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Abstract

Heart failure following a myocardial infarction continues to be a leading killer in the western
world. Currently there are no therapies that effectively prevent or reverse the cardiac damage and
negative left ventricular remodeling process that follows a myocardial infarction. Since the heart
has limited regenerative capacity, there has been significant effort to develop new therapies that
could repair and regenerate the myocardium. While cell transplantation alone was initially studied,
more recently tissue engineering strategies using biomaterial scaffolds have been explored. In this
review, we cover the different approaches to engineer the myocardium. These include cardiac
patches, which are /n vitro engineered constructs of functional myocardium, as well as injectable
scaffolds that can either encourage endogenous repair and regeneration, or act as vehicles to
support delivery of cells and other therapeutics.

Introduction

Several studies have shown that the heart has resident stem cell populations.1-3 These offer
some innate regenerative capacity; however, in the adult heart, this is limited and
cardiomyocytes lost by disease or injury cannot be efficiently replaced through endogenous
repair mechanisms. Instead, fibrosis occurs and non-contractile scar tissue is created, leading
to a slow decay of the contractile function of the heart. Although a complex organ such as
the heart has many different components, in this review we will focus on the heart muscle,
or myocardium, while we point the reader to excellent reviews focusing on tissue
engineering approaches for repair of heart valves* and conduits.®

Currently available treatment options for myocardial infarction (MI) and heart failure
include the use of pharmacological agents and left ventricular (LV) assist devices. None of
these approaches are regenerative in nature; they temporarily boost contractile function of
the remaining cardiomyocytes, thus motivating exploration of alternative approaches
through the use of tissue engineered products and biomaterials. The field of tissue
engineering was formally defined in the late 1980’s, as “an interdisciplinary field that
applies the principles of engineering and life sciences towards the development of biological
substitutes that aim to maintain, restore or improve tissue function” 8. According to the
original paradigm, functional tissue replacements were engineered using tissue cultivation in
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bioreactors and starting from cells, ideally autologous cells, and supporting biomaterials.
Over past two decades, engineering of almost all of the tissues of the human body was
achieved in laboratory settings, including skin, bone, cartilage, liver, cornea, myocardium,
blood vessels, lung, gut, etc. The original paradigm was refined, as suitable for the proposed
regenerative approach. For example, bioreactor cultivation was omitted if tissue
functionality similar to that of the native tissue was not a prerequisite, and the body was
used as a bioreactor instead.” Although the ultimate tissue engineers are the cells
themselves, and we simply provide the instructive environment for their function, it was
observed that the use of biomaterials alone, tailored to recapitulate the cell niche, can result
in regeneration in vivo.®

The classical tissue engineering approach has already resulted in FDA approved products of
which a large number of patients benefit each year specifically, skin replacements
(Dermagraft, Epicel, Apligraf) and autologous cartilage replacements (Carticel). Although
these early success stories point to the importance of developing new therapies based on
living cells and biodegradable materials, the long and expensive road through clinical trials
leading to these FDA approvals was burdened with financial hardship and bankruptcies of
early players in the field (e.g. Advanced Tissue Sciences). Tissue engineered products were
also successfully applied in humans as bladder replacements,? tracheal,1%: 11 and bronchial
tissues,12 as well as blood vessel substitutes.13

For the myocardium, regenerative strategies initially focused on cell transplantation without
the use of biomaterials scaffolds. This approach has advanced to clinical trials; however,
substantial improvements in cardiac function have yet to be seen, possibly because of the
poor retention and survival of transplanted cells. In this review, we will focus on recent
advances in myocardial tissue engineering, including the development of cardiac patches,
defined as pieces of living tissues engineered in the laboratory to have functionality
approaching that of the native heart tissue, and injectable biomaterials that can be used to
attenuate pathological remodeling and drive regeneration or repair of native myocardium.

Cardiac Patches

The ideal end product of a cardiac tissue engineering approach is a functional cardiac patch
of clinically relevant thickness (~1cm) to provide replacement for diseased or damaged
native ventricular myocardium. Functionality is often assessed by the ability of the patch to
generate active force during contraction (20-50 mN/mm?2) and propagate electrical impulses
(~25cm/s). The ideal cardiac patch should consist of autologous cardiomyocytes, such that
minimal immune response is generated upon implantation. To achieve these requirements,
different groups manipulate the microenvironment cells interact with in order to facilitate
cell assembly and build a functional tissue.

