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Abstract
There is a growing epidemic of chronic heart failure (CHF) in the developed world. The
costs associated with providing care is profound and despite our best efforts, new, more
effective treatments for CHF are needed; 50% of patients diagnosed with CHF are dead
within 5 years. Current paradigms rely heavily on pharmacologic interventions, which
merely help manage the disease. Surgical interventions may also be considered for late
stage CHF patients such as heart transplant or left ventricular assist device (LVAD) but
require burdensome and invasive surgical procedures. In addition they are costly, and
require the need for life long immunosuppressive and anticoagulant therapies
respectively. Despite our best intentions, the long-term prognosis for CHF patients
remains poor.
With over a decade of clinical investigation taken place, data from cell-based therapy
trials remains inconsistent. While demonstrating safety, limited efficacy has been
reported and to date no stem cell therapy has been approved by the FDA. Despite
these shortcomings important lessons have been learned that can be applied to future
developments.
Retrospective analysis of early cell-based clinical trial data has suggested that variations
in isolated cell number, viability, and potency from donor to donor in autologous
preparations yielded wide discrepancies in functional outcomes. In addition, sub
culturing adult stem cells, even for short periods of time in 2D polystyrene environments
void of complementary cell populations and extra cellular matrix (ECM) protein
interactions, may alter the therapeutic potential of a given cell. As a solution, allogeneic
approaches where donor cell quality and potency can be assessed and optimized may
help achieve functional benefits. Furthermore, co-dosing with multiple cell populations
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or developing 3D sub-culture environments that more closely mimic the in vivo milieu
may ultimately yield more potent therapeutic cell populations.
While these alterations may improve cell-based therapy outcomes, other solutions have
been proposed such as tissue engineering. While the concept of tissue engineering is
not new, advancements in biomaterials, bioreactor design and cell sources have greatly
enhanced the reality of these preparations. Previously, one of the greatest limitations to
tissue engineering is overcoming the cell requirements for developing and testing where
millions if not billions of cells are required. Cell sourcing limitations appear to have been
solved with the discovery and development of induced pluripotent stem cell (iPSC)
derived cell populations. First reported in 2007, they have the ability to generate
embryonic like pluripotent stem cells without the ethical concerns of embryonic stem
cells. These iPSCs hold tremendous potential for drug toxicology / screening,
personalized medicine and cell therapies.
The body of work described in this dissertation looks at developing and testing a tissue
engineered (TE) cardiac patch to CHF. For which, an emphasis has been to provide 1)
structural support for engrafted cells and 2) a rapidly inducible vascular supply once
implanted in vivo. Biomaterials were sourced that facilitate infill by multiple cell
populations in 3D culture and the establishment of ECM deposits. Together, these
patches enhanced cellular development in vitro and result in long term functional
improvements in small animal models for CHF. Additional feasibility work was performed
in large animal models to permit up-scaling and development of surgical implantation
techniques to demonstrate clinical applicability
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Introduction
Cardiovascular Disease
Cardiovascular disease (CVD) results in more than 17M deaths worldwide per
year, which is expected to increase to 23M by 2030. CVD claims more lives than
all cancer deaths per year. In the US alone, more than 800,000 people died from
CV related disease in 2013; 1 in 7 deaths are attributed to CVD. The cumulative
cost of treating CVD and the lost economic productively CVD exceed more than
$317B per year (Mozaffarian 2015).
Beyond genetic precursors and family history, the increase in prevalence and
incidence of CVD is closely associated with poor health behaviors. Smoking,
lack of physical activity and poor diet all greatly increase CVD risks through
increased obesity, cholesterol, high blood pressure, diabetes all of which
increased risk for atherosclerosis. Atherosclerosis is a build-up of fatty or
calcified plaques that slowly develop over years to decades and is a
manifestation of vessel inflammation and endothelial dysfunction (Libby 2013).
These lesions are the leading cause of myocardial infarction (MI) and stroke.
Clinically, coronary atherosclerosis presents as either silent (asymptomatic) or as
overt / active (symptomatic) (Fig. 1). Asymptomatic manifestations are denoted
by lipid accumulation in the intima and atheroma formation. Subsequent
macrophage and T-cell inflammatory infiltration increase the presence of foam
cells and the development of a fatty streak significantly increasing lipid
accumulation within the vessel intima (Libby 2013). Atheroma formation is
associated with changes in vessel integrity as manifest through increased
smooth muscle and collagen deposition, in addition to the establishment of the
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plaque’s lipid core and establishment of calcified layers. As these lesions
progress, they may become symptomatic as a result of significant stenosis of the
vessel or plaque rupture. Inflammation appears to be one of the critical
components of plaque formation and rupture. Activated T cells play a role in
inhibiting new interstitial collagen production, which is required to maintain the
plaques fibrous cap. Furthermore, T cells can activate macrophages dwelling in
the lesion, which activate an inflammatory cascade producing metalloproteinase
(MMPs) and coagulants. Together, these MMPs catalyze collagen breakdown
weakening the plaques fibrous cap making them prone to rupture (Libby 2013).
In some cases, the plaque may stabilize (Fig. 2) and re-endothelialize through
the generation of a thicker fibrous cap or plaque “healing.” While this stabilizes
the vessel it results in greater vessel stenosis and ablation of vasomotor
regulation (Libby 2002).

Figure 1. Describes atherosclerosis development from
progression of lesion formation to plaque hemorrhage.
Atherosclerosis develops over years to decades and begins
with lipid accumulation in the vessel. Subsequent smooth
muscle and collagen synthesis leads to vessel remodeling
stenosis and an unstable fibrotic lesion. (Adapted from
Libby 2002).
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With respect to MI, atherosclerotic occlusion of the coronary vessels poses the
greatest risk. Prolonged ischemic events lead to tissue infarction and cell/tissue
necrosis. The site of the occlusion and duration of the occlusion leads to the size
of the area in which myocyte death is eminent. Rapid percutaneous coronary
intervention (PCI) is currently the only reasonable salvage for this tissue at risk.

Figure 2: Plaque formation may progress into either a stabilized or vulnerable
state. Vulnerable plaques progress and expand through inflammatory cell
recruitment, lipid accumulation and fibrous cap development. These
vulnerable plaques are susceptible to thrombotic rupture and acute myocardial
infarction. Conversely, stabilization of plaque may occur, in which, the cell reendothelializes. This is denoted by the development of a thick fibrous cap,
small lipid pool and preservation of the lumen. This stabilized plaque is less
susceptible to spontaneous rupture but carries with it, a stenosed lumen and a
fibrotic intima potentially limiting vasomotor control (Adapted from Libby 2002.)

Acute MI and CHF
In the United States alone, there are over 450,000 acute MIs / year (Mozaffarian
2015). Of which, 95% of the insults are survived which is thought to be due to
rapid cardiac catheterization and PCI.

17

As a result and in contrast, CHF is a growing epidemic. It is estimated that 50%
of individuals that have an MI will go on to develop CHF within 5yrs (Pantilat
2004). Worldwide it is estimated that 23 million have CHF, 6 million of which
preside in the US. Within the US more than 600,000 new cases present
annually, and is the number one reason for hospital re-admissions, of which 50%
will succumb to the disease within five years (Heidenreich 2013). Despite CHF’s
already almost epidemic presence in the developed world, there is projected to
be an “epidemic” of CHF as more individuals survive acute MI yet have some
level of myocardial injury (Jhund 2008). Furthermore, the economic
consequences of CHF are staggering. Currently the US spends in excess of
$30B on treating CHF, which is expected to explode to $70B by 2030
(Heidenreich 2013).
Acute MI sets off a cascade of signaling and inflammatory responses that initially
attempt to salvage tissue but ultimately, leads to the development of CHF.
Functionally, electrocardiographic changes (ST segment elevations), diastolic
and systolic dysfunction, and elevated filling pressures (end diastolic pressure)
manifest. On a cellular level an acute inflammatory response is initiated involving
damage-associated molecular patters (DAMPs), which activate a cascade of
other signaling including interleukin-1 (IL-1), C-reactive protein (CRP), and
nuclear factor-kB (NF-kB). These signaling cascades initiate a number of
cytokines, chemokines, and adhesion molecules, which recruit neutrophil,
monocytes and mononuclear cells to the infarcted tissue (Frangogiannis 2014).
After the inflammatory cascade and the development and stabilization of scar
have occurred, the LV undergoes maladaptive remodeling in an effort to preserve
stroke volume and cardiac output. This adverse ventricular remodeling is
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denoted by increased LV chamber dimension, increased end diastolic pressure,
and decreased ejection fraction (EF) (Mann 1999). This stabilization and cardiac
remodeling are components of the development of CHF.
The myocardium consists of multiple cell populations, which include vascular and
endothelial cells, cardiac fibroblasts and cardiomyocytes. Yet, as a percentage,
cardiomyocytes account for only a relatively small percentage of the total cells,
~20% (Bergmann 2009). During an infarct, the high oxygen consuming
cardiomyocytes are extremely susceptible to ischemic events. Within one gram
of myocardium there are an estimated ~20million cardiomyocytes, of which ~4B
reside in the LV (~200grams). An infarct affecting 25% of the ventricle would
then affect about ~1B CMCs, thus, carrying potential significant consequences
for the myocardium.
The heart carries limited regenerative capabilities and until recently was
considered a post-mitotic organ, incapable of renewal. Elegant studies
leveraging 14C from nuclear testing has calculated the rate of cardiomyocyte
renewal in young versus old individuals. Individuals under the age of 20
demonstrate ~1% turnover, whereas by the age of 75, the turnover decreases to
about 0.3%. In total, less than 50% of cardiomyocytes are replaced during and
individual’s life (Bergmann 2009). As a result, following even the shortest
ischemic event previously healthy myocardium gives way to fibrotic collagen
scar, which is limited in its contractile and filling properties (Bergmann 2009).
Current Therapeutic Approaches for MI and CHF
While PCI is the primary intervention for acute MI, the progressive and complex
manifestations of CHF require alternative yet limited treatment strategies.
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Current therapeutic paradigms rely heavily on medical management (ACEinhibitors, angiotensin receptor blockers, beta-blockers, aldosterone antagonists,
and diuretics) with the goal to prolong life, preventing further cardiac functional
deterioration and to maintain quality of life through pharmacologically altering
preload, afterload, and LV function. Only with late stage CHF are mechanical
assist devices and heart transplantation considered. Both are limited by cost,
surgical burden and the latter by donor supply (less than 2,500 heart transplants
are performed in the US annually (US Department of Health and Human
Services, Zammaretti 2004). While, LVADs have significantly improved in safety
and outcomes providing a much-needed bridge to transplant option to patients
(Wilson 2009, Kirklin 2013) LVAD success varies from individual to individual. In
some cases, approval has been granted to use LVADs as destination therapy
where the LVAD may remain as a long-term therapy solution. A small minority of
patients demonstrates functional recovery resulting in complete removal of the
device often the result of acute myocarditis. Meanwhile there remains a
population of CHF patients that do not see functional improvements or are not
granted LVAD as destination therapy ultimately require transplant at a future time
(Wilson 2009, Kirklin 2013). Simply put, there is a need for the development of
novel therapeutics to improve the quality of life for CHF patients with an
emphasis on restoring cardiac function.
Next generation CHF regenerative therapies have the potential to alter the
current medical paradigm by restoring cardiac function long-term. Recent
scientific developments have advanced a number of promising therapies for CHF
which include: in vivo cell reprogramming, gene therapy, whole organ printing /
re-cellularization, injectable cell-based therapies in addition to implantable TE
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solutions (Song 2012, Idea 2010, Tileman 2012, Ott 2008, Villar 2013,
Kawamura 2012, Jiao 2014, Hirt 2014). While each demonstrates a significant
scientific advancement, cell-based injectable or TE therapies may offer the least
cumbersome approach to advance towards clinical utility, as they are not
complicated by in vivo viral or gene administration. Furthermore, cell-based TE
therapies are relatively better understood, developed, and feasible than whole
organ printing / re-cellularization strategies. Specifically, the surgical burden and
costs associated with whole organ printing /re-cellularization therapeutics may
limit enthusiasm for widespread adoption.
Cell Therapies
Cell-based therapies for CHF carry tremendous potential as a regenerative
solution for CHF capable of bridging the gap between pharmacological
intervention and heart transplant / LVAD. To date a number of cell therapies
have been evaluated in clinical trials (Fig. 3), which include sub populations of
bone marrow such as mononuclear cells. Bone marrow mesenchymal stem cells,
endothelial progenitors in addition to skeletal myoblasts, cardiac progenitors and
cardiosphere derived cells (Traverse 2012, Perin 2003, Perin 20012, Karantalis
2014, Heldman 2014, Gnecchi 2005, Iso 2007, Mangi 2003, Murry 1996, Zeng
2007, Beltrami 2003, Doss 2004, He 2009, Smits 2005, Passier 2008, Murry
2005). To date, all studies evaluating cell-based therapies have relied on
catheter based systems to inject the cells into the infarcted myocardium,
coronary vascular or intravenously (Passier 2008, Murry 2005, Muller-Ehmsen
2002, Raynaud 2013, Dow 2005). Despite advances in injection mapping and
specialized catheter injection tips to aid in cellular retention, these early studies
have been plagued with high levels of transplanted cell loss, limited cellular
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integration and lack of functional outcomes (Muller-Ehmsen 2002, Raynaud
2013, Dow 2005). However, with the exception of skeletal myoblasts all cell
therapies have passed Phase I safety studies.

Figure 3: Overview of various types of cell-based
therapies and number of patients enrolled per cell type in
clinical trials. Adapted from Sanganalmath 2013.

