplantation. Tissue engineering may solve the issue of low engraft-
ment rates after cell injection. Yet, it can also be used to efficiently deliver drugs. Epicardial patches
loaded with follistatin-like 1 (Fstll, which is secreted by epicardial cells) induced cardiomyocyte
proliferation (135). This strategy improved left ventricular function in mice and pig models
and is currently being developed for clinical application. Several engineering techniques exist to
deliver cardiomyocytes as a prefabricated construct (reviewed in 136), with cell sheets (137, 138)
and hydrogel-based constructs (139-141) being the most advanced techniques. Transplantation
of cell sheets and hydrogel-based constructs resulted in partial remuscularization of the injured
heart in small animal models. In a robustly powered guinea pig study, transplantation of two
hiPSC-derived tissue constructs (5 x 10° cardiomyocytes per construct) remuscularized about
12% of the scar area and improved left ventricular function (compared to two control groups that
either received cell-free constructs or constructs that contained only noncontractile endothelial
cells) (140). The study provided indirect evidence that application of cells in a prefabricated
contracting patch improves engraftment, because the number of cells required for the same or
better graft size and functional benefit was ~10-fold lower than in comparable cell injection
studies (8 x 107—1 x 10%). The grafts were vascularized by recipient-derived blood vessels (even
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when the tissue constructs contained stem cell-derived endothelial cells) (140). The results of one
large animal study are published, and several more are currently ongoing. Transplantation of large
fibrin-based cardiac patches (4 x 2 x 0.125 cm with 4 x 10° cardiomyocytes, 2 x 10¢ endothelial
cells, and 2 x 10® smooth muscle cells, all hiPSC-derived) improved ventricular function after
transplantation in a pig myocardial infarct model, even though remuscularization was sparse. The
latter might result from the low input number of cardiomyocytes, but also from a rather mild
immunosuppression (no drug to inhibit T cell costimulation, e.g., abatacept, was used) (142).

The main caveat of the cardiac patch strategy so far is electrical coupling (140, 141, 143). Epi-
cardial transplantation of tissue constructs consistently leads to a scar tissue cap that separates
the new myocardium from the host tissue. Even though electrical coupling can progress via non-
myocytes (e.g., fibroblasts or macrophages), this structural barrier very likely impedes electrical
integration. There was evidence of electrical coupling in a subset of animals in the guinea pig
study (2/7 animals), but two studies in rats found no evidence of electrical coupling (141, 142,
144), suggesting that electrical coupling is the major hurdle for a tissue engineering approach.
So far, there are no data on electrical coupling from large animal models with more human-like
physiology.

Transplantation of cells in a patch has already been applied in a small clinical trial. Fibrin
patches containing a very low number (5-10 x 10°) of hESC-derived cardiovascular progenitor
cells were epicardially transplanted in six patients, not with the aim to remuscularize the heart, but
rather to evaluate safety and immune responses in an allogeneic setting with immunosuppression
limited to the first 4 weeks after transplantation (144). A similar regimen was applied in a study
with stacked cell sheets containing a much higher number of hiPSC-derived cardiomyocytes that
was recently initiated in Japan and apparently also does not aim at sustained remuscularization.
Details of the study have not been published.

4.3.3. Immune rejection of transplanted cells. Probably the biggest current hurdle for the
clinical application of stem cell-derived cells/patches is the unresolved question of efficient and
safe immunosuppression. The concept of long-term remuscularization implies that the newly
formed myocardium actively contributes to heart function. Unfortunately, the right conditions
are difficult to test in current animal models. Xenogeneic studies (the current standard in the
absence of robust hESC or hiPSC lines from guinea pigs, rabbits, or pigs) require a harsh im-
munosuppressive regiment that cannot be extrapolated to clinical use. In an allogeneic setting,
HLA matching was necessary to allow cell survival under clinically tolerable medication (128),
but HLA matching by itself was not sufficient, and iPSC-derived neurons were rejected without
immunosuppression in nonhuman primates (145). Long-term immunosuppression causes severe
problems (146). Immunosuppressed patients are at risk of serious infections with clinical symp-
toms that are often nonspecific and therefore difficult to diagnose. Kidney failure is a common
problem of calcineurin inhibitors, and tumors (e.g., nonmelanoma skin cancer) occur more of-
ten than in the general population. Immunosuppression could be circumvented by an autologous
approach (147) or the use of hypoimmunogenic cell lines. An autologous strategy has serious lo-
gistic and economic hurdles and faces regulatory difficulties because genetic aberrations can occur
during reprogramming and stringent quality control mechanisms are necessary (147). Moreover,
recent evidence suggests the formation of neoantigens (148), questioning this strategy from a bio-
logical perspective. Hypoimmunogenic approaches are an attractive alternative. Different genetic
modifications have been described to generate hypoimmunogenic pluripotent stem cell lines (149,
150). Each of these strategies contains multiple genetic modifications to escape a T cell answer and
simultaneously to not provoke a natural killer (NK) cell response. These strategies circumventa T
cell response by knocking out MHC molecules, which according to the “missing self-hypothesis”
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makes them susceptible for NK cells and requires additional genetic modifications. So far, none of
these strategies has been applied in humans. Hence, the long-term effects are unknown at present.

4.4. Where Things Stand Today

One hundred and fifty years after Goldenberg’s surprisingly accurate description of the heart’s
minimal regenerative capacity, cardiac regeneration remains an unfulfilled medical need. Yet, three
strategies to remuscularize the injured heart have emerged. These are based on rigorous work from
many groups spanning several decades. All three strategies demonstrated the potential to fulfill
the central requirement of remuscularization and showed promising results in preclinical models.
Yet, a few words of caution are necessary. Our knowledge mainly stems from animal models with
(sub)acute anterior myocardial infarction/injury. However, human patients with advanced coro-
nary artery disease generally exhibit much more diverse disease characteristics. They often suffer
from multivessel disease and experience repeated ischemic events, which most likely will impede
every regenerative approach. Pharmacologists aim to understand a drug’s mode of action, and
even though the integrated effect of many drugs remains incompletely understood, the primary
drug target is generally undisputed. This brings us back to the beginning of this article, where
we demonstrated that remuscularization will, most likely, be a numbers game. Many studies [in-
cluding our own work (140)] report increases in left ventricular function that are larger than one
would expect from the degree of remuscularization or the percentage of cycling cardiomyocytes.
While part of this discrepancy may be explained by technical limitations in analyzing left ven-
tricular function or threshold effects, another likely reason encompasses additional, yet unknown
mechanisms that need to be scrutinized and interpreted with an open mind. Pharmacologists teach
introductory classes explaining that therapeutics without side effects most likely also do not have
effects. Assuming that regenerative therapeutics can have substantial effects, more work is still re-
quired to evaluate the risk-benefit ratio. Eventually, clinical trials will tell whether our hypothesis
turns out to be true and heart failure patients can benefit from regenerative therapeutics.
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