According to the classical tissue engineering paradigm, cells and scaffolds are combined and
cultivated in a bioreactor to reach a desired degree of functionality. Pioneering studies
performed in the late 1990’s demonstrated that beating cardiac tissue can be created in a
laboratory settings 14-16 and that it can be used as a cardiac patch in a rat model of
myocardial infarction 17, Most cardiac tissue engineering studies use neonatal rat heart cells
as a model system,18 although use of cardiomyocytes derived from human embryonic stem
cells (hESC) is emerging.19-21 Both synthetic (polyglycolic acid, poly-L-lactic acid, and
polyglycerol sebacate?223) and natural (alginate,24 collagen, and chitosan28) biomaterials
were used in scaffolds?’ either in porous or fibrous form, or as hydrogels.28
Microfabrication approaches, soft lithography and patterning of synthetic materials were
specifically advanced in conjunction with synthetic scaffold materials to develop tissues
with a high degree of anisotropy.29-32

Mayo Clin Proc. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Radisic and Christman Page 3

The advantages of pre-formed scaffolds are that they offer control of mechanical properties,
have no limitations in terms of shape or size, and anisotropic structure of the scaffold can be
used to control cell orientation.2® Mechanical properties of either scaffolds or hydrogels for
cardiac tissue engineering depend on the ultimate envisioned application. For example,
human myocardium ranges in stiffness from 20 kPa at the end of diastole up to 500 kPa at
the end of systole, while the stiffness of rat myocardium ranges from 0.1-140 kPa.33-37 Our
previous studies with rat heart cells demonstrated that both cardiomyocytes and cardiac
fibroblasts maintained an /n7 vivo like phenotype on substrates that matched the stiffness of
native rat hearts.>! These studies are in agreement with those of Jacot et al who found that
the cardiomyocytes generated highest contractile force when cultivated on substrates that
matched the stiffness of the native heart.38 When the properties of hyaluronic acid hydrogels
were tailored such that the substrate stiffened with time in culture to match the stiffening of
the heart during development, maturation of embryonic chick cardiomyocytes was
achieved.39 However, if the material is to be used to simply deliver cells into the heart and
recruit cells for endogenous healing, the stiffness of the scaffold can also be at the lower end
of the physiological range. If the material is to be used to artificially thicken the ventricle
wall, and maintain ventricle geometry during remodeling, then it must be on the high end of
the stiffness range.

Some have suggested that pre-formed porous or fibrous scaffolds limit the active force that
can be generated by the cells.2° Instead, to maximize on the development of active force,
hydrogels that are remodeled by the cells can be used as a support during cardiomyocyte
culture.® In addition, scaffold-free approaches have recently emerged, where cells self-
assemble into sheets or circular structures without the use of either natural or synthetic
scaffolds.19: 4142, 43 |n an approach pioneered by Okano’s group, cardiomyocyte monolayers
are stacked to form a functional tissue. Release of undamaged monolayers was made
possible by seeding cardiac cells on poly(N-isopropylacrylamide)-grafted polystyrene dishes
and then lowering the temperature to 20°C, thus inducing a hydrophobic/hydrophilic switch
of the surface. After transplantation of the cell sheets onto infarcted rat hearts, cardiac
performance was significantly improved and successful engraftment was observed.4

In a pioneering approach, Eschenhagen and Zimmermann generated an engineered heart
tissue (EHT) by seeding a mix of collagen I, extracellular matrix proteins (Matrigel), and
neonatal rat cardiomyocytes into lattices or circular molds. Upon spontaneous remodeling of
the liquid reconstitution mixture and cyclic mechanical stimulation, spontaneously and
synchronously contracting solid EHTs were generated after one to two weeks of
cultivation.#® These studies clearly demonstrated the importance of physical stimuli in
improving morphological, functional, and mechanical properties of the EHT. By stacking
three of these ring-shaped constructs, consisting of neonatal rat cardiomyocytes, into a
flower-like structure followed by auxotonic mechanical stimulation and implantation in a rat
MI model, electrophysiological studies indicated electrical coupling with the native tissue
and improved diastolic and systolic function compared to the sham-operated rats 8. This
landmark study clearly demonstrated for the first time that implantation of EHT can result in
functional improvement upon M.

Alternatively, suprathreshold electrical field stimulation with monophasic pulses can be
utilized to induce synchronous contractions of cardiomyocytes in porous collagen scaffolds
resulting in the formation of tissue with elongated, viable cells aligned in parallel.*6-48 The
parameters for electrical stimulation were further optimized in a later study involving the
cultivation of cardiac cells on collagen scaffolds.#® Carbon was found to be the ideal
electrode material, showing the highest charge-injection capacity and yielding cardiac
tissues with the best structural properties and contractile function, compared to stainless
steel, titanium nitride-coated titanium and titanium. The use of biphasic pulses improved the
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functionality of the engineered cardiac tissues as compared to the use of monophasic pulses,
the pulse type used in all previous studies.?? This was due to the enhanced cell organization
as well as increased cell elongation, cell density, presence of cross-striations and
connexin-43 expression. The two phases in the biphasic pulse regime act synergistically,
with the first one being the conditioning sub-threshold prepulse and the second being the
excitatory pulse.