To date the most promising injectable cell therapy evaluated consists of
cardiosphere derived cell (CDC) populations. Data generated during the
CADUCEUS trial suggest the ability of the CDCs to contain cardiogenic
potentials superior to a single cell injectable. (Smith 2007, Makkar 2012).
Furthermore, it has been recently suggested adjuvant therapy where a
secondary cell population given in combination may enhance efficacy versus a
single cell preparation (Williams 2013).
3D MicroTissues
One potential limitation to single cell-based therapeutics is that once cells are
removed from their physiologic milieu for preparatory subculture in 2D
polystyrene environments they lack important interactions with the ECM. Thus,
22

2D cultures do not precisely allow for mimicking of the physiologic environments.
Cardiosphere derived cells may benefit from initial “microtissue” tissue cultures
during which 3D spheroids are established in culture (Smith 2007, Makkar 2012).
These 3D spheroids are cultured in microenvironments that enhance phenotype
and gene expression profiles, develop enhanced cellular interactions and are
capable of establishing an ECM and associated proteins which together may
enhance engraftment and ultimately functional outcomes in vivo (Gunter 2016).
In addition, 3D aggregates have superior size and organization as compared to
single cell preparations with some level of ECM depositions, which may
contribute to the reported functional benefits (Achilli 2012, Gattazzo 2014).
Induced Pluripotent Stem Cells
One of the greatest advancements in stem cell biology was the recent
development and discovery of induced pluripotent stem cell (iPSCs), which were
first reported in 2007. Previously, the gold standard multipotent / pluripotent
stem cell lineage were of embryonic origins which were limited in use for ethical
reasons. Successful de-differentiation of somatic dermal fibroblast into
embryonic like iPSCs was achieved using only four transcription factors (Oct4,
Sox2, Klf4, and c-Myc) that were known to drive pluripotency. These four factors
are now commonly referred to as the Yamanaka factors (Takahashi 2007). This
discovery carries tremendous potential for numerous areas of biologic study from
drug development, toxicology, disease modeling and with respect to cell
therapies. Early work aimed at nuclear reprogramming focused on somatic cell
nuclear transfer (SCNT), altered nuclear transfer (ANT), or fusing methods, all of
which required co-culture with embryonic cells yet laid the foundation and
understanding for iPSC development (French 2008, Byrne 2007, Hurlbut 2007,
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Meissner 2006, Cantz 2008, Cowan 2005). Comparatively, iPSCs maintain
surprising consistent similarities to hES cells and carry similar differentiation
profiles, with both capable of generating cell lineages from each of the three
germ layers. With respect to iPSCs de-differentiation methods for cell therapies,
early iPSC generation required integrating viral vectors such as retroviral or
lentiviral vectors to drive Yamanaka gene expression in the targeted cells.
Through these methods, exogenous DNA is incorporation into the host’s genome
and as such is not considered suitable for therapeutic use (Feng 2009, Stadtfeld
2009, Stadtfeld 2008, Page 2009). Subsequent episomal methods have been
developed where exogenous DNA is removed during subsequent sub-culture
propagation in the iPSC state (Yu 2011). With respect to cardiac cell therapies,
numerous differentiated cell preparations are now available such as
heterogeneous cardiomyocytes, ventricular pure cardiomyocytes, and early and
late progenitors in addition to cardiac fibroblasts.
Autologous vs Allogenic
Ongoing discussions surrounding autologous vs allogeneic cellular preparations
persevere with all cells preparations considered for cell therapy. This is also true
of iPSCs. In theory, seeing that blood or dermal fibroblast biopsies can be
acquired from an individual, reprogrammed and then administered back into the
donor would be ideal, particularly from an immune tolerance perspective. As
such, immunosuppressive drugs could be reduced or ultimately not required.
Immune response however, despite its importance in iPSC adoption for cell
therapy, is surprisingly void of study in the current literature (Okita 2011, Wang
2013, Lait 2014). With respect to allogeneic preparations there are currently
three distinct proposed solutions to immune response 1) provide
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immunosuppression, 2) HLA map the donor cells to the recipient, or 3)
genetically ablate the HLA antigens creating a “universal cell” (Taylor 2012,
Riolobos 2013).
This however is complicated and numerous factors play a determination in the
ultimate preparation. For example, it is also known that increased donor age
decreases reprogram efficiency and may untimely carry bioenergetics
consequences limiting autologous reprogramming from older individuals
(Reardon 2016). In addition, epigenetics may be a limiting factor for autologous
iPSC generation as genetic deficiencies in the donor’s cells could progress
through to subsequent population’s limiting therapeutic relevance (Kim 2010).
Furthermore, teratoma formation needs to be considered. While it is not
completely understood, it is suggested that somatic DNA mutations accumulated
over time may manifest in one’s reprogrammed cells, again limiting enthusiasm
of older donor populations in line with autologous preparations (Alessandro
2011).
To date only one clinical trial using iPSC-derived cells has been initiated for the
repair of age related macular degeneration (Garber 2015). Interestingly, the
study was halted after only one patient was treated due to mutations in the preimplanted autologous cell preparations. It is important to note that in the treated
individual, “no serious adverse effects” were observed (Garber 2015). The
study’s sponsor, Healios, is currently repositioning, with a focus on re-starting the
trial utilizing allogeneic opposed to autologous preparations.
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Tissue Engineering
As previously mentioned, direct myocardial injection of therapeutic cells has been
clinically tested with sparse success and limited long-term benefits (Gunter 2016)
Potential barriers to success may be the injection modalities themselves and/or
the ischemic and fibrotic milieu in which the cells are placed (Muller-Ehmsen
2002, Dow 2005). Observing the limitations with single cell injectable
preparations, growing emphasis has been placed on the development of TE
patches and matrixes for CHF as they provide the requisite structural to enhance
cell survival, integration, and paracrine mechanisms to improve functional
outcomes. These developments have utilized scaffold based, non-scaffold base,
and even acellular preparations (Zhao 2014).
The ideal fundamentals of cardiac constructs have been previously described in
that they should be: 1) contractile, 2) electrophysiologically stable, 3)
mechanically robust yet flexible as to not impede contraction or relaxation, 4)
vascularized, or at least quickly vascularized, after implantation, and 5) nonimmunogenic (Leor 2005). However, TE constructs may be limited in application
by: 1) burdensome surgical approaches for the patient, 2) ability to maintain
construct integrity during surgical placement, and 3) overall scalability required
for manufacture of the construct (Radisic 2006) which will all be discussed in
more detail below.
Cellular Tissue Engineered Preparations
These types of constructs are capable of contraction, respond to electrical
stimulus, generation of force, propagate an electrical signal, and can be
described as biologically active, tissue like cellular patches. They can be
engineered utilizing synthetic materials, natural materials or scaffold free without
26

any type of support structure and comprising solely of cells (Radisic 2006, Dvir
2009, Zimmermann 2002, Kawamura 2012, Kawamura 2013). Matrigel,
alginagtes, polyethylene glycol, fibrin gets, polyglactin mesh, etc have been
explored for delivery of cells to the heart (Reis 2012, Lancaster 2014, Lailiang
2011). Of importance in biomaterial selectivity is degradability, which is
discussed in more detail below, and pore size. Adequate pore size is required for
proper cellular infill during culture. Pores should be large enough to permit infill,
transfer and exchange of nutrients and waste yet small enough for cells to
proliferate across the pores. Scaffold based TE preparations with pores also
pose challenges when incorporation of non-proliferative cell populations are
desired or required as they will not effectively be capable of proliferating across
the pores to generate intact cellular structures (Park 2011). While the short-term
goals of the biomaterial are to provide structural support for TE implantation, it is
considered favorable that the material breaks down over time. Biomaterials vary
such that they can be 1) bioerosion – hydrolytic, 2) bioresportion – cellular
activity, 3) biodegradation – enzymatic activity. Secondarily, the degradation
time of the material is an important consideration (Reis 2016). Essentially,
persistence of biomaterials will remain for the time course required but no longer.
Scaffold Free Engineered Preparations
While biomaterials can be used in TE patches, work evaluating the development
and testing of biomaterial free patches has progressed. Examples of these
include “cell sheet” technology which can be generated easily using variety of
temperature sensitive poly(N-isopropylacrylamide)(PIPAAm) culture plates
(Shimizu 2003). Once cellular monolayers are established, reduction of
temperature from 37ºC to 25ºC initiates changes in the cell binding properties of
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the culture plate. As a result, an intact cell sheet is dissociated which can be
implanted onto the failing heart (Kawamura 2012). Yet, these patches are void of
structural integrity, easily tear and are difficult to effectively handle during the
implant process.

Figure 4: Bovine pulmonary artery endothelial cells (BPAEC) sheets harvested
using 24-well PIPAAm temperature sensitive culture plates. Left, disassociated
BPAEC cell sheet in culture well and media. Right, harvested BPAEC cell sheet
harvested from original culture plate. Lancaster 2011.

Acellular Tissue Engineered Preparations
Acellular approaches include collagen, gelatin, alginate and decellularized extra
cellular matrices. While they may be transplanted directly they may also be preloaded with varying growth factors such as VEGF to promote in vivo
vascularization and endogenous cellular repopulation (Gaballa 2006, Schmuck
2014). Acellular approaches to treating the heart carry advantages compared to
cellular based technologies. Among the benefits are reduced manufacturing
costs and more streamlined FDA approvals. Downsides may include limited
therapeutic benefits or the presence of only short-term functional benefits.
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Cell Types and Sourcing for Tissue Engineered Preparations
Cell source has until recently been an issue limiting the development of TE
therapeutics. While a number of cell populations have been examined for direct
injectable cell therapies, with TE cardiac preparations, it is clear that cardiac
lineage specific cells such as differentiated cardiomyocyte or cardiac progenitor
cells would be ideal at repopulating the previously infarcted myocardium.
Limitations to TE development have consistently been access to suitable cardiac
cell preparations. Seeing that the adult cardiomyocyte is terminally differentiated
and thus, has virtually no ability for in vitro expansion, other cardiac cell sources
would be required to effectively develop a human TE therapeutic. While early
adult stem cell trials, suggested that, in vivo differentiation into cardiomyocytes
was possible, recent studies have shown otherwise (Orlic 2001, Murry 2004,
Berlo 2014). Meanwhile, embryonic cells have been demonstrated to be capable
of expansion into each of the three germ layers (ectoderm, mesoderm and
endoderm). Yet, limited funding opportunities and ethical considerations have
electively halted continued therapeutic work with hESs. A great hurdle in cell
sourcing issues was solved with the discovery of iPSCs, which are capable of
producing an unlimited supply of differentiated cells for TE preparations
(Takahashi 2007).
Considerations for Handling and Implantation
One potential limitation to TE therapeutics is the modalities by which the
therapies are effectively administered. As opposed to cell-based injectable
technologies, typically surgical intervention is required for TE implantation.
These surgeries may be de novo or given in combination to other surgical
procedures such as coronary artery bypass grafting (CABG). Furthermore,
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minimally invasive robotic delivery may be considered to reduce surgical burden
and reduce recovery time for the patient. Despite the method of surgical
implantation, sufficient TE structural integrity will be required for the surgeon to
effectively handle, place and adhere the TE patch onto the heart. Challenges
arise in biomaterial free cell sheet technology, even when multiple sheets are
“plied” together they remain fragile, tear easily and are do not maintain an
established shape. Excessive fragility increases the difficultly of implant,
untimely increasing the time of the procedure and may limit clinical adoption. Yet
it is important, as previously mentioned, to avoid implants that are too ridged, i.e.,
are restrictive and potentially impede ventricular filling (Leor 2005). In addition
methods of securing the patches to the heart need to be considered that
effectively permit placement and adherence to the heart without damaging the
implant or interfering with cell-cell connectivity between the implant and the
native tissue. Despite certain limitations with TE cell sheets, they may be
superior in their ability to self-adhere to the host tissue (Shimizu 2003). During
their creation in chilled preparations, adhesion molecules are preserved, allowing
for rapid adherence through cellular mechanism.
Autologous versus Allogenic
As previously described, autologous vs allogenic approaches are still an open
discussion. With respect to TE patches, it is important to denote the time course
of culture in comparison to the timing requirement of therapy. While single cell
preparations can be generated in the course of hours to days, typical TE patches
require weeks to months to engineer. This time course may be a limitation for
autologous preparations, which if derived of iPSC derived cells, may take 3-6 mo
to effectively derive the cellular components (Takahashi 2007). Subsequent

30

tissue culture into 3D patches may take additional time on the order of weeks to
months. Despite unknown yet potential issues with immune responses, it may be
more advantageous to have allogeneic or partially matched TE patches
prepared, cryopreserved and ready for use on demand, i.e., “off-the-shelf.”
Cryopreservation
In allogeneic preparations, TE products can be either shipped freshly prepared
(25-37ºC), maintained in HypoTermosol (2-8ºC), or cryopreserved (-196ºC).
Ultimately cryopreservation provides the greatest flexibility for post manufacture
storage and shipping however limitation may be encountered. Numerous
challenges need to be overcome which include identifying the optimal
cryopreservation and thawing protocols (Mukherjee 2005, Gao 200). Chief
among these issue include overcoming impaired diffusion of gases to the deeper
section of the TE patch (Ma 2010), or compensating for higher metabolism cell
populations such as cardiomyocytes. While challenges present with
cryopreservation, Dermagraft™ (Organogenesis) is a dermal substitute
comprised of human neonatal dermal fibroblasts and polyglactin mesh that is
cryopreserved. In addition, umbilical cord can be effectively cryopreserved in
intact 1cm x 1cm specimens for later use for isolating MSCs without issue
(Choudhery 2013).

Significance and Research Plan

Chronic heart failure is the leading cause of morbidity and mortality worldwide
(Mozaffarian 2015, Heidenreich 2013). Current medical treatments decrease mortality
from CHF but they do not reverse the disease process or restore long-term cardiac
function. As a result, new and novel treatment strategies are needed. One proposed
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strategy is to use stem cells. Stem cells may prove useful as a regenerative
therapeutic for CHF as they are multimodal, working through a number of mechanisms
simultaneously. However, while enthusiasm for this work remains high through
ongoing clinical trials, the results are generally confounding. The lack of success is
thought to be due, in part, that the injected therapeutic cells do not survive
transplantation via injection. It has been proposed that survival is limited due to three
contributing factors 1) lack of matrix/structural support, 2) limited nutrient supply, and
3) loss of cells because of wash out through injection sites. This proposal seeks to
develop and examine a new approach to cell-based therapy for CHF using tissue
engineering (TE) to effectively deliver a multi-cellular construct to the infarcted
myocardium. Tissue engineered constructs, provide structural/matrix support and
nutrient supply for transplanted cells potentially enhancing survival and therapeutic
outcomes to the recipient. Furthermore, construct generation with multiple cell
populations may provide a multimodal response effectively enhancing outcomes as
compared to singe cell administration. Our previous studies have evaluated functional
outcomes of a three-dimensional fibroblasts construct (3DFC) when implanted in both
acute myocardial (AMI) infarction and CHF. While 3DFC attenuates remodeling and
preserves left ventricular (LV) function in AMI, in the clinic however patients with AMI
receive optimal and effective care through cardiac catheterization, stent implantation,
and reperfusion of the occluded vessel limiting marketability of stem cells in this
setting. In CHF however, where clinical management is burdensome, the 3DFC does
not restore maladaptive remodeling or improve LV function but it still promotes
angiogenesis increasing myocardial blood flow. This endogenous angiogenic
response may provide nutrient support to effectively enhance transplanted cell
survival. In proof-of-concept studies the 3DFC has been explored as a platform for
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cardiac cell seeding and co-culture. During co-culture, the cardiac 3DFC beats
spontaneously in a synchronized fashion and can be electrically paced.

