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The human heart is a muscle, and like all types of muscles, it can
be injured. In humans, heart muscle is not able to regenerate after
injury, and this can lead to heart disease which develops over time,
eventually leading to an untimely death. A team of researchers,
Doctor Claudine Bruck (Prolifagen), Professor Edward Morrisey
(Department of Medicine and Cell and Developmental Biology) and
Professor Jason Burdick (Department of Bioengineering) at the
University of Pennsylvania, have collaborated to develop a novel
therapy to regenerate damaged heart muscle.

The Challenges of Treating Heart
Disease
Heart disease is a major cause of
mortality around the world and the
World Health Organisation estimates
that it results in close to 18 million
deaths annually. Heart attack, the
common terminology for myocardial
infarction (MI), contributes to many
cases of heart disease. Although
advances in management and surgical
intervention have improved survival
rates, chronic heart failure (HF) is a
serious consequence of MI and at least
half of sufferers do not survive past
five years. Repair of an MI is primarily
through formation of scar tissue, as
heart muscle cannot regenerate after
injury. HF often develops progressively
after an MI, which can eventually lead to
premature death.
Cardiomyocytes are the key cells of
the heart muscle. They terminally
differentiate after foetal development
and stop proliferating around the time
of birth. Upon terminal differentiation,
cardiomyocytes are unable to
proliferate due to their exit from the

cell cycle. Thus, when the adult heart is
injured, cardiomyocytes die and cannot
be replaced through proliferation or
regrowth from existing cells.
Traditionally, only heart transplantation
has been a cure for HF but this is costly
and challenging, and therefore, not an
option for all patients. The regeneration
of cardiomyocytes following MI would
be one way of treating damaged hearts
and HF. This has long been needed
and much research has been focused
over the years on stem cell therapy to
produce new cardiomyocytes to repair
damaged heart muscle. However, the
development of an effective stem cell
therapy has not yet been achieved due
to numerous obstacles.
Professor Edward Morrisey of the
Department of Medicine and Cell and
Developmental Biology at the University
of Pennsylvania has invented a new
cardiac regeneration technology along
with Professor Jason Burdick of the
Department of Bioengineering at the
same institution. Professor Morrisey has
co-founded the biotechnology company
Prolifagen, with the drug development
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expertise of the company’s CEO, Doctor
Claudine Bruck to further develop
this exciting technology for use in the
treatment of HF in humans.
The Science Behind an Emerging
Cardiac Therapy
In a 2016 research paper, Professor
Morrisey and colleagues described
the proliferation of cardiomyocytes
in mice. MicroRNAs (miRNAs) are
a class of small, non-coding RNAs

that function in regulating gene
expression by binding to target mRNA
(messenger RNAs), destabilising them
and initiating translational silencing.
Professor Morrisey’s group discovered
a miRNA cluster called miR302-367
that is expressed in early mouse
cardiac development and plays an
important role in the proliferation of
cardiomyocytes during embryonic
development.
The expression of miR302-367
decreases during heart development,
which corresponds to decreasing
cardiomyocyte proliferation.
Importantly, over-expression of miR302367 led to increased cardiomyocyte
proliferation in mice as compared to
controls. The researchers demonstrated
that miR302-367 works by targeting
components of the highly conserved
Hippo signal transduction pathway.
This pathway is known to control organ
growth by regulating cell proliferation,
apoptosis and stem cell renewal. Highthroughput sequencing of mouse mRNA
hybridised to miR302-367 Mst1, a core
component of the Hippo signalling
pathway, as a primary target of miR302-

367. The team hypothesised that
miR302-367 regulates cardiomyocyte
proliferation by inhibiting the Hippo
signalling pathway. Moreover, the
importance of this pathway in cardiac
regeneration has also been reported by
others.
Further experiments revealed that
re-expression of miR302-367 in the
adult mouse heart resulted in the
reactivation of the cardiomyocyte cell
cycle, an increase in the number of
cardiomyocytes and regeneration. When
the team induced MI in these adult
mice, a reduction in scar formation
was observed as compared to controls.
However, the team also noted that longterm expression of miR302-367 caused
dedifferentiation and dysfunction
of cardiomyocytes and, therefore,
compromised cardiac function.
Following this, the team demonstrated
that transient treatment of mice
with miR302-367 mimics (miRNA
that silence/repress target genes)
administered daily for one week,
resulted in increased mouse
cardiomyocyte proliferation after MI,
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decreased fibrosis, and increased
physiological function while at the
same time not causing cardiomyocyte
dedifferentiation. Importantly, there
was recovery of cardiac function as
measured by end-systolic, end-diastolic
volume and ejection fraction. The
results of these experiments led the
team to conclude that there is potential
for miRNA-based therapy to activate
cardiomyocyte proliferation and cardiac
regeneration following injury.
A Bio-engineered Injectable Therapy
to Treat Heart Disease
Following the promising results of
the miRNA study, Professor Morrisey
and Professor Burdick collaborated
to develop a miRNA-based therapy
for the treatment of MI. The research
was published in a 2017 paper where
the team proposed delivering miR302
mimics to the heart via an injectable
hyaluronic acid hydrogel. Hydrogels
are water-based polymer networks,
which can encapsulate drugs that are
then released over time after the gel
is injected into the tissue. Professor
Burdick’s team developed a hydrogel
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Decreased pumping capacity