Adult cardiac muscle is a highly differentiated tissue composed of cardiomyocytes and
fibroblasts supported by a dense vasculature, with an average cell density of 1-10 x 108
cells/cm?3. The cardiomyocytes form a three-dimensional syncytium that enables propagation
of electrical signals and synchronized contraction that results in pumping of blood. Only
20-40% of the cells in the heart are cardiomyocytes, but they occupy 80-90% of the heart
volume.>! Early cardiac tissue engineering work therefore focused on using mostly
cardiomyocytes purified by several rounds of pre-plating.>2 However, it was noted that
constructs based on purified cardiomyocytes exhibited limited ability to remodel their
microenvironment, consisting either of a synthetic poly(glycerol sebacate) scaffolds23 or
natural hydrogels,®3 thus resulting in tissues with inferior functional properties. Cardiac
fibroblasts constitute most of the non-myocytes in the myocardium and their main role is to
secrete the components of the extracellular matrix (ECM).>* Endothelial cells line the blood
vessels of the dense myocardial vasculature and engage in cross-talk with cardiomyocytes
via numerous secreted factors.>® 6 Given the lack of success with pure cardiomyocyte
populations, investigators therefore started introducing fibroblasts back into cardiac cell
cultures in 3-dimensional matrices 23 53 followed by the controlled use of endothelial cells
as well, to create primitive capillary sprouts 7-59,

While fibroblasts overgrow cardiomyocytes in monolayer culture, they do not overgrow in
three-dimensional constructs. This might be due to the contact inhibition of a three-
dimensional matrix, presence of topography that is known to inhibit proliferation® or
appropriate mechanical properties of engineered cardiac tissues. The elastic modulus of the
native neonatal and adult rat heart is 6.8kPa and 25.6kPa respectively.61 Even in monolayer
culture, fibroblast overgrowth was shown to be absent and elongation of cardiomyocytes
was enhanced resulting in the improved contractile properties, when the cells were
cultivated on polyacrylamide substrates of intermediate stiffness (22kPa and 50kPa)
compared to the substrates with either low stiffness (3kPa) or high stiffness (144kPa). It is
now well accepted in the field (Figure 1A), that for optimal functionality of the engineered
cardiac tissues and for improved survival upon /n vivo implantation, the presence of
cardiomyocytes, along with endothelial cells and a mesenchymal cell type (e.g. fibroblast or
mesenchymal stem cell) in a cardiac construct is critically required.19-21.62

These technological advances of recent years enabled generation of tissue with sophisticated
architecture and functional properties approaching those of native rat hearts. However, our
understanding of the molecular mechanisms orchestrating this functional assembly of cells
on different scaffolds and in different bioreactors remains underdeveloped, thus warranting
further work. For example, Dvir and Cohen reported that Erk 1/2 cascade was activated in
cardiomyocytes cultivated in the presence of interstitial pulsatile flow, leading to
physiological cell hypertrophy. The cross-talk between the non-myocytes and
cardiomyocytes in engineered heart tissue was also demonstrated to be mediated by secreted
VEGFg5 that directly acted on cardiomyocytes to enhance the expression of the gap
junctional protein connexin-43, thus leading to improved functional properties of the tissue.

Working towards the ideal cardiac patch, one is faced with a critical question of the
autologous source of cardiomyocytes. Adult cardiomyocytes are considered to be terminally
differentiated and have a limited ability to proliferate, thus they cannot be expanded to
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sufficient numbers (millions/patient) from cardiac biopsies. Therefore, stem cells must be
used as a source of cardiomyocytes. Although bone marrow derived cells, such as
mesenchymal stem cells (MSCs), can express cardiac markers by immunostaining and
polymerase chain reaction upon treatment with specific cytokines, or in co-culture with
differentiated cardiomyocytes, they cannot develop active force during contraction and they
cannot exhibit ventricular action potentials.53 Three-dimensional cultivation of MSCs was
reported to enhance expression of cardiac markers in these cells compared to the two-
dimensional cultures, however development of active force was not reported.54 65 In the
past year, resident cardiac stem cells, either c-kit+ (SCIPIO, ClinicalTrials.gov identifier
NCT00474461) or those derived from cardiospheres (CADUCEUS, NCT00893360)
demonstrated rather promising functional improvements in Phase | clinical studies as well as
the restoration of viable tissue per MRI imaging, presumably due to their ability to give rise
to cardiomyocytes in addition to vascular cells.6: 67 However, it is yet to be demonstrated if
these cells can give rise to millions of cardiomyocytes that are required for cardiac tissue
engineering during /n vitro culture.