Specific Aims
Aim No 1

Develop a multicellular TE cardiac construct providing structural and nutrient
support to engrafted cardiomyocytes capable of surgical implantation to
effectively treat CHF.
Aim No. 1 Rational

Structural and nutrient supports are crucial for therapeutic delivery of cells.
This aim seeks to develop a cell delivery platform in which, therapeutic cells
of interest can be implanted onto the injured myocardium. Success of this
aim will be enhanced though leveraging previous work with the 3DFC. The
intent is to develop methods of seeding and co-culture that facilitate cellular
adhesion, alignment, maturation, and electromechanical coupling in vitro.
Aim No. 1 Hypothesis

Co-culture of cardiomyocytes with dermal fibroblasts into synthetic woven
Vicryl mesh provides requisite structural support facilitating myocyte
maturation and electromechanical coupling in vitro.
Aim No. 2

Test feasibility, efficacy and mechanisms of action of a TE cardiac construct
in a rat model of CHF.
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Aim No. 2 Rational

Utilizing cell-based therapy as a treatment strategy for CHF holds great promise.
While numerous therapeutic stem cells have been defined, a vast majority have
demonstrated limited efficacy. A TE construct may enhance functional outcomes
as they provide both structural and nutrient support to the transplanted cells. This
aim focuses on testing the construct developed in Aim No. 1 in an established
rodent model of CHF to define changes in myocardial blood flow, LV remodeling,
electrical activation, and LV systolic/diastolic function at 3 weeks to 6 months after
implantation.
Aim No. 2 Hypothesis
The embedded patch fibroblasts secrete growth factors increasing myocardial
blood flow and provide a hospitable microenvironment enhancing transplanted
cardiomyocyte cell survival, integration, electrical mechanical coupling with the
native myocardium which facilitate improvements in LV function in CHF.
Aim No. 3
Confirm a large animal swine model of CHF for feasibility testing of a TE cardiac
construct as a necessary prerequisite to initiating a clinical trial.
Rational

While rodent models are the gold standard for early in vivo testing, large animal
models are required for advancement of therapeutics from bench to bedside; it is
important to determine if the benefits seen in CHF rats occurs in a larger heart,
close to the size of a human heart. The intent of this aim is to confirm clinically
relevant modalities of infarct generation, time line of study duration pertinent to
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infarct, CHF development and study endpoint, in addition to development of
cardiac magnetic resonance imaging protocols, echocardiography, functional
capacity testing, and develop and refine surgical approaches of cardiac patch
implantation. After confirming and validating a swine model of CHF, the intention
is to advance the cardiac construct into large animal CHF models to define
changes in myocardial blood flow, LV remodeling and LV systolic/diastolic
function after implantation.
Hypothesis

Embolization coils are capable of generating an effective, precise and reproducible method of MI in mini swine. Implantation of a TE cardiac construct
will lay the foundation for efficacy studies and expansion into clinical trials.

Implantation of a Three Dimensional Fibroblast Matrix Improves Left Ventricular
Function and Blood Flow after Acute Myocardial Infarction
Introduction
Cell-based therapy with direct injection of cells into the infarcted heart is currently
being examined as a new treatment for heart failure. While a number of different
cell types have been shown to improve left ventricular (LV) function in animal
models of acute ischemic damage, the results of direct cell injection into the heart
in clinical trials has been less dramatic (Assmus 2006, Balsam 2004, Bodo 2005,
Chachques 2007, Cohen 2004, Fujimoto 2007). In part, this appears to be
because few of the transplanted cells survive when injected into the infarcted
heart (Muller-Ehmsen 2002, Dow 2005). While the explanation for this is not
clear, it may be that injecting cells directly into injured myocardium or scar tissue
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is a problem because this damaged tissue is not a supportive milieu (i.e., scar
tissue has an inadequate blood supply with insufficient viable tissue or matrix
support for new cells to attach, survive, and grow). Because of these drawbacks,
we have developed a different approach to cell-based therapy for heart failure;
we implant a matrix graft onto the infarcted heart to provide a support structure
for new blood vessel growth (Gaballa 2006). This matrix provides a more
hospitable environment for cell migration and growth into the damaged LV. In this
report we provide data on 3DFC that is a matrix-embedded human construct of
newborn dermal fibroblasts cultured in vitro onto a bio-absorbable mesh to
produce a living, metabolically active tissue that has the potential to increase new
blood vessel formation in vivo (Kellar 2001, Kellar 2005).

It is hypothesized that the 3DFC matrix or patch graft will improve LV function
and increase myocardial blood flow when implanted onto an infarcted heart. To
test this hypothesis, we created an anterior wall MI by ligating the left coronary
artery of rats, implanted the 3DFC patch at the time of surgery and used solidstate micrormanometers to measure hemodynamics, two-dimensional
echocardiography to measure LV regional wall motion, function, chamber size,
immunohistochemistry for microvessel density analysis, and neutron-activated
microspheres to measure myocardial blood flow. We treated a separate group of
infarcted rats with a combination of the 3DFC patch and captopril in order to
simulate the clinically relevant situation where a patient in heart failure after a MI
is treated with an angiotensin converting enzyme inhibitor. The data show that
the 3DFC patch improves blood flow, regional wall motion in the infarcted LV, EF,
and partially reverses maladaptive LV remodeling after MI. We do not see these
results when a nonviable patch alone is placed over the infarcted myocardium.
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The addition of captopril to the 3DFC also lowers LV EDP and shifts the LV
pressure–volume relationship toward the pressure axis. This study shows that
placing a viable fibroblast matrix on the infarcted myocardium may be a new
approach to cell-based therapy for heart failure after a MI.
Materials and Methods
Study Design and Treatment Groups
To test the efficacy of the 3DFC in the treatment of heart failure after MI, we had
five treatment groups: sham (N = 14); MI (N = 18); MI + 3DFC (N = 11); MI +
3DFC (nonviable) (N = 12); MI + 3DFC + captopril (N = 8).
Coronary Artery Ligation Experimental MI
Heart failure is created in rats using standard techniques in our laboratory
(Gaballa 2002, Gaballa 1995, Goldman 1995, Pennock 1993, Raya 1997). In
brief, rats are anesthetized with ketamine and acepromazine and a left
thoracotomy performed. The heart is expressed from the thorax and a ligature
placed around the proximal left coronary artery. The heart is returned to the chest
and the thorax closed. The rats are maintained on standard rat chow, water ad
libitum, and pain medication postoperatively. The experimental protocols are
approved by the animal use committees of the Southern Arizona VA Health Care
System and the University of Arizona, guaranteeing that all animals have
received human care in compliance with the Guide for the Care and Use of
Laboratory Animals (www.nap.edu/catalog/5140.html). Infarcted rats undergoing
this procedure have large MIs averaging 40% of the ventricle (Gaballa
2002,Goldman 1995). Myocardial infarction is confirmed by hemodynamics (LV
end-diastolic pressure >16 mmHg) and presence of a scar. Prior to closing the
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chest, the 3DFC patch is engrafted onto the injured myocardium with the chest
open as described below. The lungs are inflated, the chest closed, and the rat
allowed to recover. We treated two other separate groups of rats: MI and
captopril (2 g/L drinking water) and MI + 3DFC patch and captopril (2 g/L drinking
water) for 3 weeks.
The 3DFC Patch
The 3DFC patch is a cryopreserved human fibroblast-derived tissue composed of
fibroblasts, ECM, and a bioabsorbable scaffold (Kellar 2001, Kellar 2005). Figure
1 is a scanning electron micrograph of the 3DFC showing that the Vicryl fibers
are “tube-like” structures. The fibroblasts look like irregular structures with long
appendages that span from one Vicryl fiber to another. The fibroblast cells are
from a qualified cell bank, which has been extensively tested for animal viruses,
retroviruses, cell morphology, karology, isoenzymes, and tumorgenicity.
Reagents used in the manufacture of the 3DFC patch are tested and found free
from viruses, retroviruses, endotoxins, and myocoplasma before use. One piece
of approximately 2 × 3 in. (5 × 7.5 cm) in size is supplied frozen in a clear bag for
a single-use application. The patch remains frozen at −75 ± 10°C continuously
until ready for use when it is placed in a sterile bowl containing PBS (34–37°C).
Using scanning electron microscopy, the Vicryl fibers of the 3DFC appear as
“tube-like” structures (Fig. 5). The fibroblasts look like irregular structures with
long appendages that span from one Vicryl fiber to another. The patch is handled
gently by the edges to limit cellular damage and applied to the heart within 60
minutes of being removed from its container (Fig. 6). The 3DFC patch was
provided Theregen, Inc. (San Francisco, CA). To separate the effects of the cells
from physical effects of the Vicryl we examined the effects of nonviable 3DFC.
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The nonviable 3DFC is the standard 3DFC that is rendered nonviable by storage
for 9 or more days at −20°C. The nonviable 3DFC consists of the same
biodegradable Vicryl mesh with fibroblasts and extracellular matrix with matrixbound growth factors and cytokines. The fibroblasts are killed with the higher
temperature freeze phase (−20°C), leaving behind the standard ECM (tissue)
and matrix-bound proteins as well as the cellular debris. However, the nonviable
3DFC no longer contains viable, living cells. The viable 3DFC does not generate
an immune response. Developmental work on 3DFC includes experiments in
dogs treated with 3DFC showing no immune response (Investigators’ brochure
ITT-101, Theregen). The work reported here is the first in an immune-competent
animal showing that the benefits of the 3DFC are not related to the immune
status of the recipient. The low immunoginecity of allogeneic fibroblasts grown on
a scaffold is thought to be due to the fact that the majority of these fibroblasts
show little induction of CD40 and HLADR in response to γ-interferon (Kern 2001).
The 3DFC patch is FDA approved for wound healing; it has been used in over
20,000 patients mostly as a skin graft for diabetic foot ulcers with no untoward
complications. There is no activation of the immune system in patients treated
with this patch for diabetic foot ulcers, other skin repair, and oropharyngeal
palate repair.
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Figure 5: Scanning electron micrograph of the 3DFC
patch. The Vicryl fibers are “tube-like” structures.The
fibroblasts look like irregular structures with long
appendages that span from one Vicryl fiber to
another.

Figure 6: Three-dimensional fibroblast culture (3DFC) prior to implantation
(A); the suture in the middle of the patch is used to attach the 3DFC to the LV.
(B) 3DFC at the time of implantation on the infarcted LV. (C) 3DFC at 3
weeks after MI. Note that the 3DFC is well integrated and attached to the
infarcted wall. (D) 3DFC in a perfused heart preparation at 3 weeks after MI.
As noted above, the 3DFC is well integrated into the infarcted wall and the
suture is easily visible.
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Hemodynamic Measurements
We measure hemodynamics using methods reported previously by our
laboratory (Gaballa 2002, Gaballa 1995, Goldman 1995, Pennock 1993, Raya
1997). In brief, rats are anesthetized with inactin (100 mg/kg IP injection) and
placed on a specially equipped operating table with a heating pad to maintain
constant body temperature. Following endotracheal intubation and placement on
a rodent ventilator, a 2F solid state micromanometer tipped catheter with two
pressure sensors (Millar) is inserted via the right femoral artery, with one sensor
located in the LV and another in the ascending aorta. The pressure sensor is
equilibrated in 37°C saline prior to obtaining baseline pressure measurements.
After a period of stabilization, LV and aortic pressures, and heart rate are
recorded and digitized at a rate of 1000 Hz using a PC equipped with an analogdigital converter and customized software. From these data, LV dP/dt is
calculated.
LV Pressure-Volume Relationships
The LV pressure–volume relationship is measured as outlined in our previous
work (Gaballa 2002, Goldman 1995). In brief, the heart is arrested with
potassium chloride, and a catheter consisting of PE-90 tubing with telescoped
PE-10 tubing inside is inserted into the LV via the aortic root. One end of the
double-lumen LV catheter is connected to a volume infusion pump (Harvard
Apparatus) while the other end is connected to a pressure transducer zeroed at
the level of the heart. The right ventricle is partially incised to prevent loading on
the LV. The LV is filled (1.0 ml/min) to 60–100 mmHg and unfilled while pressure

41

is recorded onto a physiologic recorder (Gould). Ischemic time is limited to 10
min. Volume infused is a function of filling rate.
Echocardiography
We perform closed chest transthoracic echocardiography at baseline prior to the
MI, immediately after MI, and at 3 weeks after MI using methods previously
developed in our laboratory (Thai 2006). We use a Vingmed, Vivid 7 system echo
machine (GE Ultrasound) with EchoPac (GE Ultrasound) programming software
with a 10 MHz multiplane transducer with views in the parasternal short axis and
long axis, to specifically evaluate the anterior, lateral, anterolateral, inferior, and
posterior walls. Two-dimensional (2D) and M-mode measurements of myocardial
wall thickness and LV dimensions are obtained throughout the cardiac cycle and
are used for calculation of systolic displacement of the anterior wall, EF, and
regional fractional shortening. Systolic displacement is a measure of focal LV
wall thickening. Using M-mode through the anterior wall of the LV, the LV wall
thickness is measured at diastole and systole; the difference in the thickness
between the two measurements is the systolic displacement. This is a useful
measurement to quantify focal LV wall systolic function.
Myocardial Perfusion
We use neutron activated microspheres (BioPal Inc, Worcester MA) to measure
myocardial blood flow. The isotopes are injected, a tissue sample obtained, and
at a later time activated with the emitted radiation measured with high-resolution
detection equipment (Fukuda 2004, Lei 2004, Reinhardt 2001). With this system,
BioPal, Inc. provides the isotopes and tissue containers. Three separate isotopes
(lutetium, gold, and samarium) are injected in each rat: one at baseline prior to
coronary ligation, one immediately after ligation, and one at the endpoint of the
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study. Because different rats are used for each group we are able to obtain end
point data after different treatments (MI at 3 weeks, MI at 3 weeks + 3DFC). For
each measurement 750,000 nonradioactive elementally labeled 15-μm
microspheres (V = 300 μl) from Biopal, Inc. are injected into the LV transapically
with a 1-cc syringe and 27-gauge needle. At the terminal study point, the tissues
are harvested, oven dried, and collected for analysis. At the time of microsphere
injection we perform a transthoracic echocardiogram to measure stroke volume.
By knowing the heart rate, we calculate cardiac output as stroke volume × heart
rate. Assuming 4% of the cardiac output perfuses the coronary arteries
(Reinhardt 2001), we know the total myocardial blood flow; the number of
microspheres deposited in the anterior wall is percentage of blood flow down the
left coronary artery to the anterior wall at each time point.
Histopathology
Hearts were formalin fixed (10%) prior to paraffin embedding. HIER antigen
retrieval of 3-μm-thick sections was performed in citrate-based Diva buffer (pH
6.2) for 1 min at 125°C using a “Decloaker” pressure cooker (Biocare Medical
Concord, CA). We used single immunohistochemical staining for anti-rabbit
factor VIII (Dako) (1:1000) to perform nhistological analysis of microvessel
density.
Vessel Density
We defined vessel density by light microscopy at 40× magnification. The number
of cross section vessels per field was counted by two persons blinded to
treatment. Average measurements from six different fields were recorded for
each value. Knowing the area of the optical field, data are reported as number of
vessels/μm2.
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Results
In Vivo Hemodynamics
Rats with MI had a fourfold increase in LV EDP, a 22% reduction in LV systolic
blood pressure, a 24% reduction in mean arterial blood pressure, a 37%
reduction in LV dP/dt, and a 21% prolongation of the time constant of LV
relaxation or tau (Table 1). The baseline data are consistent with our previous
reports using this model showing that ligation of the left coronary artery results in
a large anterior wall MI and CHF with a decrease in LV systolic function, an
elevation of LV EDP, and a prolongation of tau (Gaballa 2002, Gaballa 1995,
Goldman 1995, Pennock 1993, Raya 1997). The 3DFC lowered (p < 0.05) mean
arterial pressure and increased (p < 0.05) peak developed pressure or PDP (126
± 4 to 146 ± 8 mmHg).
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Table 1. Hemodynamics for 3DFC patch/captopril after MI
MAP
(mmHg)

HR
(bpm)

LV SP
(mmHg)

LVEDP
(mmHg)

LV dP/dt
(mmHg/sec)

PDP
(mmHg)

Tau
(msec)

Sham

106±5

287±15

124±5

7±1

7360±379

192±18

19±1.3

MI

90±2*

269±13

103±3*

25±2*

4542±215*

126±4

24.2±1.8*

MI +captopril
MI+3DFC
(viable)
MI+3DFC
(nonviable)
MI+3DFC
(viable) +
captopril

72±3*
84±3**

283±15
248±10

88±3**α
100±5*

14±2**
23±2α*

4398±315*
4242±156*

118±7*
146±8**∞

21.8±1.8*
29.7±3.5*

88±4*

270±7

102±4*

24±2*

4502±179*

118±4

26±3*

83±4**

265±23

100±6*

13±3**

4502±179*

123±5∞

25.8±2.8*

Table 1: *P < 0.05 versus Sham. ** P < 0.05 versus Sham and MI. α P < 0.05 vs
MI+3DFC/Captopril. ∞ P < 0.05 versus Sham and MI+3DFC. Values are mean±SE;
Sham, N=14; MI, N=18; MI+3DFC, N=11; MI+3DFC+Capopril, N=8. Abbreviations:

mean arterial pressure, MAP; myocardial infarction, MI; left ventricular, LV; LV
end-diastolic pressure, LV EDP; PDP, peak developed pressure; Tau, time
constant of LV relaxation; 3-dimensional fibroblast construct, 3DFC.