Myocardial Infarction and Heart Failure
with modified hyaluronic acid that exhibits shear-thinning
characteristics. This allows the gel to flow during injection,
and when it reaches the target site, the gel reassembles almost
instantaneously.
The team studied neonatal mouse cardiomyocytes which had
been treated with the gel-miR302 complex and found that the
complex significantly enhanced proliferation compared to
controls that were either hydrogels with no specific sequence
(gel-miR-NC) or hydrogels alone. The hydrogel release profile
after injection into the heart muscle indicated that the gelmiR302 complex was locally present for approximately one
week from a single injected dose, whereas, in the previous
study, systemic daily dosing (that is, affecting the whole body)
of miR302 mimics through intravenous injection was needed.
To determine whether the cardiomyocyte proliferation
following gel-miR302 treatment yielded new cardiomyocytes
after MI, the team conducted a set of experiments to trace
the lineage of individual cardiomyocytes using fluorescent
labelling to track daughter cells from parent cells. MI was
induced in mice and then injected with either gel-miR302 or
gel- miR-NC (control), adjacent to the infarction site in the
border zone. Mice injected with gel-miR302, but not gel- mIRNC, showed that individual cardiomyocytes replicated into
multiple cardiomyocytes in the infarcted border zone at day
28 post-injection. These data indicate that miR302 treated
cardiomyocytes proliferated or grew after an MI and treatment.
The team further investigated the effect of the gel-miR302
injection on heart physiology after MI. The team selected adult
mice treated with gel-miR302, gel-miR-NC or a no-hydrogel
control after MI. Four weeks post-MI, echocardiography and a
number of cardiac measurements were performed to assess
cardiac function in treated mice. The findings showed that 4
weeks after MI, mice treated with gel-miR302 had decreased

cardiac end-diastolic and end-systolic volumes (39% and
50%, respectively), improved ejection fraction (32%) and
fractional shortening (64%) as compared with controls.
Furthermore, echocardiography showed improved heart wall
movement in gel-miR302 treated mice. The team concluded
that the gel-miRNA based delivery system can be effective in
promoting cardiac regeneration after MI and this method is
most important as it provides a targeted and localised delivery
as opposed to a systemic delivery which can lead to off-target
effects.
Next Steps Towards Use in Humans
This is an exciting time for Prolifagen as they implement the
next steps towards fine-tuning this new therapy as a suitable
treatment in humans. Currently, the team is conducting
pharmacokinetic and pharmacodynamic studies in porcine
(pig) models as a proof-of-concept for human trials. For the
Phase I porcine experiments, the researchers will use direct
needle injections to deliver the gel-miR302 complex, however,
for human trials, they propose a catheter administration.
The porcine heart is of a similar size to the human heart
and will, therefore, be used to measure the induction of
cardiomyocyte proliferation following injection of gel-miR302
at two different concentrations. Preliminary experiments have
shown induction of cardiomyocyte proliferation following gelmiRNA302 treatment of porcine hearts. Once the porcine Phase
I studies are complete the Prolifagen team aims to test the
safety and efficacy of gel-miR302 in the porcine MI model.
Following success in these studies, preclinical toxicity studies
will be completed ahead of early phase human trials. This novel
therapy for the treatment of heart failure is a promising one
with the potential of improving the outcomes for millions of
patients that have suffered MI.
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Doctor Claudine Bruck received her PhD
in Biochemistry and Molecular Virology
at the University of Brussels in 1982 and
completed her postdoctoral research at
Harvard Medical School. Doctor Bruck
has 30 years of experience leading the
pharmaceutical industry in vaccine
research and drug development.
She is the former vice-president and
Head of GSK Ophthalmology R&D and
currently the CEO and co-founder of
Prolifagen where she is managing the
development of the company’s cardiac
regeneration technology.

Professor Edward E. Morrisey received
his PhD in Molecular and Cell Biology
from Northwestern University in
Illinois in 1994. He is currently
Professor of Medicine and Cell and
Developmental Biology, Director of
Penn Centre for Pulmonary Biology,
and Scientific Director of Penn Institute
for Regenerative Medicine. Professor
Morrisey’s laboratory focuses on cardiac
and lung development mechanisms to
improve the repair and regeneration
of these tissues. He is also the cofounder of biotech company Prolifagen
which is developing a novel therapy to
regenerate cardiac tissue.

Professor Jason A. Burdick obtained his
PhD in Chemical Engineering in 2002
from the University of Colorado and is
currently Professor of Bioengineering at
the University of Pennsylvania and the
Director of the Polymeric Biomaterials
Laboratory at Penn. Professor Burdick
and his team focus on the development
of polymeric materials for regenerative
medicine and drug development.
Professor Burdick holds numerous
honours and awards and is a member
of the editorial board of multiple
bioengineering publications.
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