Pluripotent stem cells such as ESC or induced pluripotent stem cells (iPSC) have the
advantage of being able to give rise to bona fide cardiomyocytes and the ability to be
expanded to sufficient numbers (millions/patient) using existing technologies. The discovery
of human iPSCs58 and the ability to generate cardiomyocytes from them6? offers the
possibility to provide unlimited numbers of autologous cardiomyocytes for cell therapy
without ethical concerns raised with the use of hESCs. Studies from a number of groups
have conclusively shown that it is possible to generate cardiomyocytes from mouse’® and
human ESCs’! and iPSCs.59 Cardiac patches based on both hESC and iPSC have already
been generated and implanted in rodent models (Figure 1B).52 The most efficient and
reproducible protocols to date are those that have replicated the signaling pathways that
regulate lineage commitment in the early embryo. With this approach, the earliest stages of
cardiovascular development in ESC differentiation cultures were mapped, identifying a
multipotent cardiovascular progenitor that displays the capacity to generate cardiac and
vascular progeny.’% 71 In mouse FIk1, and in humans KDR expression can be used to enrich
for cardiac specified mesoderm.’2 When isolated from the differentiated embryoid bodies
(EBs) and cultured as a monolayer, these progenitors generate contracting
cardiomyocytes.’% 71 As these progenitors differentiate, they progress through the
developmental stages thought to be involved in the establishment of the cardiovascular
lineages /n vivo, for which specific cytokines are required. The combination of activin A
and BMP4 on Days 1-4 of EB differentiation induces a primitive-streak-like population and
mesoderm development. Subsequent application of WNT inhibitor DKK1 and KDR ligand
VEGF165 significantly enhances the differentiation of KDR+ progenitors into
cardiomyocytes,’% 7 while bFGF is added to support continued expansion of cardiovascular
lineages. These protocols are now being adapted to growth factor-free conditions with the
use of small molecules such as glycogen synthase kinase 3 inhibitors and chemical inhibitors
of WNT signaling.”® Interestingly, the same protocols can be used to derived
cardiomyocytes from parthenogenic cells. It was recently demonstrated that engineered heart
muscle can be generated from cardiomyocytes based on mouse parthenogenetic cells and
that the engineered muscle can contributed to the contractile function of the infarcted heart
of the cell donor (Figure 2).74

Cardiomyocytes derived by spontaneous or directed differentiation protocols are generally
considered immature, thus efforts are under way to develop methods that would enhance
maturation state of these cells. Prolonged time in culture, up to 100 days, on stiff substrates
(gelatin coated glass cover slips) was reported to enhance maturation of pluripotent stem cell
derived cardiomyocytes.”® In addition, electrical stimulation of cells in monolayers’® or
mechanical stimulation of cells encapsulated in collagen gels®?: 77 was reported to enhance
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signs of maturation. The use of electrical stimulation in conjunction with stretch as a mimic
of cardiac load in cardiac patches might be required to induce terminal differentiation in
human pluripotent stem cell derived cardiomyocytes. In addition, incorporation of the native
decellularized heart extracellular matrix’® 79 into cardiac patches, may further enhance cell
maturation.

Over years, rodent models such as rat or mouse were utilized for studies of integration of
cardiac patches in M1 models.89-82 These models were often criticized as unsuitable due to
the large differences in the resting heart rates between hESC derived cardiomyocytes and
rodent ventricular myocytes. Laflamme and colleagues recently conclusively demonstrated
through Ca2* imaging studies that hESC derived cardiomyocytes can electrically couple and
suppress arrhythmias in the hearts of guinea pig upon Ml induced by cryoinjury.83

The engraftment and survival of transplanted engineered cardiac tissues are limited by the
lack of vasculature in the ischemic area. Thus, sophisticated structures created during in
vitro electro-mechanical conditioning can rapidly disappear upon implantation. In the
context of cardiac tissue engineering, angiogenic scaffolds containing angiogenic growth
factors®4-87 or precisely designed porous structures8 were used to enhance cell survival and
angiogenesis upon implantation. Other strategies for inducing rapid vascularization of
cardiac tissues include the modular approach8® and co-culture with endothelial cells and
fibroblasts.19-21. 90 /5 vjvo, angiogenesis involves endothelial cell proliferation and
sprouting followed by connection of extended cellular processes and subsequent lumen
propagation through vacuole fusion. This process was mimicked by engineering an
organized capillary network anchored by an artery and a vein.® The network was generated
by inducing directed capillary sprouting from vascular explants on micropatterned
polydimethyl siloxane substrates containing a thymosin p4-hydrogel (Figure 3). The
capillary outgrowths connected between the parent explants by day 21, a process that was
accelerated to 14 days by application of soluble VEGF and hepatocyte growth factor.
Cardiac tissues engineered around the resulting vasculature exhibited improved functional
properties, cell striations, and cell-cell junctions compared with tissues without
prevascularization and allowed for easy network removal. Shimizu and colleagues used a
resected vascular bed with connectable artery and vein to vascularize cardiac tissues by
stacking cardiac cell sheets around a vascular bed.%2 They also demonstrated the tissues
could be implanted by direct anastomosis of the vascular bed.

