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Heart repair by cardiac reprogramming
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Nearly one million Americans suffer a myocardial infarction each year, many of whom
progress to heart failure, the single most common hospital discharge diagnosis in those over
age 65 (ref. 1). The adult human heart has a limited regenerative response to injury such that
the loss or dysfunction of cardiomyocytes results in reduced pump function, often
culminating in heart failure, life-threatening arrhythmias and sudden death. Numerous
clinical trials over the past decade have introduced a variety of autologous stem and
progenitor cell types into failing human hearts as a strategy for regenerating new
myocardium, but exogenous stem cells seem to give rise to few if any new muscle cells,
bringing into question the biological basis for the limited functional improvement. Thus,
there is still a dire need for innovative strategies for heart regeneration and repair.

A series of recent studies in rodents has reported the ability of exogenous transcription
factors and miRNAs to reprogram cardiac fibroblasts into cardiomyocytes?-, resulting in
dramatic improvement of cardiac contractility after myocardial infarctionZ3:6, Much work
remains to optimize such reprogramming methods and to define the mechanistic basis for
functional improvement in this setting, but this initial evidence suggests a potentially
transformative new approach for heart repair.

Whereas skeletal and smooth muscle cells can be generated from fibroblasts by ectopic
expression of single transcription factors’:8, the cardiac muscle phenotype has proven more
elusive, as no single factor has been shown to be capable of generating cardiomyocytes from
fibroblasts. An important step toward possible therapeutic generation of cardiomyocytes was
provided by leda er a/.%, who showed that three transcription factors—Gata4, Mef2c and
Thx5 (together referred to as GMT)—could activate cardiac gene expression in cultured
mouse fibroblasts with a low efficiency of between 5 and 15%. Activation of cardiac genes
by these factors seems to require precise levels of expression of the factors. Inclusion of a
fourth factor, Hand2, in the GMT cocktail substantially increases reprogramming
efficiency2. Several cardiac miRNAs have also been reported to activate cardiac gene
expression in fibroblasts with low efficiency®. Because cardiac transcription factors and
miRNAs function within complex regulatory networks involving feed-forward and
autoregulatory interactions, it is likely that multiple combinations of these cardiac regulators
may initiate the cardiac phenotype.

Reprogramming by cardiac transcription factors and miRNAs seems to involve direct
conversion of fibroblasts toward a cardiomyocyte-like fate without transition through a stem
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cell intermediate. This approach therefore differs from reprogramming methods that involve
the generation of induced pluripotent stem cells and subsequent commitment to the cardiac
lineage. Direct cardiac reprogramming of fibroblasts also circumvents potential
teratogenicity and immunogenicity of induced pluripotent stem cells.

Induced cardiac-like myocytes (iCLMs) seem to be relatively immature, and only a very low
fraction show action potentials and strong contractility, well-developed sarcomeres, and
binucleation, characteristics of adult cardiomyocytes. Thus, maturation to adult cardiac
phenotypes may require prolonged periods in culture or additional factors not yet identified.
Initial efforts to reprogram human fibroblasts to a cardiac fate have recently found a set of at
least five factors different from the factor combination in mouse fibroblasts that can activate
cardiac gene expression in adult human cardiac and dermal fibroblasts and in neonatal
human foreskin fibroblasts1C. Cardiac reprogramming of human fibroblasts is slower and
less efficient than in mouse fibroblasts, perhaps reflecting stable epigenetic events that need
to be overcome.

Nearly half of the cells in the heart are fibroblasts, and their activation during heart disease
leads to fibrosis, which impedes contractility and contributes to conduction abnormalities.
Thus, targeting activated cardiac fibroblasts after injury to induce heart repair is particularly
attractive (Fig. 1). Retroviruses, which infect only proliferating cells, were used to introduce
GMT and GHMT into fibroblasts in the infarct zone of mice after myocardial infarction?3:5,
Lineage-tracing studies with fibroblast markers indicated that newly generated iCLMs were
derived from fibroblasts.