Captopril Treated
Treatment with captopril after MI lowered (p < 0.05) MAP, LV SP, and LV EDP;
these changes are similar to what we and other investigators have previously
shown (26). The addition of captopril in the 3DFC rats lowered LV EDP from 23 ±
2 to 13 ± 3 mmHg and PDP from 146 ± 8 to 123 ± 5 mmHg (p < 0.05); all other
hemodynamic parameters were unchanged (Table 1). Vascular resistance
increased (p < 0.05) with acute MI from 2.3 ± 3.7 to 9.1 ± 1.9 mmHg/ ml/min;
compared to acute MI, vascular resistance in CHF was unchanged at 7.7 ± 0.92
mmHg/ml/min. The 3DFC decreased (p < 0.05) vascular resistance to 3.9 ± 0.86;
the addition of captopril further decreased (p < 0.05) vascular resistance to 0.41
± 0.03 mmHg/ ml/min.
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Echocardiographic Changes in LV Function and PV Loops
The data on global and regional changes in LV function are seen in Figure 7,
Figure 8, Figure 9, and Figure 10. There was a decrease (p < 0.05) in LV EF (75
± 4% to 37 ± 3%) with the acute MI and a subsequent increase (p < 0.05) with
the 3DFC patch (53 ± 4%). The EF did not increase with the nonviable 3DFC (31
± 2%); the addition of captopril to the 3DFC did not change the EF compared to
3DFC alone (48 ± 3%). The changes in regional LV function, defined as systolic
displacement calculated from parasternal short axis M-mode echocardiography,
were similar. With the coronary ligation, there was a decrease (p < 0.05) in
systolic displacement of the anterior infarcted wall (0.15 ± 0.03 to 0.05 ± 0.02 cm)
with a return toward normal with the placement of the 3DFC patch (0.11 ± 0.04
cm). The nonviable 3DFC did not alter EF or systolic displacement. The LV enddiastolic diameter increased (p < 0.05) from 4.6 ± 0.4 to 8.1 ± 0.3 mm and the LV
end-systolic diameter increased (p < 0.05) from 1.2 ± 0.2 to 4.1 ± 0.7 mm 3
weeks after MI (Fig. 9). The 3FDC patch decreased (p < 0.05) LV end-diastolic
diameter to 6.6 ± 0.4 mm and end-systolic diameter to 1.8 ± 0.08 mm. The PV
relationship shows dilatation of the ventricle with the MI but no shift when the
3DFC patch was added (Fig. 10). The addition of captopril to the 3DFC shifted
the PV loop to the left toward the pressure axis and deceased the operating LV
end-diastolic volume from 0.57 ± 0.05 to 0.34 ± 0.03 ml (p < 0.05). The nonviable
3DFC did not alter end-diastolic or end-systolic diameter.
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Figure 7. Echocardiographic measured EF in sham, myocardial infarction
(MI), MI + 3DFC, MI + 3DFC/Cap (captopril), and MI + 3DFC/NV (nonviable).
Note that the viable 3DFC increased the EF. The EF remained increased with
the addition of captopril to the viable 3DFC; the nonviable 3DFC did not
improve EF. Values are mean ± SE. Sham (N = 5); MI (N = 8); MI +
3DFC/cap (N = 10); MI + 3DFC (N = 14); MI + 3DFC (nonviable) (N = 5). *p<
0.05 sham versus all groups; **p < 0.05 MI and MI + 3DFC/NV versus MI +
3DFC/cap and MI + 3DFC.

Figure 8. Echocardiographic measured systolic displacement of
the infarcted anterior wall in sham, myocardial infarction (MI),
and MI + 3DFC. Note that the 3DFC improved EF back toward
the normal value. Values are mean ± SE. Sham (N = 6); MI (N =
12); MI + 3DFC (N = 15); MI + NV 3DFC (N = 12). *p < 0.05
versus MI; **p < 0.05 versus MI.
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Figure 9: Echocardiographic measured LV end-diastolic and endsystolic diameters in sham, myocardial infarction (MI), and MI +
3DFC. Note that both the LV end-diastolic diameter and endsystolic diameters decrease with the 3 DFC. Values are mean ±
SE. Sham (N=6); MI (N=12); MI + 3DFC (N=15); MI + NV 3DFC,
(N=12). *p < 0.05 versus sham; **p < 0.05 versus MI.
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Figure 10: Pressure–volume loops in sham, MI, MI + 3DFC, and MI +
3DFC/captopril. Note that the major shift in the PV loop was with the
addition of captopril where the operating LV end-diastolic volume
decreased.

Increased Blood Vessels and Myocardial Blood Flow
With acute MI, there was an approximately 80% decrease in blood flow to the
infarcted wall, which was not altered at 3 weeks. With the 3DFC, the blood flow
increased to about 70% of baseline (Fig. 11). The increase in blood flow was a
result of new blood vessel formation with the 3DFC (Fig. 12 & Fig 13).
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Figure 11: Anterior wall myocardial blood flow in sham (N =
11), at the time of MI. MI (N = 7), MI at 3 weeks (N = 4),
and MI at 3 weeks with 3DFC (N = 4). Note that the 3DFC
improved blood flow in the infarcted wall. Values are mean
± SE; *p < 0.05 versus baseline and MI (3w) + 3DFC.

Figure 12: Vessel density defined by Factor VIII staining. Note
the increase in vessel density in the area with the 3DFC
compared to the untreated MI. MI (N = 9), MI + 3DFC (N=9).
Values are mean ± SE. *p< 0.05 versus MI.
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Figure 13: Histopathology sections of Factor VIII staining in MI + 3DFC
(A–C) and MI alone (4× and 40×). Note the increased in Factor VIII
staining and vessel density with the 3DFC.

Discussion
The important findings in this study are that this 3DFC increases myocardial
blood flow in the damaged region of the LV and increases systolic displacement
in the anterior infarcted wall after an acute MI. The 3DFC reverses maladaptive
LV remodeling, by increasing EF and decreasing LV end-diastolic and endsystolic diameters. The addition of captopril lowers LV EDP and decreases the
operating LV end-diastolic volume. These data support our hypothesis that this
viable fibroblast patch provides a supporting structure for the damaged heart and
may be an alternative to direct cell injection for cell-based therapy for heart
failure after MI.
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Cell-Based Therapy for Heart Failure
While the original animal data with cell-based therapy for CHF were very
encouraging, the results from the most recent clinical trials with direct cell
injection into the heart and/or coronary arteries have been disappointing. Clinical
trials such as the BOOST, TOPCARE, the IACT, the REPAIR-MI, the ASTAMI
Trial, and a bone marrow transplant study from Belgium of intracoronary delivery
of autologous bone marrow cells in patients after MI with PCI show only modest
improvement in LV function, mostly in patients with preserved EFs with some
questions about delivery techniques (Strauer 2005, Schachinger 2004,
Schachinger 2006a, Schachinger 2006b). The most positive results are a subset
analysis of the REPAIR-MI trial showing that at 1 year, bone marrow cell injection
with a higher percentage of CD34+ cells decreases re-infarctions and
revascularization procedures with revascularizations driving an improved
composite end-point of revascularizations, MI, and death (Schachinger 2006b).
We believe that this general lack of positive results with direct cell injection is due
in part to the observation that most of these newly injected cells do not survive
chronically in the infarcted heart and do not transdifferentiate into cardiac
myocytes (Murry 2004, Waggers 2002). Investigators are now injecting cardiac
stem cells into the heart in an attempt to obviate the need for stem cells to
transdifferentiate (Patel 2007).
Three-Dimensional Fibroblast Patch
Our hypothesis is that the lack of survival of new cells directly injected into the
heart is related, in part, to an inadequate blood supply and inadequate matrix
support for the new cells. The injected cells are fragile, resulting in cell
aggregation due to lack of physical support for the cells to attach to the tissue
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ECM. This 3DFC offers a potential solution to the problem of an inadequate
support structure. While injection of passive materials has been proposed to
improve EF potentially by decreasing wall stress (Gaudette 2006, Wall 2006), the
3DFC provides a viable cell matrix that supports new blood vessel growth (Kellar
2001, Kellar 2005). This viable cellular matrix is important because in addition to
providing a new support structure for the damaged heart, we also need to create
a mature blood supply such that new viable cardiac muscle can be organized in
parallel forming physical and neural connections that will conduct electrical
signals and create synchronized contractions. Investigators have proposed that
the ideal scaffold structure for the heart would consist mainly of highly
interconnected pores with a diameter of at least 200 μm, the average size of a
capillary, to permit blood vessel penetration and cell interactions (Cohen 2004).

The 3DFC is a viable construct composed of a matrix embedded with human
newborn dermal fibroblasts cultured in vitro onto a bioabsorbable mesh to
produce living, metabolically active tissue (Kellar 2001, Kellar 2005) (Fig. 5 & Fig
6). As the fibroblasts proliferate across the mesh, they secrete human dermal
collagen, fibronectin, and glycosaminoglycans (GAGs), embedding themselves in
a self-produced dermal matrix. The fibroblast cells produce angiogenic growth
factors: vascular endothelial growth factor (VEGF), hepatocyte growth factor
(HGF), basic fibroblast growth factor (bFGF), and angiopoietin-1. The construct is
grown in medium supplemented with serum and ascorbate; at harvest, the
medium is replaced with a 10% DMSO-based cryoprotectant, the tissue is frozen
and stored at −70°C. This cryopreservation and rewarming technique has been
extensively studied to ensure viability of the patch. Although the mechanisms of
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action of the 3DFC are not completely understood, new blood vessel growth has
been documented previously in SCID mice (Kellar 2001).

Previous work using the 3DFC as a patch for the infarcted heart in SCID mice
showed histological evidence of new blood vessel growth and improvements in
global LV function using a conductance catheter (Kellar 2005). Our data show
increases in myocardial blood flow in the infarcted heart, confirming that these
blood vessels are functional and that they connect to the native myocardium. We
used echocardiography to document improvements in global and regional LV
function. The improvements in regional LV function are important because recent
work suggests that the injection of passive materials alone may be enough to
reduce wall stress and increase global EF (Wall 2006). In order to prove that cellbased therapy is affecting more than a passive response, the point has been
made that it is necessary to be able to define regional changes in the area of the
infarcted myocardium (Gaudette 2006). We have done this using
echocardiography to document that the 3DFC increases systolic displacement of
the infarcted regional anterior wall (Fig. 9). Although the mechanism of action of
the 3DFC has not been completely delineated, the viable fibroblasts secrete a
number of growth factors, thus providing a paracrine effect to stimulate new
blood vessel growth. The Vicryl mesh is biodegradable such that, with
dissolution, the new blood vessel growth is in the previously damaged
myocardium. The most likely explanation for the improvements in regional
systolic displacement of the anterior wall is that the increases in myocardial blood
flow in the border zone results in recruitment of hibernating or stunned cardiac
myocytes.
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The fact that the 3DFC is viable with fibroblasts implanted on a mesh is
important. There are data showing that inert biodegradable patches are
beneficial in treating CHF. In our laboratory we have shown that an inert
biodegradable collagen patch placed on the rat heart after a nontransmural MI
improves LV function and prevents adverse LV remodeling (Gaballa 2006).
There are clinical trials with a collagen type 1 matrix seeded with autologous
bone marrow cells in patients undergoing coronary artery bypass surgery
(Chachques 2007). The best-known implanted mechanical constraint device is
the Acorn Corp Cap device; it decreases LV size but does not cause constrictive
physiology (Oz 2003). There are no blood flow studies with the Acorn device.
There is a recent report using an inert biodegradable polyester urethane cardiac
patch applied to rats 2 weeks after coronary ligation where the LV cavity size
does not change but fractional area change increases and compliance improves;
there are no blood flow data in this report (Fujimoto 2007).
Application of a Patch as an Alternative to Direct Cell Injection
The use of a biodegradable patch that provides a support structure allowing new
cells to attach and grow in a damaged heart is a possible alternative to the
current approach of direct cell injection for cell-based therapy. Not only are the
results from current clinical trials of cell- based therapy disappointing, the
approach used in these trials is cumbersome, requiring harvesting bone marrow
and a repeat cardiac catheterization with infarct artery re-occlusion to re-inject
purified autologous mononuclear cells into the coronary arteries. Another
problem is the recent report that intracoronary delivery of bone marrow cells
results in damage to the coronary artery with luminal loss in the infarct related

55

artery (Mansour 2006). These data suggest that we need new options for cellbased therapy for CHF.

The translational aspect of this work is important; there is potential for clinical
application of this 3DFC patch. At present there are two ongoing phase I clinical
trials using the 3DFC; the first is a pilot trial in patients applying the 3DFC patch
at the time of coronary artery bypass surgery when the surgeon cannot place a
graft to a area of viable myocardium. This trial is designed to determine if the
3DFC increases myocardial perfusion to an area that the surgeon could not graft.
While in this clinical study the 3DFC patch is placed with the chest open, two
cases have been done with a minimally invasive approach using a modified
video-assisted thorascopic surgery VATS procedure. The second trial is in
patients getting a left ventricular assist device (LVAD). The 3DFC is applied at
the time of LVAD placement and, upon LVAD removal, histology is done on the
area of 3DFC placement in order to examine for evidence of angiogenesis.