Injectable Scaffolds

While injectable biomaterial scaffolds do not allow for control over cell and biomaterial
organization afforded by /in vitro engineered and patch based approaches, research in this
area has rapidly expanded in recent years.9 One of the main benefits for injectable materials
is the potential to be delivered via catheter without the need for a surgical based procedure
and general anesthesia. Injectability also allows the material to be delivered directly inside
the infarct wall to the site of damage. These injectable materials are typically hydrogels,
which are water swollen crosslinked polymer networks derived from either natural or
synthetic sources. They are liquid outside the body and then gel into a semi-solid form upon
injection /n vivo. This gelation can be triggered a number of ways depending on how the
hydrogel is crosslinked (i.e. covalent bonds, ionic interactions, or physical entanglements)
and its chemical makeup, which can respond to environmental triggers such as temperature
and pH.

Similar to patch based approaches, injectable biomaterials were initially explored to improve
the poor cell survival seen with the typical cellular cardiomyoplasty technique by delivering
cells in a viscous liquid that could prevent ejection from the beating heart and then forming
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a temporary ECM to prevent anoikis. This concept was first demonstrated with fibrin glue,
which is used commercially as a sealant. This dual component material contains thrombin,
which enzymatically cleaves fibrinogen into fibrin monomers that subsequently assemble
into a fibrous fibrin network. Given that fibrin is the body’s natural scaffold for wound
healing and fibrin glue contains residual growth factors, this material has been used as a
scaffold for a variety of tissue engineering applications. In a rat MI model, survival of
injectable skeletal myoblasts was significantly increased when delivered in fibrin glue.%
This work has been corroborated by several subsequent studies showing increased survival
of bone marrow cells,®® marrow-derived cardiac stem cells,% and adipose-derived stem
cells.7- 98 Several other injectable materials have now also been shown to improve survival
of other cell types, such neonatal cardiomyocytes, embryonic stem cell and induced
pluripotent stem cell derived cardiomyocytes, bone marrow derived mesenchymal stem
cells, and adipose derived stem cells. These materials include protein based materials such
as Matrigel®, synthetic materials, such as polyethylene glycol (PEG)1%0 and poly(N-
isoproylacrylaminde) (PNIPAAmM)101 based polymers and self-assembling peptide
nanofibers,192 and even polysaccharides such as chitosan,103 which do not have inherent cell
adhesion domains.

While these injectable scaffolds have been repeatedly shown to increase cell survival, one of
the intriguing findings from the original fibrin experiment was that the control group, fibrin
alone (without cells), also preserved cardiac function post-MI similar to groups that
contained cells,194 demonstrating that a material alone could prevent negative LV
remodeling and that cells may not be necessary. Since that time, numerous other injectable
materials have been shown to preserve or improve various measures of cardiac function in
animal models, including alginate, collagen, decellularized tissues, hyaluronic acid (HA),
Matrigel, chitosan, keratin, and synthetic materials such as self assembling peptides or
polymers containing PEG or PNIPAAm.93. 105-108 Notably, alginate has progressed through
small and large animal pre-clinical studies to clinical trials. Leor, Cohen, and colleagues
originally tested the calcium crosslinked seaweed derived polysaccharide in rodent models
showing that injection of the material one week following MI resulted in increased scar
thickness and decreased end-diastolic and systolic areas compared to the saline control as
well as preserved cardiac function after 8 weeks as measured by fractional shortening. When
injected two months post-Ml, alginate increased scar thickness over the 8 week follow-up
and improved diastolic properties (E/A ratio) compared to the control, but LV areas and
fractional shortening were not statistically different.19% They followed this work with a large
animal study that was the first to transition injectable materials from a direct epicardial
injection procedure to a catheter-based procedure in a MI model. In a porcine model, they
delivered the material via transcoronary infusion (Figure 4), taking advantage of the
damaged and permeable infarct vasculature as well as the high calcium concentration of the
acute infarct to crosslink the material in place (Figure 5).110 Given the non-thrombogenicity
of alginate, this approach did not result in downstream embolization or ischemia. When
delivered three to four days post-MI, the material significantly increased myofibroblasts in
the infarct, increased infarct thickness, reduced end-systolic and end-diastolic areas, and
decreased the E/A ratio compared to the saline control, but there was no significant
difference in fractional shortening.119 This work led to the first clinical trial with a catheter-
deliverable biomaterial for treating M1 (Safety and Feasibility of the Injectable BL-1040
Implant, NCT00557531). This phase 1/2 study looked at the safety of transcoronary infusion
of alginate in acute MI patients who had undergone successful revascularization. A
subsequent phase 2 clinical trial is currently underway (A Placebo Controlled, Multicenter,
Randomized, Double Blind Trial to Evaluate the Safety and Effectiveness of IK-5001 for the
Prevention of Remodeling of the Ventricle and Congestive Heart Failure After Acute
Myocardial Infarction - Preservation | Trial, NCT01226563), also in revascularized acute
MI patients, with a primary outcome measure of LV end-diastolic volume index.