There are a few aspects of these studies that warrant consideration. First, the reprogramming
efficiency /n vivo seems to be higher compared to /n vitro, suggesting that the milieu of the
intact heart may favor reprogramming in ways that cannot be reproduced in culture. Second,
introduction of reprogramming factors results in dramatic functional improvement after
myocardial infarction?3, indicating that, at least in mice, the impact of cardiac
reprogramming exceeds the relatively modest and transient effects observed with autologous
stem cell transplantation. Finally, the extent of functional improvement after /n vivo
reprogramming is greater than expected, given the relatively modest number of mature
cardiomyocytes generated. This may suggest that reprogramming factors enhance cardiac
function through mechanisms beyond simply reprogramming of fibroblasts toward a
cardiomyocyte cell fate, perhaps also promoting neoangiogenesis, preventing cardiomyocyte
death and/or inhibiting fibroblast proliferation.

Although these initial studies point to a potentially promising new approach for heart repair,
numerous technical and biological hurdles remain to be overcome. The efficiency of the
reprogramming process remains relatively low, and reprogrammed cells show a spectrum of
intermediate phenotypes, reflecting incomplete conversion to a mature cardiac phenotype.
The latter issue is of concern, given the propensity of arrhythmias to arise from zones of
cardiomyocyte heterogeneityll. The long-term stability and integration of reprogrammed
cardiomyocytes with native cardiomyocytes also remains to be shown. Further optimization
of reprogramming of human fibroblasts and demonstration of the therapeutic efficacy and
safety of this approach in large animals is needed.

Cells from the cardiac conduction system and vasculature are also lost after cardiac injury,
and full restoration of cardiac function after injury will therefore require recreation of
multiple cell types. Smooth muscle, endothelial and angioblast-like progenitor cells have
been efficiently generated by reprogramming®12:13 and inclusion of a vascular endothelial
growth factor—expressing virus with GMT enhances functional recovery of mice after
myocardial infarction, possibly through neovascularization of the injured myocardium®. In
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addition, forced expression of Thx3, activated Notch or Thx18 in working cardiomyocytes is
sufficient to generate conduction system cells in vitro*4-16 and in vivot®.

Reprogramming experiments in rodents requires open chest surgery to directly inject viruses
into the infarct zone; in humans, direct delivery of reprogramming factors during coronary
artery bypass graft surgery could be a starting point. Given the potential for teratogenic viral
insertions in the genome, as well as other complications associated with viral delivery, it
will be important to develop nonintegrative methods for safe clinical application. Replacing
cardiogenic transcription factors with small molecules or synthetic oligonucleotides with
cardiogenic activity has long-term therapeutic possibilities; their combination with catheter-
based delivery during a percutaneous coronary artery intervention after myocardial
infarction could also reach widespread and effective use for intervention after heart attack.

Whereas studies thus far have been limited to the reprogramming of fibroblasts to
cardiomyocytes within the infarct zone of hearts after myocardial infarction, it will be of
interest to determine whether this approach can also be applied to other forms of acquired
and inherited forms of heart disease associated with loss or dysfunction of cardiomyocytes.
As most heart diseases are associated with an increase in cardiac fibrosis, this approach may
extend beyond post—-myocardial infarction therapy. Given our desperate need for entirely
new heart repair strategies, further studies are warranted to resolve the current challenges
facing /n vivo reprogramming approaches. Cellular reprogramming, perhaps in combination
with biological scaffolds or other bioengineering strategies, has the potential to provide an
alternative or complementary heart repair strategy to cell transplantation—based approaches,
which have been in clinical trials for nearly a decade.
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Figure 1.

Heart repair by /in vivo reprogramming of nonmyocytes into iCLMs. After myocardial
infarction, a viral cocktail of cardiac transcription factors or miRNAs is directly injected into
the border zone adjacent to the infarcted myocardium. The forced expression of
reprogramming factors in the heart after myocardial infarction generates iCLMs in situ and
leads to the improvement of contractile function and reduction of scar formation. LV, left
ventricle.
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