Viable Fibroblast Matrix Patch Induces Angiogenesis and Increases Myocardial
Blood Flow in Heart Failure after Myocardial Infarction
Introduction
Cell-based regenerative therapies have been explored recently as a treatment for
MI with mixed results (Schachinger 2004, Wollert 2004, Strauer 2005). Basic
laboratory work shows dramatic increases in LV function and survival.
Meanwhile, clinical trials demonstrate that intracoronary delivery of cells is safe,
well tolerated, and results in modest improvements in LV function (Assmus 2006,
Janssens 2006, Lunde 2006, Schachinger 2006, Abdel-Latif 2007, Lipinski 2007,
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Menasche 2008). However, few studies focus on CHF, which affects nearly 5
million Americans with an estimated 500,000 new diagnoses annually. Fewer
than 50% of patients found to have CHF survive more than 5 years (Mozaffarian
2015, Heidenreich 2013). Current clinical treatments focus on stabilizing CHF
and preventing further deterioration; they neither stimulate angiogenesis nor
regenerate myocytes or restore the lost functional and structural elements of the
heart (Yoon 2005, Bearzi 2007, Wagers 2002). Studies evaluating cell-based
therapies in CHF are generally non-conclusive showing 2%-3% increases in EF
including studies of skeletal myoblast injections in patients with ischemia
undergoing CABG that show no improvement in LV function (Balsam 2004).
While enthusiasm for cell-based therapy for heart failure remains high, the limited
clinical beneficial effects may be because most transplanted cells do not survive
when injected into the infarcted heart (Chein 2004, Murry 2004, Kajstura 2005).
Alternatively, new cell-based delivery techniques using bioengineered patches
are evolving (Gaballa 2006, Kellar 2001, Kellar 2005). Previously, our laboratory
(Gaballa 1995) evaluated a biodegradable 3DFC composed of a matrixembedded human newborn dermal fibroblasts cultured onto a Vicryl mesh to
produce a living, metabolically active tissue. The 3DFC secretes angiogenic
growth factors, including hepatocyte growth factor (HGF), vascular endothelial
growth factor (VEGF), and basic fibroblast growth factor (bFGF) (Table 4), which
have been shown to increase new blood vessel formation in vivo (Goldman 1995,
Gaballa 2002, Pennock 1992).
In this study, the 3DFC was evaluated in a rat CHF model. Echocardiography
was employed for evaluation of EF, systolic displacement, and LV end systolic
and diastolic diameter. We used solid-state micromanometers to obtain
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hemodynamic data. Structural improvements were verified using histological
methods. Extensive investigation evaluated both the in vivo and in vitro
angiogenic properties of the 3DFC. Lastly, the 3DFC's proinflammatory markers
were evaluated in strained versus static culture conditions in vitro.
Materials and Methods
Experimental Design and Treatment Groups
Normal adult male Sprague-Dawley rats underwent left coronary artery ligation
and were randomized to sham or 3DFC placement 3 weeks after surgery with
three treatment groups: Sham, CHF, and CHF + 3DFC. The experiments were
performed in an Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC) accredited facility with approval from animal
use committees of Southern Arizona Veterans Administration Health Care
System (SAVAHCS) and the University of Arizona.
Coronary Artery Ligation Experimental MI
The rat coronary artery ligation model is standard in our laboratory (Gaballa
1995, raya 1989, Raya 1997, Thai 2006, Thai 2009). Rats were anesthetized
with ketamine and acepromazine, a left thoracotomy was performed, and the
heart expressed from the thorax, and a ligature was placed around the proximal
left coronary artery. The rats were maintained on standard rat chow, water ad
libitum, and pain medication postoperatively.
The 3DFC Patch
The 3DFC is a cryopreserved human fibroblast, extracellular matrix, on a
bioabsorbable scaffold (Thai 2009, Kellar 2001, Kellar 2005, Kern 2001) (Fig.
14). The fibroblast cells are tested for animal viruses, retroviruses, cell
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morphology, karology, isoenzymes, and tumorgenicity and free from viruses,
retroviruses, endotoxins, and mycoplasma. The 3DFC was provided by
Theregen, Inc., and is frozen (-75±10C) in pieces 5x7.5 cm with an average
thickness of 200 micrometers. The 3DFC was thawed in phosphate buffered
saline (34-37C), handled gently by the edges to limit cellular damage, and
applied to the heart within 60 minutes of being removed from its container (Fig.
15). The 3DFC does not generate an immune response in previous work (Kellar
2001, Kellar 2005, Kern 2001) (Investigators' brochure ITT-101; Theregen), or in
current clinical studies (data not published). The low immunogenicity of
allogeneic fibroblasts may be because these fibroblasts show little induction of
cluster of differentiation (CD) 40 and human leukocyte antigen-DR (HLA-DR) in
response to g-interferon (Gaudette 2006).
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Figure 14: Hematoxylin and eosin stain of the three-dimensional fibroblast
construct (3DFC) at 20min after thawing from -75C. Arrowheads denote
Vicryl mesh construct of the 3DFC that provide structural support for
resident fibroblast growth and proliferation.

Figure 15: The 3DFC before implantation (A), chest open with infarcted dilated
heart 3 weeks after coronary artery ligation (B), and 3DFC placed on the dilated
infarcted heart (C).

Hemodynamic Measurements In Vivo
Using standard techniques developed in our laboratory, rats were anesthetized
with inactin (100 mg/kg intraperitoneal injection), placed on a specially equipped
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operating table with a heating pad, intubated, and placed on a rodent ventilator
with a 2F solid state micromanometer tipped catheter with two pressure sensors
(Millar Instruments, Inc.) inserted via the right femoral artery, with one sensor
located in the LV and another in the ascending aorta. The pressure sensor is
equilibrated in 37C saline, and LV and aortic pressures/heart rate were recorded,
digitized at a rate of 1000 Hz to calculate LV dP/dt and the time constant of LV
relaxation or tau (Gaballa 1995, raya 1989, Raya 1997, Thai 2006, Thai 2009).
LV Pressure-Volume Relationships In Vitro
We measured LV pressure-volume (PV) relations with the heart arrested with
potassium chloride, and a PE-90 catheter with telescoped PE-10 tubing inside,
inserted into the LV via the aortic root. One end of the double-lumen LV catheter
was connected to a volume infusion pump (Harvard Apparatus), whereas the
other end was connected to a pressure transducer zeroed at the level of the
heart. The right ventricle was partially incised to prevent loading on the LV. The
LV was filled (1.0mL/min) to 60-100 mmHg and unfilled while pressure was
recorded onto a physiologic recorder (Gould Electronics); ischemic time from
euthanasia to the PV curves was limited to 10 min; the volume infused is a
function of filling rate (Gaballa 1995, Raya 1997, Thai 2006).
From the pressure-volume data recorded in vivo, the stiffness constants [K0],
[K1], [K2], [K3], and [K4] are determined by methods described previously by our
laboratory (Fukuda 2004). In brief, pairs of simultaneous pressure-volume points
(15 pairs for each pressure interval) were obtained. The stiffness constants were
calculated with the following analysis: the pressure-volume data are fitted to the
exponential equation P = [P0][eKV] (pressure is assumed to be equal to P0 when
volume is zero). Thus, ln P = ln [P0] + KV, and when lnP was plotted versus V, K
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is the slope of this relation. The overall stiffness constant was [K0] = (2.5-30
mmHg), [K1] = (0-3 mmHg), [K2] = (3-10 mmHg), [K3] = (10-20 mmHg), and [K4] =
(20-30 mmHg) were derived.
Echocardiography
We performed closed chest transthoracic echocardiography using a Vingmed,
Vivid 7 system echo machine (GE Ultrasound) with EchoPac (GE Ultrasound)
programming software with a 10 MHz multiplane transducer with views in the
parasternal short axis and long axis, to evaluate the anterior, lateral, anterolateral, inferior, and posterior walls. Systolic displacement of the anterior wall and
EF were obtained from 2D and M-mode measurements of myocardial wall
thickness and LV dimensions. Systolic displacement is a measure of focal LV
wall thickening; from the M mode through the anterior wall, the difference in the
thickness between systole and diastole is the systolic displacement. This was
used to quantify focal LV wall systolic function with particular reference to this
study where we measure systolic displacement of the anterior infarcted wall
(Gaballa 1995, Reinhardt 2001).
Myocardial Perfusion
We used neutron-activated microspheres (BioPal, Inc.) to measure myocardial
blood flow. The isotopes were injected, and a tissue sample was obtained, and at
a later time activated with the emitted radiation measured with high resolution
detection equipment (Gaballa 1995, Reinhardt 2001). Three separate isotopes
(lutetium, gold, and samarium) were injected: one at baseline before coronary
ligation, one immediately after ligation at the time of the acute MI, and one at 6
weeks in separate groups of rats with CHF, and with CHF + 3DFC. For each
measurement 750,000 nonradioactive elementally labeled 15 mm microspheres
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(V = 300 µL) from Biopal, Inc., were injected into the LV transapically with a 1 cc
syringe and 27-gauge needle. At the terminal study point, tissues were
harvested, oven-dried, and collected for analysis. At the time of microsphere
injection we performed a transthoracic echocardiogram to measure stroke
volume and calculate cardiac output as stroke volume x heart rate. Assuming
that 4% of the cardiac output perfuses the coronary arteries, (Oz 2003) we know
the total myocardial blood flow. The microspheres deposited in the anterior wall
represent the percentage of blood flow down the left coronary artery to the
anterior wall at each time point (Gaballa 1995).
Microvessel Histopathology
Hearts were formalin fixed (10%) before paraffin embedding. Heat-induced
epitope retrieval of 3-mm-thick sections was performed in citrate-based Diva
buffer (pH 6.2) for 1 min at 125C using a Decloaker pressure cooker (Biocare
Medical). We used single immunohistochemical staining for anti-rabbit factor VIII
(Dako) (1:1000) to perform histological analysis of microvessel density defined by
light microscopy at 40 x magnification. The number of cross-sectional vessels per
field was counted by two people blinded to treatment, and average
measurements from six different fields were recorded for each value. Knowing
the area of the optical field, data were reported as number of vessels/µm2.
Fibroblast Identification Histopathology
Rodent heart samples were processed and embedded into paraffin for
subsequent 5 mm sectioning. Vimentin antibody was purchased from Santa Cruz
Biotechnology (cat# sc32322) and used at a 1:100 dilution in blocking solution.
Heat antigen retrieval using citrate buffer was applied before blocking incubation.
Primary antibody was incubated overnight. An ABC system from Vector
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Laboratories was used to amplify the signal with subsequent peroxidase 3,3'diaminobenzidine (DAB) treatment. Light methyl green was used as a
background counterstain.
Trichrome Staining
Cut sections were deparaffinized and incubated in potassium dichromatehydrochloric acid solution, stained with acid fuchsin, fixed with phosphomolybdic
acid solution, and stained with orange G. Lastly, sections were treated with
aqueous acetic acid, aniline blue, and acetic acid; rinsed with EtOH; and
dehydrated in absolute alcohol.
Left Ventricle Measurements
We injected 40 meq/mL potassium chloride into the right ventricle to arrest the
heart in diastole. A bolus of 1 mL per 100 g of body weight was rapidly injected
into the right ventricle, effecting arrest. Images of trichrome-stained heart
sections were captured around the entire circumference of a mid-LV crosssectional slice. Calibrated, scaled, individual images were stitched together using
imaging processing software (Adobe Photoshop Elements). Measurements of
each heart were taken using image analysis software (NIH Image J 1.39u), again
calibrated from images with a standardized micrometer. The average of three
measurements for each heart was taken to represent the wall thickness and LV
cavity area value for each heart. Five animals were evaluated from each
treatment group (CHF vs. CHF+3DFC).
Biomechanical Strain Induced Cytokine Secretion
The 3DFC were attached to BioFlex collagen-coated membranes using a
waterproof adhesive and incubated in a medium containing 2% fetal bovine
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serum for 24 h. The 3DFC were equilaxially strained using a flexercell apparatus
at 10% 1 Hz for 48 h to model an in vivo cardiac cycle. Conditioned medium
samples were collected, and secreted peptides were identified and quantified via
protein microarrays (RayBiotech Inc.). Fibroblast proliferation was assayed via
dsDNA and total cellular protein concentration was assayed calorimetrically.
Peptides were normalized in pg/mL per dsDNA concentration.
Statistical Analysis
Data were expressed as mean ± standard error. For the physiologic and
echocardiographic measurements, the Student t-test was used for single
comparison of sham versus other study groups. Interactions were tested using
two-way analysis of variance; intergroup differences were evaluated using the
Student-Newman-Keuls test for statistical significance (p < 0.05). Pressurevolume relations were evaluated using multiple linear and polynominal regression
analysis. The correlation of statistical difference was based on the Durbin
Watson statistic, F-statistic, p-value, and variance coefficients.
Results
The rat coronary artery ligation model results in about a 40%-50% operative
mortality to produce large infarcts with LV end-diastolic pressures >20 mmHg
(Fukuda 2004, Lei 2004). Figure 15 shows the 3DFC before implantation (A),
with the chest reopened in a rat with an infarcted dilated heart 3 weeks after left
coronary artery ligation (B), and the 3DFC implanted on this infarcted heart 3
weeks after MI (C).
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LV Dimensions
Echocardiography and immunohistochemistry were employed to detect functional
and structural improvements in CHF groups treated with 3DFC. In a rat model of
CHF, classically, there is a decrease (p < 0.05) in LV EF (75% ± 2% to 35% ±
3%) with CHF; placement of the 3DFC does not restore EF (35% ± 5%) at 6
weeks (Fig. 16a). In addition, regional LV function, defined as systolic
displacement of the infarcted anterior wall, does not increase with the 3DFC (Fig.
16b).

Figure 16: (A) Ejection fraction in CHF after 3DFC. Values are mean ±
standard error (SE); sham, n = 10; CHF, n = 6; CHF 3DFC, n = 6. *p < 0.05
versus sham. (B) Systolic displacement of the infarcted wall in CHF with
3DFC. Values are mean SE; sham, n = 10; CHF, n = 6; CHF+3DFC, n= 6.
*p < 0.05 versus sham.
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The LV end-systolic and end-diastolic diameters increase almost twofold (p <
0.05) in CHF from 0.39 ± 0.03 to 0.66 ± 0.10 cm and from 0.64 ± 0.04 to 0.93 ±
0.05 cm in CHF, respectively (Fig. 17). Placement of the 3DFC in CHF rats does
not change the end-systolic (0.77 ± 0.04cm) or end-diastolic dimension (0.90 ±
0.04 cm). Histological assessment reveals an increase in anterior wall thickness
(Fig. 18, Fig. 19) with implantation of the 3DFC from 0.53 + 0.02 to 1.02 +
0.17mm (Fig. 1 A, B) but does not decrease LV cavity area (37.89 + 3.72 to
38.46 + 5.17mm2). Human-specific vimentin staining demonstrated resident
fibroblasts from the 3DFC were present within the epicardial section of LV 3
weeks after implantation (Fig. 20).
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Figure 17: (A) Left ventricular end systolic diameter (LVDs) with
3DFC in CHF. Values are mean ± SE; sham, n = 10; CHF, n = 6;
CHF+3DFC, n = 6. *p < 0.05 versus sham. (B) LV end-diastolic
diameter (LVDd) with 3DFC in CHF. Values are mean ± SE; sham, n
= 10; CHF, n = 6; CHF+3DFC, n = 6. *p < 0.05 versus sham.
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Figure 18: Ventricular wall thickness in rats with CHF versus 3DFC-treated
hearts. Implantation of the 3DFC in rats with CHF increases LV wall thickness.
*Statistical significance (p < 0.05). Values are mean ± SE; CHF, n = 5;
CHF+3DF, n = 5.