Mayo Clin Proc. Author manuscript; available in PMC 2014 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Radisic and Christman Page 8

Myocardial matrix, which is hydrogel derived from decellularized cardiac ECM, has also
been shown to be deliverable via catheter in a large animal MI model.111 In this case, the
materials is delivered via a percutaneous transendocardial approach, which can be a
preferred method of catheter delivery112-114 hecause it increases retention and does not
require coronary access, which may be compromised in the relevant patient population.
Myocardial matrix is fabricated by first decellularizing porcine myocardium, and then
processing it into a liquid form through partial enzymatic digestion. This liquid form then
self-assembles into a porous and fibrous scaffold once injected in tissue,115 and degrades by
3 weeks.8 The material was first tested in a rat MI model where delivery 2 weeks post-MI
preserved LV volumes and ejection fraction 4 weeks post-injection.111 When the tissue was
examined one week post-injection, at a time when the material is still present in the tissue,
increased areas of cardiomyocytes surviving within the infarct were found compared to the
control; small numbers of c-kit+ stem cells and proliferating cardiomyocytes were also
observed within the scaffold. Recently, the myocardial matrix hydrogel was tested following
transendocardial delivery in a porcine M1 model.8 When injected via catheter two weeks
post-Ml, the hydrogel significantly improved end-diastolic and end-systolic volumes and
both regional and global cardiac function as measured by global wall motion index scores
and ejection fraction, respectively. Improvement in end-systolic volume, in particular, was
the most pronounced:8 this parameter is known to be the best clinical predictor of survival
post-M1.116. 117 This finding may have been the result of an observed increase in cardiac
muscle at the endocardium (Figure 6), which was accompanied by foci of
neovascularization, and decreased infarct fibrosis compared to controls.®

There are numerous other materials, which have been tested in rodent and a few large
animal MI models following direct epicardial delivery; these studies have been described in
detail in several reviews.93 105-108 Only a few studies have, however, sought to address the
mechanism by which these materials improved cardiac function. Burdick, Gorman, and
colleagues have begun to examine how material properties, such as mechanical properties
and degradation, play a role using methacrylated HA, which is a naturally derived
polysaccharide found in the ECM. They first developed two versions of crosslinked HA, one
with a compressive modulus of 43 kPa (MeHA high) and another with a modulus of 7.7 kPa
(MeHA low), which is more similar to myocardium.118 In an ovine model, injections were
performed 30 min after onset of ischemia, and the animals were followed-up at 2 and 6
weeks post-MI. The stiffer material was able to significantly reduce infarct expansion with
trends towards lower LV volumes; ejection fraction and cardiac output were, however, not
changed with either hydrogel compared to the control, which received no injection.
Histological analysis did not find increased macrophage or myofibroblasts infiltration that
has been seen with other materials.118 In a subsequent study, this group further examined
MeHA hydrogels that were designed to degrade by functionalizing the HA with
hydroxyethyl methacrylate, which contains hydrolytically cleavable ester bonds.11° The new
hydrogels matched the initial mechanical properties of low and high MeHA hydrogels from
the previous study with degradation times of approximately 3 and 10 weeks, respectively.
The hydrogels were again injected immediately post-MI in an ovine model. Eight weeks
post-Ml, the non-degradable gels were able to provide a greater increase in infarct wall
thickness, and the nondegradable stiffer material significantly reduced end-systolic volume.
There were, however, no significant differences again among the groups in terms of ejection
fraction or cardiac output. Both degradable hydrogels resulted in increased inflammation,
while all of the hydrogels increased the density of blood vessels compared to the control,
which again received no injection.119

The exact mechanism by which injectable materials improve cardiac function is still under
debate. Several studies have suggested that injectable biomaterials act as a mechanical wall
support by thickening the infarct wall and reducing wall stress, which should prevent
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negative LV remodeling.118. 120. 121 A recent study, however, suggests that the bioactivity of
injectable biomaterials may be playing a greater role. Rane et al. compared the injection of a
non-degradable PEG to saline one week post Ml in a rat model. PEG is well known to be
inert, and there was no difference in neovascularization or inflammatory response compared
to the saline control. Injection of the polymer was able to increase infarct wall thickness, but
despite this response, LV volumes continued to expand and ejection fraction continued to
decline 6 weeks post-injection. This study indicates that passive wall thickening is
insufficient to prevent negative LV remodeling and the decline in cardiac function,
suggesting that bioactivity of materials may result in the improvement in cardiac function
seen with other injectable biomaterials. Similar results were found by Dobner et al., who
injected a non-degradable PEG-vinyl sulfone hydrogel immediately post-MI and found a
decrease in end-diastolic diameter at two and four weeks post-MI but not at 13 weeks.122

In addition to cells, injectable materials can also be used to deliver other therapeutics such as
growth factors and genes to further improve cardiac function and/or cell survival. By
entrapping proteins, genes, or small molecules in a biomaterial scaffold, release is prolonged
as the therapeutic diffuses out of the scaffold. The material can be tuned to provide a
controlled release my modulating crosslinking, porosity, hydrophobicity, etc. These
therapeutics can also be bound to the material, typically through ionic interactions or
covalent bonds, which allow release upon material degradation or cell infiltration. In general
all of these result in increased efficacy of the therapeutic. Attachment to a material can also
increase protein activity, such as with growth factors, which are typically bound to the
native ECM. A variety of growth factors, including bFGF, VEGF, PDGF, IGF-1, SDF-1,
TGF-B1, and HGF, have been delivered to date. Similarly, plasmids encoding VEGF and
PTN (pleiotrophin) have also been delivered in injectable biomaterials to improved
transfection efficiency.?3 A few of these studies have been performed in more translational
large animal models. For example, Hseih et al. recently showed that delivery of VEGF in
self-assembling peptide nanofibers prolongs its delivery for 14 days, which resulted in
increased fractional shortening in a porcine model. Interestingly, free VEGF also increased
capillary density, but delivery in the peptide scaffold significantly increased arteriole and
artery density, suggesting that arteriogenesis rather than angiogenesis may be more
important for treating MI. To improve cell survival, growth factors as well as a more
complex mixture of small molecules were combined with Matrigel in what was termed a
pro-survival cocktail.123 This mixture contained several components designed to target
different mechanisms by which transplant cell death occurs, and were only effective in
improving survival of injected hESC derived cardiomyocytes when combined together.123

Future Directions

The work in cardiac tissue engineering has shown promising results in numerous small
animal and a few large animal models. As the field moves forward, it is important to keep
clinical translation in mind, which is the ultimate goal for all of this research. One key point
to consider in these studies is how the animal model relates to the clinical situation. For
example, many studies will apply the treatment, whether a cardiac patch or injectable
scaffold, immediately following coronary ligation. This is however unlikely to be clinically
relevant given that implantation of either a patch or injectable biomaterial could not occur in
this timeframe in patients. It is therefore critical to carefully consider delivery timing in
future studies as the immediate infarct is a different environment than the 1 week or 1 month
old infarct. This should also be specific to the intended patient population whether acute Ml,
which is prior to negative LV remodeling and scar tissue formation, or heart failure, at
which point a scar has fully formed.
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In terms of cardiac patches, the main efforts are focused on selecting an appropriate cell
source and promising pre-clinical work in relevant animal models has been demonstrated.
For example, it is now conclusively demonstrated that hRESC-derived cardiomyocytes
delivered into an infarcted heart of a guinea pig, in a hydrogel designed to provide pro-
survival factors, can couple with the native myocardium.83 Guinea pig was selected as the
resting heart rates were in the upper physiological range of human cardiomyocytes. Human
iPSC derived cardiomyocytes were also cultivated as cell sheets and implanted into the
infarcted hearts of minipigs. In this model, relatively few human cardiomyocytes persisted
and the underlying functional improvements were ascribed to paracrine effects, specifically
higher levels of VEGF and bFGF released from the cell sheet group compared to the
sham.124 These differences in outcome, point to the importance of a careful selection of the
animal model, together with the appropriate immunosupression regime, as well as the
careful selection of the pro-survival factors in the delivery matrix.

Regardless, a promising clinical application of a cell sheet-based cardiac patch has been
demonstrated. A patient with idiopathic cardiomyopathy, who failed to improve after being
placed on a left ventricular assist device for a year, was treated by implantation of cell sheets
based on autologous skeletal myoblasts.12% A total of 20 cell sheets were implanted at 5 sites
at the patient’s heart, resulting in a recovery of the left ventricular ejection fraction to 50%
and removal of the patient from the assist device. It remains to be demonstrated if similar
benefits will be observed in larger patient populations.

Going forward, one of the main areas where patch based cardiac tissue engineering can
contribute rapidly is drug testing and target validation. Promising micro-tissue based
platforms are being developed for this application.128 For example, Eschenhagen and
colleagues have screened compounds in a 24-well platform of EHTs derived from hESC
derived cardiomyocytes subjected to mechanical stimulation, with force of contraction as a
key outcome.”’- 127 The ability to obtain iPSCs from patients with different cardiac genetic
abnormalities and derive human cardiomyocytes presents a unique opportunity to build
cardiac disease models in a dish, in an engineered tissue platform that is amenable to
measurements of electrophysiological properties and contractile force. Towards this goal,
iPSCs from patients harboring genetic cardiac mutations have been generated and
differentiated into cardiomyocytes including cells from Timothy,28 long QT,129 and
LEOPARD?30 syndrome and dilated cardiomyopathy patients.13! However, these studies
were limited by their use of cell monolayers.