Figure 19: Trichrome-stained LV sections of (A) CHF versus (B) 3DFCtreated CHF hearts. The 3DFC increases LV wall thickness in treated
versus untreated hearts.
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Figure 20: Positive human-specific vimentin antibody staining demonstrates
presence of the 3DFC’s resident fibroblasts 3 weeks after implantation into a
rat CHF model. Arrows illustrate positive human fibroblast staining. Scale bar
= 100µm.

LV Hemodynamics
Solid-state micromanometer catheters were placed in the LV and ascending
aorta to evaluate LV hemodynamic changes. These data show what we and
other laboratories have shown: rats with CHF, 6 weeks after left coronary artery
ligation with a threefold increase in LV end diastolic pressure, a 23% reduction in
LV systolic blood pressure, a 22% reduction in mean arterial blood pressure, a
36% reduction in positive LV dP/dt, a 50% reduction in negative LV dP/dt, a 40%
decrease in peak developed pressure, and a 60% increase in tau (p < 0.05), the
time constant of LV relaxation (Table 2). Implanting the 3DFC does not
significantly (p < 0.05) change any hemodynamic parameters described above.
There is an increase (p < 0.05) in right ventricular weight in the CHF rats (Table
3). Thus, implanting the nonviable 3DFC has no effect on any hemodynamic
parameter.
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Table 2: Endpoint hemodynamics of three dimensional fibroblast treated rats with
CHF.
MAP

Tau

HR

L V SP

LVEDP

+LV dP/dt

-LV dP/dt

PDP

(mmHg)

(ms)

(bpm)

(mmHg)

(mmHg)

(mmHg/s)

(mmHg/s)

(mmHg)

Sham

135± 7

19.8± 3.6

297± 24

152 ± 12

5.6 ± 1.8

8091± 1050

6396 ± 1237

198± 19

CHF

105± 6α

31.2 ± 5 α

270 ± 33

116 ± 7α

23.4 ± 2α

5153± 590α

3111± 651α

121± 7α

CHF

95± 19α

30.6 ± 8 α

270 ± 28 113± 24 α

22.3± 7α

4961± 1127α

3035± 763α

132 ± 26α

+3DFC

Table 2: Values are mean ± SD; Sham, n =5; CHF, n = 5; CHF+3DFC, n = 10.αp
<0.05 versus sham. Abbreviations: CHF, chronic heart failure; 3DFC, threedimensional fibroblast construct; LV, left ventricle; MAP, mean arterial pressure;
.HR, heart rate; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end
diastolic pressure;+/-LV dPIdt, left ventricular derivative pressure/ derivative time;
PDP, peak developed pressure.

Table 3: Heart weights of three dimensional fibroblast treated rats with CHF.

Body

Right

Left

Heart weight

Weight (g)

Ventricle (g)

Ventricle (g)

to
Body weight ratio

Sham

351±222

0.21±0.03

0.82±0.17

0.23±0.04

CHF

353±35

0.38±0.13α

0.83±0.12

0.24±0.03

CHF+3DFC

342±26

0.28±0.08

0.81±0.11

0.24±0.04

Table 3: Values are mean ± SD; Sham, n = 5; CHF, n = 5; CHF+3DFC, n
= 10.αp <0.05 versus sham.
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Pressure-Volume Loops
The PV relationship shows dilatation of the LV in CHF; the 3DFC patch
attenuates this dilatation with a shift to the left (p < 0.05) toward the pressure axis
(Fig. 21). The overall LV chamber stiffness constant (K0) decreases (p < 0.05,
Table 4) with CHF and returns toward sham with 3DFC (Table 4).
CHRONIC PV LOOPS
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Figure 21: Pressure-volume (PV) relations in sham, CHF, and
CHF+3DFC. Note that the 3DFC shifts the CHF PV curve to the left
toward the pressure axis. Sham, N=5. CHF, N=7, CHF+3DFC, N=8.
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Table 4. Left ventricular chamber stiffness constants in sham, CHF, and
CHF+3DFC rats
SHAM

CHF

CHF+3DFC

K0 (2.5-30 mmHg)

5.86±0.37

4.78±0.31*

5.24±0.48

K1 (0-3 mmHg)

7.57±0.78

5.95±0.86

7.10±0.86

K2 (3-10 mmHg)

5.08±0.62

4.53±0.27

5.16±0.86

K3 (10-20 mmHg)

5.7±0.64

5.03±0.31

5.07±0.64

K4 (20-30 mmHg)

5.82±1.02

4.78±0.76

Table 4: Values are meanSE; Sham N = 5; CHF N = 5; CHF/3DFC N = 10.
There are not enough points to calculate K4 for CHF. *P < 0.05 versus
Sham.

Myocardial Blood Flow and Vessel Density
To determine if the 3DFC revascularized ischemic tissue, myocardial blood flow
was evaluated using neutron-activated microspheres. Myocardial blood flow to
the anterior infarcted wall decreases (p < 0.05) in CHF; the 3DFC increases (p <
0.05) myocardial blood flow in 3DFC-treated groups (Fig. 22). Additionally, using
immunohistochemistry, we evaluated microvessel density formation within the
epicardial infarct and peri-infarct zones. Factor VIII staining (Fig. 23) reveled an
increase (p < 0.05) in microvessel density in groups treated with 3DFC (Fig. 24).
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Anterior Wall Blood Flow

0.018

0.016

ml / min / kg

0.014

0.012

*
0.010

0.008

*@

0.002
@
0.000
Control

CHF

CHF + 3DFC

Figure 22. Anterior wall myocardial blood flow in treated (3DFC)
vs control groups. Data are mean+SE. * denotes P<0.05 as
compared to 6wk CHF. @ denotes P<0.05 compared to control.
Note that the 3DFC improves blood flow in the infarcted wall in
CHF+ 3DFC. N=12 (control), 8 (6wk CHF), 13 (6wk CHF +
3DFC).

Figure 23. Factor VIII staining showing more staining, i.e., increased
vessel density with the 3DFC in CHF rats. Arrows indicate positively
stained (brown) microvessel (40X).
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Effects of 3DFC on Microvessel Density of the
Infarct Regions

Microvessel Density (vessels/m)

0.25

0.20

*

0.15

0.10

0.05

0.00

CHF

CHF + 3DFC

Figure 24. Microvessel density for 3DFC in CHF. The 3DFC
significantly increases microvessel density in ischemic tissue.
Values are mean ± SE, N=5 for CHF; N=9 for CHF+3DFC *
P<0.05 versus CHF.

Strain Induced Cytokine Stimulation
In an effort to understand the cytokine production of the 3DFC, selected
angiogenic cytokines were measured (in vitro) in control (static) versus strained
settings. Measurable amounts of monocyte chemoattractant protein-1 (MCP-1),
HGF, interleukin-8 (IL-8), interferon-[gamma], tumor necrosis factor-α,
Angiogenin, VEGF, IL-1α, bFGF, Leptin, IL-1P, IL-4, IL-6, platelet-derived growth
factor-BB, placental growth factor, and epidermal growth factor (EGF) were
detected in conditioned medium samples from both control and strained 3DFC.
Strain significantly (p < 0.05) decreased extracellular concentrations of interferonγ, tumor necrosis factor-α, IL-1α, IL-1β, IL-4, and EGF. No appreciable
angiopoietin-2 (Ang-2), heparin-binding EGF-like growth factor, IL-10, or IL-13
was detected in any samples (Table 5). In addition, equilbiaxial strain showed no
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significant (p < 0.05) change in dsDNA concentration; however, total protein
content was significantly (p < 0.05) elevated with strain 2.32 ± 0.3 versus 3.44 ±
0.3 mg/mL.
Discussion
Our work demonstrates that implanting a viable fibroblast matrix patch in rats
with CHF increases LV wall thickness and induces angiogenesis with a resultant
increase in myocardial blood flow in the area of previous infarction. In addition,
the 3DFC improves passive filling of the LV but does not contribute to
improvement in EF or attenuate LV remodeling. Although the mechanisms
responsible for the increase in myocardial blood flow and capillary density are not
clear, we do show that 3DFC induces selective paracrine activation in vitro that
may explain part of its benefit.
Previous work by our laboratory shows that when 3DFC is implanted acutely
after MI, the patch improves myocardial blood flow, LV function, and also partially
reverses LV remodeling (Gaballa 1995). It is unclear why the 3DFC, when
implanted in rats with CHF, does not restore LV function or reverse LV
remodeling. Acute placement of the 3DFC results in significant revascularization
and restored blood flow to potentially stunned myocardium, possibly preserving
tissue viability. However, if the 3DFC is placed in CHF after infarct expansion and
scar development has already occurred, although the 3DFC still induces
angiogenesis, the adverse LV remodeling cannot be reversed, at least not in the
3-week time frame, that is effective in an acute MI (Gaballa 1995).
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Ex Vivo Pressure Relationship Versus In Vivo Analysis
The 3DFC treatment shifts the PV relationship to the left, toward the pressure
axis; however, the 3DFC had no change on LV end systolic or diastolic diameter.
To explain this contradiction, echocardiography data were collected in vivo, while
PV loop data were collected ex vivo. To measure the PV relation ex vivo, hearts
were arrested in diastole using KCL, while left ventricular end diastolic diameter
(LVEDD) was measured in vivo while the heart may not have been completely
relaxed due to incomplete diastole and/or the presence of pericardium, which is
typically removed during ex vivo preparation.
Paracrine Activation
The 3DFC is a viable construct composed of a matrix, embedded with human
newborn dermal fibroblasts cultured in vitro onto a bio-absorbable mesh to
produce a living, metabolically active tissue that secretes growth factors (Table 5)
but engendering no immune response (Gaudette 2006). The fibroblasts
proliferate across the mesh (Fig. 14) and secrete human dermal collagen,
fibronectin, and glycosaminoglycans, embedded in a self-produced dermal
matrix. Although the mechanisms of action of cell-based therapy are not clear,
most investigators believe that paracrine stimulation from the cells themselves
may be responsible for the beneficial effects. Paracrine stimulation has been
shown to result in cardioprotection of the cardiomyocytes at the cellular level.
(Gaballa 2006) The 3DFC releases a complex blend of cardioactive cytokines
(Table 5) with well-documented roles in regulating ventricular function, blood
flow, and vessel density. The functional dynamics of some cytokines are
potentially stimulated by other active peptides as well as interpolated
environmental conditions, as in the case with the peptide MCP-1 acting together
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with IL-8 to enhance the metastatic migration of mural cells toward endothelial
cells, promoting both the maturation of new blood vessels and arteriogenesis
(Callegar 2007, Leor 2000, Landa 2008). In hyperemic flow conditions, but not at
rest, MCP-1 and Leptin increase collateral blood flow (Landa 2008). We
measured several potent angiogenic growth factors secreted from the 3DFC in
high concentrations, including HGF, VEGF, angiogenin, and bFGF. The HGF
induces powerful mitogenic activity on endothelial cells, and increases blood
vessel number when introduced into infarcted canine myocardium (Goldman
1995). VEGF and bFGF bind to cell-surface-expressed receptors equipped with
tyrosine kinase activity leading to improvements in LV remolding and myocyte
hypertrophy (Gaballa 2002). VEGF also increases functional improvement of
post-infarcted hearts (Gaballa 2002). Interestingly, our data show that the
imbedded fibroblasts of the 3DFC response to biomechanical strain results in an
increase in total protein, which may be due to upregulation of intracellular
proteins such as actin, or an increase in extracellular matrix proteins such as
collagen, elastin, and fibronectin, providing structural support and a scaffolding
for cellular migration aiding in cardiac growth. In addition, these data show that
strain decreased the fibroblasts' secretion of proinflammatory molecules (Table
5), and suggest the possibility that heart rate and force of contraction may modify
the peptide secretory profile of 3DFC. Mechanotransduction of human fibroblasts
in 3D constructs have been investigated by others and supports these findings
(Ma 2007). This described paracrine effect does not occur with the nonviable
3DFC (data not shown) presumably because the nonviable 3DFC does not
contain living fibroblasts. Previous work in rats and mice has shown that
implanting the nonviable 3DFC does not improve myocardial blood flow or
improve LV function (Kellar 2001, Kellar 2005). Thus, the benefits from the 3DFC
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are due to more than just the physical presence and the restraining effects of the
patch.
Table 5. Cytokine activation in static (control) versus strained 3DFC patches

Table 5: Cytokine, chemokine, and growth factor stimulation of angiogenic and
inflammatory markers in static (control) versus strained 3DFC patches in vivo over
48hr (10% 1Hz). Expression in pg cytokine / µg DNA, n=3. Adjusted for 2% fetal
bovine serum media. αp<0.05.

Using the 3DFC as a Delivery System
Although this present report outlines the use of the 3DFC by itself, as treatment
for CHF, the fibroblast patch could be used as an adjuvant delivery system for
cell-based therapy. Because patients in heart failure present in the chronic phase
of their disease, this could be an elective procedure where cells are harvested,
grown in culture, seeded on the 3DFC, and re-implanted in the patient.
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With direct cell injection into the heart, the majority of transplanted cells do not
survive (Muller-Ehmsen 2002, Dow 2005). The lack of survival of these injected
cells is related, in part, to an inadequate blood supply and inadequate matrix
support for the new cells. The injected cells are fragile, resulting in cell
aggregation due to lack of physical support for the cells to attach to the tissue
extracellular matrix. This 3D scaffold offers a potential solution to the problem of
an inadequate cellular support structure (Fig. 14). In addition, Figure 25
demonstrates the integration of the 3DFC into the infarcted tissue and remnants
of the Vicryl mesh support structure 3 weeks after implantation.