In the case of injectable scaffolds, there are also additional issues that should be considered.
While all injectable materials can be delivered via a needle and syringe, this does not
necessarily translate to cardiac catheter delivery. To be truly minimally invasive, these
scaffolds should be capable of delivery via a percutaneous procedure that does not require
an incision, surgery, or general anesthesia. For the heart, this is currently through either
transcoronary infusion or transendocardial injections (Figure 4). In both cases the material
must remain liquid in the catheter, for potentially over an hour, and in the blood stream upon
potential leakage, and only gel once inside the intended delivery location. Therefore, many
of the quick gelling injectable systems are not compatible with these delivery methods. Both
of these approaches also require the material to be hemocompatible as it will leak into the
systemic circulation, particularly with the former approach. Ideally, the material will also be
biodegradable upon injection, remaining in the heart only during the necessary treatment
window. Permanently implantable materials are typically surrounded by a fibrous capsule as
a result of the typical wound healing response, and also open up the possibilities for a
chronic inflammatory response. Lastly, with injection into the heart, there is always the
potential for arrhythmogenesis. While no studies have demonstrated an increase in
arrhythmias, this is an ongoing concern that should be carefully monitored.
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Conclusions

Overall, significant progress has been made over the past decade and a half with various
approaches to cardiac tissue engineering. Both cardiac patches and injectable biomaterial
scaffolds have progressed into a few early clinical trials, and it is anticipated that more will
follow in the next few years. It is likely that biomaterial only based approaches will reach
the clinic faster; however, with continued advances in stem cell biology, achieving a
functional contractile patch may be achievable.
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Figure 1. Pluripotent stem cell derived cardiac patches

A) Vascularization of cardiac patches based on cardiomyocytes (CM) derived from human
embryonic stem cells (hESC) can be enhanced by co-culture with endothelial cells (EC) and
either mouse embryonic fibroblasts (MEFs) or mesenchymal stem cells (MSC). B) Human
iPSC based cardiac patch can be implanted onto the heart of an athymic rat and persist for
one week. Top f-myosin heavy chain staining; bottom, a-actinin, showing the graft—host
interface. From Circ Res,%2 with permission. CM= cardiomyocytes; EC = endothelial cells;
MEFs = mouse embryonic fibroblasts; MSC = mesenchymal stem cell.
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Figure 2. Cardiac patches derived from mouse parthenogenetic cells

A) Patches were conditioned by mechanical stimulation. B) They were used to repair
infarcted myocardium of the mouse donors. C) Patch implantation resulted in the
improvement of anterior wall thickening at diastole. From J Clin Invest.’* with permission.
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Figure 3. Engineering of vascularized myocar dium by the control of topography and
presentation of angiogenic growth factors

A) A polydimethylsiloxane stamp with topographical cues (grooves and ridges) is coated
with collagen:chitosan hydrogel desired for controlled release of an angiogenic factor
thymosin b4. The topographical cues guide the outgrowth of capillaries from an artery and
vein, resulting in a microvessel bed around which cardiomyocytes are seeded. B)
Microvascular outgrowths are connected by Day 21. C) Confocal micrographs indicate the
presence of open lumens. D) Vascularized cardiac tissue. From PNAS,1 with permission.
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Figure 4. Delivery approachesfor injectable biomaterial scaffolds

Similar to cell injections, biomaterial scaffolds can be delivered via transcoronary infusion
(A), which involves infusion of the material across the leaky coronary vessels acutely post-
MI, transendocardial injections (B), which involves catheter placement inside the chamber
of the left ventricle and injection across the endocardium, or direct epicardial injection (C),
which requires a surgical approach to access the epicardium. Both transendocardial and
direct epicardial injection involve puncture with a needle and targeted injection into the
infarct area. From Heart Lung Circ,132 with permission.

Mayo Clin Proc. Author manuscript; available in PMC 2014 August 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Radisic and Christman Page 24

QI!inate biomaterial

_,(whu;_) in infarct (2h

Figure 5. Transcoronary delivery of alginate

Alginate, which is crosslinked with Ca2*, was delivered via a catheter-based transcoronary
infusion in a porcine M1 model. Given the leaky vasculature and high extracellular Ca2* in
an acute MI, the material is able to pass through the vasculature and gel once inside the
tissue. The white material is visible on the epicardial surface of the infarct (A) and in tissue
slices (B). From JACC,110 with permission.
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Figure 6. Increased cardiac muscle using an acellular myocar dial matrix hydrogel

In a porcine myocardial infarction model, percutaneous transendocardial injections of a
decellularized myocardial extracellular matrix based hydrogel were performed 2 weeks post-
MI. Three months following injection, there was significantly more cardiac muscle (*)
found at the endocardium following matrix treatment (A) compared to controls (B). Images
are of trichrome stained heart sections, where muscle is stained red and collagen is stained
blue. From Science Translational Medicine,? with permission.
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