Figure 25: Trichrome-stained LV cross section of a 3DFC-treated CHF
heart. Higher magnification image inset highlighted in red; green arrows
indicate remnants of Vicryl mesh, yellow arrows indicate collagen fibers, and
red asterisks indicate microvasculature. Within 3 weeks, the 3DFC Vicryl
mesh fibers have incorporated into the anterior wall.
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An Electrically Coupled Tissue Engineered Cardiomyocyte Scaffold Improves
Cardiac Function in Rats with Chronic Heart Failure
Introduction
Chronic heart failure is the leading cause of morbidity and mortality worldwide.
Although current medical therapeutics decrease mortality from CHF, they do not
reverse the disease process or restore long-term cardiac function. Recently, a
number of novel strategies have been proposed for improving functional and
clinical outcomes of patients with CHF such as, cell-based therapies (Srivastava
2006), in vivo tissue reprogramming (Song 2012) and gene therapy (Tileman
2012). Each of these approaches may carry therapeutic potential, but cell-based
therapies offer the least cumbersome approach and are not complicated by in
vivo viral or gene administration.
Evaluation of cell-based therapies for CHF has progressed through a number of
clinical trials (Schachinger 2004, Wollert 2004, Strauer 2005, Assmus 2006,
Janssens 2006, Lunde 2006, Schachinger 2006). Although questions remain
regarding the most effective cell type and dosing strategies, the major limitation
to success may be the development of an effective cell-delivery system. Current
delivery techniques, for the most part, use direct injection by catheter-based
systems that result in limited cellular survival and minimal retention of cells in the
target area (Muller-Ehmsen 2002, Dow 2005). As a result, new cell-delivery
strategies, such as TE constructs, are being developed that provide structural
support facilitating implanted cell survival and integration into the underlying
myocardium (Zimmerman 2006, Seikine 2008, Madden 2010).
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Previous studies by our laboratory, and others, have tested a 3-dimensional
ﬁbroblast construct (3DFC) consisting of viable human dermal ﬁbroblasts
embedded onto a bioabsorbable polymeric Vicryl mesh (Ethicon, Somerville, NJ)
that does not elicit an immunologic response (Kellar 2001, Kellar 2005,
Fitzpatrick 2010). Implantation of this 3DFC immediately after MI or in an
ischemic CHF model, 3 weeks after permanent occlusion of the left coronary
artery, results in formation of a microvascular bed and the consequent increase
in myocardial blood ﬂow to the infarcted tissue (Thai 2009, Lancaster 2010). The
embedded ﬁbroblasts are an important component of the bioengineered scaffold
because dermal ﬁbroblasts have been demonstrated to play a role in
microvascular organization in vitro through paracrine-mediated effects or other
factors (Camelliti 2005, Camelliti 2006, Liu 2008). Yet, implanting the 3DFC
alone in CHF did not improve cardiac function (Thai 2009, Lancster 2010).
In the present study, we explored the potential of the microvascular bed induced
by the 3DFC to support an overlaying population of cardiomyocytes seeded on
the 3DFC. We demonstrate that rat neonatal cardiomyocytes (NCM) can be
successfully co-cultured with human ﬁbroblasts in a biodegradable scaffold and
that they form an electromechanically organized syncytium capable of improving
the left ventricular (LV) function of a chronically infarcted heart.
Materials and methods
The 3DFC
The 3DFC is a cryopreserved bioabsorbable scaffold populated with human
neonatal ﬁbroblasts (Kellar 2001, Kellar 2005, Thai, 2009, Lancaster 2010). The
ﬁbroblasts have been tested for cell morphology, karology, isoenzymes, and
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tumorigenicity and are free from viruses, retroviruses, endotoxins, and
mycoplasma. The 3DFC was provided by Theregen Inc (San Francisco, CA)
frozen (–75 ± 10C) in 5 x 7.5 cm pieces with an average thickness of 200 μm.
The 3DFC is thawed in phosphate buffered saline (34C–37C) and handled gently
to limit cellular damage. The 3DFC does not generate an immune response
(Kellar 2001, Kellar 2005, Fitzpatrick 2010, Thai 2009, Lancaster 2010)
(investigators’ brochure ITT-101, Theregen).
Cardiomyocyte Isolation, Seeding and Culture
Cardiomyocytes were isolated from 1 to 2 day-old neonatal Sprague-Dawley
(Harlan, Indianapolis, IN) rat hearts. Brieﬂy, the hearts were excised, the atria
were removed, and the ventricles were minced into 0.5 to 1mm portions and
digested in a pancreatin/collagenase solution. After each enzymatic digest,
cardiomyocytes were collected, combined, and re-suspended in Dulbecco
Modiﬁed Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS). Lastly, the
suspension was differentially plated in Ham’s F-12 with 100 mg/ml bovine serum
albumin. The 3DFC was thawed, cut into 1.5-cm diameter sections, and seeded
with NCM at densities ranging from 0.6 x 106 to 2.7 x 106 cells/cm2 using
methods developed in our laboratory. The NCM and NCM-3DFC were cultured in
10% FBS in DMEM-LG (Gibco- Invitrogen, Carlsbad, CA), maintained at 37C and
5% CO2. Patches were constructed as described for in vitro and in vivo
evaluation. The NCM-3DFC patches for in vivo evaluation were seeded, cultured,
and implanted onto the rat heart 3 weeks after left coronary artery ligation within
18 hours of seeding. Patches prepared for in vitro evaluation were seeded and
cultured 1 to 10 days.
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Quantitative Measurements of Cardiomyocytes and Fibroblasts
Serial stained tissue samples were reacted with speciﬁc markers for
cardiomyocytes (troponin) and ﬁbroblasts (vimentin). Immunohistochemically
reacted glass slides were digitally scanned (whole- slide scanning) using an
Aperio scanner (Aperio, Vista, CA), with subsequent FACTS (Feature Analysis
on Consecutive Tissue Sections). Whole-slide scanning allowed for an objective
digital quantitative analysis of the entire tissue sections to ensure against
investigator bias. The parameters for a generic image analysis algorithm for
quantifying cells were independently adjusted for counting cardiomyocytes and
ﬁbroblasts. This was used for the objective analysis. The algorithm-based
FACTS process performs image-to-image registration on prepared tissue
sections on each glass slide. The FACTS process was used to align the serial
sections to ensure that corresponding areas were analyzed in each stained slide
to provide a fair sample comparison.
Filed Stimulation and Pacing
NCM-seeded 3DFC patches were transferred to a thermos-regulated culture well
(Bipolar Temperature Controller; Medical Systems, Greenvale, NY) containing
culture medium maintained at 371C. The NCM-3DFC were paced (S44; Grass
Instruments, Quincy, MA) by ﬁeld stimulation (~7 V) through 99.7% pure silver
wires placed into the culture well on opposing sides of the NCM-3DFC. The
pacing rate varied from 60 to 270 ± 30 beats/min for 10 seconds.
Cell-to-Cell Communication
Functional gap junction formation was examined in 3DFC, NCM-3DFC, and
halothane-treated NCM-3DFC patches at 6 days. Three dyes were injected
simultaneously: [2-(4-nitro-2,1,3-benzoxadiol- 784

yl)aminoethyl]trimethylammonium (NBD-TMA [provided by Dr. Steve Wright,
University of Arizona, Tucson, AZ] 24; mol wt 280, net charge 1þ, 10 mmol/liter),
Alexa 350 (mol wt 326, net charge 1–, 10 mmol/liter), and rhodamine dextran
(0.1 mg/ml; both Molecular Probes; Invitrogen, Carlsbad, CA).
Microelectrode tips were created from 1.0-mm ﬁlament glass (A-M Systems,
Sequim, WA) on a Sutter Instruments puller (Novato, CA), their tips ﬁlled by
capillary action with the dye mixture and backﬁlled with 3 mol/liter KCl. The
microelectrodes were lowered onto a cell ﬁeld in the preparation until contact with
a cell surface was achieved and cytoplasm access was gained. The dyes were
slowly and continuously injected by a slight capacitance overcompensation of the
ampliﬁer (SEC- 05LX; NPI Electronics, Tamm, Germany). Images were captured
at different times during the next 5 to 20 minutes. Halothane, a known gap
junction inhibitor, was added to the superfusate (ﬁnal concentration, ~8
mmol/liter) to temporarily decrease intercellular dye diffusion and further conﬁrm
the transjunctional nature of this phenomenon (Ek-Vitorin 2005, He 2000, Turner
1994).
Multielectrode Array Electrical Mapping
The NCM-3DFC was electrophysiologically mapped in real-time using a 10electrode custom-designed multielectrode array (Ad-Tech Medical Instrument
Corp, Racine, WI) and a 1-kHz low-pass ﬁlter. Action potentials were collected
using a BIOPAC MP150 (BIOPAC Systems Inc, Goleta, CA) data acquisition
system with MCE100C signal conditioning modules. The MCE module has
multiple gain settings from 10 to 1,000 and an on- board conﬁgurable signal ﬁlter.
Up to 16 channels of data were acquired simultaneously at a 5-kHz sampling
rate. Notch ﬁlters were conﬁgured in the data acquisition system for removing the
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60 Hz noise and its higher harmonics. Data recordings were collected in 10second intervals. Seeded patches were evaluated in vitro at 1 to 8 days in culture
for spontaneous ﬁeld potential amplitude, duration, conduction velocities,
propagation patterns, and mono- phasic action potentials. The NCM-3DFC was
maintained at 37C in standard culture medium.
Coronary Artery Ligation Experimental CHF
All animals in this study received humane care in compliance with the “Principles
of Laboratory Animal Care” and the “Guide for the Care and Use of Laboratory
Animals.” The rat coronary artery ligation model is standard in our laboratory
(Gaballa 1995, Raya 1989, Raya 1997). In brief, Sprague- Dawley rats were
anesthetized with ketamine and acepromazine and underwent a left thoracotomy.
The heart was expressed from the thorax and a ligature placed around the
proximal left coronary artery. The rats were maintained post-operatively on
standard rat chow, water ad libitum, and pain medication. Only rats with an EF of
<35% after permanent left coronary artery ligation at 3 weeks post-MI were
enrolled in the study. Three weeks after MI, the chest was reopened, and the
NCM- 3DFC was implanted with suture on the infarcted ventricle bridging to
viable myocardium.
Echocardiography
Closed-chest transthoracic echocardiography was performed using a Vingmed,
Vivid 7 system echo machine with EchoPac (both GE Ultrasound, Fairﬁeld, CT)
programming software with a 10-MHz multiplane transducer, with views in the
parasternal short-axis and long-axis, to evaluate the anterior, lateral,
anterolateral, inferior, and posterior walls. Systolic displacement of the anterior
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wall and EF were obtained from 2D and M-mode measurements of myocardial
wall thickness and LV dimensions (Thai 2009, Thai 2006).
Hemodynamic Measurements In Vivo
Rats were anesthetized with a 100 mg/kg intraperitoneal injection of Inactin
(Sigma-Aldrich, St. Louis, MO), intubated, and placed on a rodent ventilator with
a 2F solid-state micromanometer-tipped catheter with 2 pressure sensors (Millar
Instruments Inc, Houston, TX) inserted through the carotid artery. One sensor
was located in the LV and another in the ascending aorta. The pressure sensor
was equilibrated in 37ºC saline, and LV and aortic pressures/heart rate were
recorded and digitized at a rate of 1,000 Hz to calculate LV dP/dt and the time
constant (Tau) of LV relaxation (Thai 2009, Gaballa 1995, Raya 1989, Raya
1997, Thai 2006). Hemodynamic measurements were obtained at the end of the
study, 6 weeks post-MI (3 weeks post- implantation of 3DFC), and 21 weeks
post-MI (18 weeks post-implantation).
Statistical Analysis
Data are expressed as mean ± standard error (SE). Student’s t-test was used for
single comparison of group vs group analysis of statistical signiﬁcance (p<0.05).
Results
Cardiomyocyte Seeding
Cardiomyocyte seeding densities were evaluated between 0.6 and 2.7 x 106
cells/cm2. Lower-density cardiomyocyte preparations (0.6 to 1.2 x 106 cells/cm2)
displayed spontaneous, non-synchronized contractions after 48 hours in tissue
culture. At 72 hours, these contractions began synchronizing, and by 84 hours,
cell contractions were fully synchronized. Higher density cardiomyocyte
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preparations (1.8 to 2.7 x 106 cells/cm2) displayed synchronized and
spontaneous contractions of the entire scaffold after 48 hours in tissue culture.
Contractions increased in robustness from 48 hours to 5 days. At day 5, scaffolds
seeded with 2.7 x 106 cells/cm2 contracted in a consistent rhythmic and
directional fashion. NCMs plated in 35-mm2 plates (control) displayed
contractions at 97 ± 4 beats/min, whereas NCM-3DFC was recorded at 43 ± 3
beats/min (Fig. 25 & 27) with a mean displacement of 1.3 ± 0.3 mm (Fig. 28) and
a contraction velocity of 0.8 ± 0.2 mm/sec (n = 10; Fig. 29).

Figure 26: Rate of spontaneous contractions in NCM-3DFC and cultured
neonatal cardiomyocytes. NCM-3DFC (N=4), culture (N=3). Data are
mean±SE. * denotes statistical significance between seeded and culture for
each day (P < 0.05).
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Figure 27: Rate of spontaneous contractions in NCM-3DFC with media
changes every 24 or 48 hrs. 24hr (N=4), 48hr (N=2). Data are mean±SE.*
denotes statistical significance between 24hr and 48hr for day 5 (P < 0.05).

Figure 28: Mean displacement of NCM-3DFC (fed every 24 hrs) at 3, 4 and 5
days after seeding. Day 3 (N=6), day 4 (N=10), day 5 (N=9). Data are
mean±SE.
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Figure 29: Contraction velocity of NCM-3DFC (fed every 24 hrs) at 3, 4, and
5 days after seeding. Day 3 (N=6), day 4 (N=9), day 5 (N=8). Data are
mean±SE.

In Vitro Cellular Composition
In vitro quantiﬁcation of the cellular composition of the NCM-3DFC showed a
ﬁbroblast nuclear density (n = 5) of 931 ± 72 and 974 ± 95 nuclei/mm2 and a
cardiomyocyte nuclear density (n = 4) of 5,808 ± 527 and 4,923 ± 287 nuclei/mm2
at 2 and 8 days in culture, respectively. Thus, a 5:1 ratio of myocyte to ﬁbroblast
nuclear density and no cell loss were found between 2 and 8 days in culture.
Field Stimulation
External ﬁeld stimulation was applied to the NCM-3DFC at varying culture time
points (2–6 days) in temperature- controlled (37°C) wells. The NCM-3DFC
contracted synchronously when paced for 20-second intervals at physiologic
rates up to 270 ± 30 beats/min (Thai 1999).

90

Cell-to-Cell Communication
Dye injections into the ﬁbroblasts of the 3DFC alone resulted in no detectable
transjunctional diffusion (Fig. 30A). In contrast, dye diffusion readily occurred
from the injected myocytes toward neighboring cells on the NCM-3DFC (Fig.
30B). Furthermore, as can be expected from the gradual organization of cell
bundles, junctional connectivity increased from Day 2 through 6 days (data not
shown). When the NCM-3DFCs were exposed to halothane, dye was retained in
the donor cell, reaching higher concentrations but failing to diffuse to the
neighboring cells despite the obvious intercellular gradient (Fig. 30C).
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Figure 30: Time elapsed images (original magniﬁcation x40) of (A) 3dimensional ﬁbroblast construct (3DFC), (B) neonatal cardiomyocyte
(NCM)-3DFC, and (C) NCM-3DFC treated with halothane at day 6 of
culture. In all images, the dye-ﬁlled electrode is at the left, and its tip allows
the location of the injected cell (donor). From this cell, dye may diffuse
across gap junctions to other (recipient) cells. The dye [2-(4-nitro-2,1,3benzoxadiol-7-yl)aminoethyl]trimethylammonium (NBD) easily occupies the
cytoplasmic space, but does not penetrate the nucleus; thus, individual
recipient cells can be located by the image of NBD ﬂuorescence
surrounding a central, less ﬂuorescent area. (A) No detectable intercellular
dye transfer occurs from the injected ﬁbroblast to neighboring cells. (B) The
dye injected into a single NCM spreads through established gap junctions
toward neighboring cells. (C) After halothane treatment, a transient
decrease on the speed of transjunctional dye diffusion was observed. In
this particular image, the reﬂection of the highly concentrated dye in the
injected cell is perceived, but only 1 recipient cell (adjacent to the injected
one) can be clearly identiﬁed after 5 minutes.

Electrical Mapping
The spontaneous electrical activation of the NCM-3DFC was mapped by
electrically recording constructs at varying times in tissue culture. The NCM3DFC yielded maximum and minimum transverse conduction voltage amplitude
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of 42 µV and –75 µV, respectively. A consistent sequence of transverse
activation was seen beat-to-beat (Fig. 31).

Figure 31: (A) Electrical activation mapping was performed on the
neonatal cardiomyocyte (NCM)-3-dimensional ﬁbroblast construct (3DFC) in
tissue culture 5 days after co-culturing using a custom designed
multielectrode array with 18 recording sites spaced 500 mm apart. (B)
Recordings were performed from 10 electrodes; each recording site was
numbered sequentially as channel 1–10. (C) The electrical activation of the
patch shows consistent beat-to-beat activation, as shown in 7-second
interval displaying the peak transverse conduction voltage for each
individual channel. The amplitude is shown (D) with all channels
superimposed in a beat-to-beat sequence and (E) during a single activation.
The amplitude was recorded as (D) 0.03 to 0.42 and (E) -0.13 to -0.75 mV.

Hemodynamics and Echocardiography
At 3 weeks after implantation, the NCM-3DFC increased (p o 0.05) EF from 31%
± 2% to 39% ± 1% (Fig. 32), cardiac index from 0.46 ± 0.05 to 0.61 ± 0.06 ml/(g
min), dP/dt(+) from 4,651 ± 250.4 to 5,806.2 ± 192.1 mm Hg/ sec, dP/dt(–) from
2,852.9 ± 147.7 to 3,516.9 ± 229.5 mm Hg/sec, and peak developed pressure
(PDP) from 112.2 ± 7.6 to 146.4 ± 5.4 mm Hg (Table 6), while decreasing (p <
0.05) LV end diastolic pressure from 24 ± 2 to 15 ± 3 mm Hg and Tau from 24.9
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± 1.2 to 20.9 ± 1.1 msec (Table 6). At 18 weeks post-implantation, the NCM3DFC improved LV function by increasing (p < 0.05) EF from 21.8% ± 2.8% to
33.6% ± 4.1% (Fig. 32), MAP from 84.3 ± 1.7 to 101 ± 2.9 mm Hg, dP/dt(+)
from 4047.7 ± 216.6 to 4713.0 ± 118.4 mm Hg/sec, dP/dt(–) from 2,172.3 ± 130.2
to 2,915.3 ± 218.6 mm Hg/sec, and PDP from 98.3 ± 9 to 137.3 ± 5 mm Hg
(Table 4). Importantly, the rats maintained normal sinus rhythm throughout the
entire study, and the echocardiography revealed the previously infarcted area
contracted in sync with the rest of the heart, with no arrhythmias and no evidence
of dyssynchrony.
Tissue Histopathology
As shown in Figure 33, implantation of the NCM-3DFC is well tolerated, and
within 3 weeks of implantation, the synthetic Vicryl components have degraded
and are not visible. As shown by echocardiography and hemodynamic values,
implantation of the NCM-3DFC results in improvements of cardiac function. This
may be partly due to the effective integration of the transplanted myocytes, or
alternatively, enhanced survival/migration/function of endogenous myocardium
under the implant. In either case, an increased presence of myocytes in or
around the infarcted area was observed (Fig. 33).
Discussion
The present report demonstrates NCMs can be seeded and co-cultured onto the
3DFC, resulting in cardiac patches that in vitro contract spontaneously in a
rhythmic, synchronous manner in culture and are cable of being electrically
paced when subject to electrical ﬁeld stimulation. We conﬁrmed the existence of
functional gap junctions by cell-to-cell diffusion of permeant dye across the patch
(Fig. 30B) and were further validated by transient gap junction inhibition with
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halothane,(Ek Vitorin, He 2000, Turner 1994) effectively blocking dye passage
(Fig. 30C). Furthermore, electrical mapping of the NCM-3DFC with a
multielectrode array system demonstrated consistent beat-to- beat electrical
activation and cellular coupling (Fig. 31). Quantitative evaluation of cellular
composition showed no loss of cells during tissue culture between 2 and 8 days.
These ﬁndings support the 3DFC as a suitable construct to support
cardiomyocytes and permit structural organization of the seeded cardiomyocytes
in a manner allowing electromechanical synchrony and thus the potential to track
in sinus rhythm in vivo after implantation.
When implanted into rats with CHF and EFs below 35%, the NCM-3DFC
improved (p < 0.05) LV function 3 weeks after implantation by increasing EF,
cardiac index, dP/dt(+), dP/dt(–), and PDP, while lowering EDP and LV relaxation
(Table 6). In addition, long-term improvements were also observed 18 weeks
after implantation by increasing EF, MAP, dP/dt(+), dP/dt(–), and PDP (Table 4 &
Fig. 32). Implantations of the NCM-3DFC occurred 18 hours after culture to
permit cardiomyocyte adhesion onto the 3DFC yet before the onset of
spontaneous contractions and subsequent cellular organization, potentially
allowing the underlying native myocardium to dictate organization in vivo. This
may have contributed to the observation that all rats that received the NCM3DFC maintained sinus rhythm with no observed arrhythmias. Echocardiographic
data showed no LV dyssynchrony, supporting the observation that the patch
does not alter local LV electrical- mechanical function (Fig. 33). Furthermore,
these ﬁndings demonstrate sustained functional improvements, not only over the
short-term but long-term.
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Figure 32: Echocardiography evaluation of EF in rats with CHF at 6, 10, 14, and
18 weeks after patch implantation. Implantation of the neonatal cardiomyocyte
(NCM) 3-dimensional ﬁbroblast construct (3DFC) improves EF at 6 (p = 0.037),
10 (p = 0.015), and 18 (p = 0.046) weeks compared with CHF. Data are mean +
standard error; a (as reported above) and b (p = 0.001 for all groups) denote
statistical signiﬁcance of CHF vs NCM+3DFC and sham vs CHF respectively.
Sham, n = 8 for all groups; CHF, n = 20 at 6 weeks, n = 7 at 10 weeks, n = 6 at
14 weeks, n = 5 at 18 weeks; and NCM-3DFC, n =26 at 6 weeks, n = 10 at 10
weeks, n = 9 at 14 weeks, n =5 at 18 weeks.

Table 6: Three-week endpoint hemodynamics for rats treated with NCM-3DFC

Table 6: Hemodynamic values three weeks after NCM-3DFC implantation in rats
with CHF. Data are mean + SE. α, p<0.05 CHF vs. NCM+3DFC and β, p<0.05
Sham vs. CHF. Implantation of the NCM-3DFC improved (p<0.05) EDP, CI,
dP/dt, Tau and PDP as compared to untreated CHF rats. Sham, N = 7-20; CHF,
N = 6-12; NCM-3DFC, N = 7-13. MAP, mean arterial pressure; SYS, systolic
pressure; EDP, end diastolic pressure; CI, cardiac index; PDP, peak developed
pressure; CHF, chronic heart failure; NCM+3DFC, neonatal cardiomyocyte 3
dimensional fibroblast construct.
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Table 7: Eighteen week hemodynamics for rats treated with NCM-3DFC.

Table 7: Hemodynamic values 18 weeks after NCM-3DFC implantation in rats
with CHF. Data are mean + SE. α, p<0.05 CHF vs. NCM+3DFC and β, p<0.05
Sham vs. CHF. Implantation of the NCM-3DFC improved (p<0.05) MAP, dP/dt,
and PDP as compared to untreated CHF rats. Sham, N= 8; CHF, N=3-6,
NCM+3DFC, N=2-3. MAP, mean arterial pressure; SYS, systolic pressure; EDP,
end diastolic pressure; CI, cardiac index; PDP, peak developed pressure; CHF,
chronic heart failure; NCM+3DFC, neonatal cardiomyocyte 3 dimensional
fibroblast construct.

Although the mechanism of action in cell-based therapies have not been fully
elucidated, it should be postulated that many contributory roles are at play that
may include transplanted cell survival and paracrine-mediated effects that result
in the observed reported functional beneﬁts. Histologic evaluation at 3 and 18
weeks after implantations showed an increase in viable myocardium underneath
the patch (Fig. 33). This population of cells may be in part from the transplanted
NCMs, endogenous cardiomyocyte migration, or enhancement of the native
viable myocardium. Our previous work has shown that once implanted, the
dermal ﬁbroblasts embedded in the 3DFC secrete angiogenic cytokines,
establishing microvascular support and increased blood ﬂow (Lancaster 2010).
The angiogenic cytokines may be supplementing and facilitating the survival of
the transplanted cardiomyocytes.
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Figure 33: Trichrome-stained left ventricular cross sections of (A–C) 6-week CHF
control receiving an infarct but no treatment, (D–F) CHF þ neonatal cardiomyocyte
(NCM)–3-dimensional ﬁbroblast construct (3DFC) 6 weeks after coronary artery
ligation (3 weeks after implant), and (G–I) CHF þ NCM-3DFC 21 weeks after
coronary artery ligation (18 weeks after implant). Hearts were excised, and right
ventricles were removed and cut in 5-mm transverse sections along the midpoint of
the ventricle. Healthy myocardium is represented as red-purple, collagen/scar as
blue, and red blood cells as small red dots. The * (A, D, and G) and box insets (B,
E, H) represent area of corresponding higher magniﬁcation. The þ in panel D and G
highlights the location of the NCM-3DFC implant. Implantation of a cardiomyocyte
patch results in increased LV wall thickness (D, E, G, H vs A and B) and
preservation and/or generation of myocardium (D–F and G–I). The synthetic Vicryl
(Ethicon, Somerville, NJ) components of the patch are degradable and not
detectable after 3 weeks in vivo. (E and F) Remnants of the suture used for
implantation of the NCM-3DFC can be seen as the bright red clusters.
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These ﬁndings are exciting and support further evaluation of tissue-engineered
scaffolds for therapeutic use to treat CHF, but limitations remain that must be
overcome. Additional studies will have to be done developing a patch with a
clinically relevant cell type. These cells need to be isolated with ease and in
robust enough numbers to permit constructing patches. In addition, the concept
of allogeneic vs autologous approaches needs to be addressed.

Induced Pluripotent Stem Cell Derived Cardiomyocyte Tissue Engineered Patch
Improves Systolic Function, Diastolic Function, and Electro-mechanical Coupling
in Rats with Heart Failure
Introduction
Chronic heart failure is the leading cause of morbidity and mortality worldwide
with over 600,000 new cases annually in the United States alone (Heidenreich
2005). The incidence and prevalence of CHF is growing, placing an ever-growing
need for development of new treatments. Current CHF therapeutic paradigms
rely heavily on drug/device management with the goal to prolong life, prevent
further cardiac functional deterioration and to improve quality of life. Only with
late stage CHF are mechanical assist devices and heart transplantation
considered; both are limited by cost, surgical burden and the latter by donor
supply (less than 2,500 heart transplants are performed in the US annually) (US
Department of Health and Human Services 2014). Simply put, there is a need for
the development of novel therapeutics to treat early stage CHF patients with an
emphasis on restoring cardiac function potentially through regenerative
approaches.
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Regenerative medicine has the potential to alter the current paradigm by
restoring long-term cardiac function while also improving the quality and length of
life in patients with CHF. Of specific interest are stem cells, and to date, a
number of cells have already undergone clinical testing (Fisher 2015). While
most of these clinical studies have shown to be safe and well tolerated by
patients, there has been limited efficacy that can be improved upon. This lack of
success may be due in part because the injected cells do not survive
transplantation or persist long enough to generate a functional benefit, which
may be due to: 1) lack of matrix/structural support, 2) limited nutrient/blood
supply and/or 3) loss of cells because of wash out through injection sites (Dow
2005, Muller-Ehmsen 2002). As a result, there is a growing emphasis on cellbased TE therapeutics for CHF, as TE approaches have the potential to provide
the requisite structural and vascular precursors to enhance cell survival,
integration, in addition to paracrine mechanisms to improve functional outcomes
(Leor 2005, Thai 2009, Lancaster 2010, Lancaster 2014).

We have developed a TE cardiac patch comprised of a bioabsorbable polyglactin
910 knitted mesh embedded with human neonatal fibroblasts, and co-cultured
with hiPSC-CMs (Fig. 34). The fibroblasts secrete angiogenic growth factors that
increase microvascular formation and myocardial blood flow in the infarcted heart
(Kellar 2001, Kellar 2005, Fitzpatrick 2010, Thai 2009, Lancaster 2010). The
bioabsorbable mesh, paired with fibronectin and collagen extracellular matrix
deposits from the fibroblasts provides structural support for hiPSC-CM
attachment (Lancaster 2014). In addition, the mesh provides a robust and
resilient mechanical structure permitting handling and manipulation, as needed
during surgical implantation.
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It is important to emphasize that to-date therapeutic approaches to treat systolic
dysfunction have been extensively studied yet there is a paucity of data on the
effective treatment for diastolic dysfunction. Traditionally, cell-based studies use
improvement in LV systolic function as the primary endpoint. However, diastolic
dysfunction post-myocardial infarction, independent of changes in systolic
function, carries a poor prognosis for patients and unfortunately our available
armamentarium to treat diastolic dysfunction is very limited (Heidenreich 2013,
Bussoni 2013). Therefore, delineating the potential effectiveness of cell-based
therapy on improving diastolic dysfunction is important.

In the present study, we expand upon our previous work developing a multi-cell
type TE preparation (Thai 2009, Lancaster 2010, Lancaster 2014) by utilizing a
clinically relevant hiPSC-CM cell preparation. In a rat model of ischemic CHF we
assess functional improvements of this TE hiPSC-CM patch on parameters of
both systolic and diastolic function as well as electrical integration in the infarcted
heart. These data demonstrate the potential for clinical application of hiPSC-CMs
in a TE preparation to treat patients with CHF.

Materials and methods
Induced Pluripotent Stem Cell Derived Cardiomyocytes
We used commercial-grade hiPSC-CMs (iCell cardiomyocytes) from Cellular
Dynamics International (CDI), Madison, WI. These hiPSC-CMs possess a stable
and expected cardiac gene expression profile over prolonged culture (Babiarz
2012), appropriate protein expression and sub-cellular localization, (Kattman
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2011), electrophysiology (Ma 2011), Ca2+ handling (Sirenko 2012, Cerignoli
2012), contractility (Puppala 2012), and GPCR biology consistent with human
cardiomyocytes (Ivanchenko 2012). Furthermore, iCell Cardiomyocytes respond
with the expected pathophysiology to chemical challenge from (but not limited to)
ion channel blockade, receptor signaling, intracellular pathways, and global
responses such as hypertrophy (Babiarz 2012, Kattman 2011, Ma 2011, Sirenko
2012, Cerignoli 2012, Puppala 2012, Ivanchenko 2012, Zhi 2012, Guo 2011, Guo
2013, Cohen 2011).
hiPSC-CM Patch
The hiPSC-CM patch was constructed using previously described methods and
seeded with hiPSC-CMs ranging from 2x105 to 2x106 cells/cm2 (Lancaster 2014).
The hiPSC-CM patches were cultured using medium provided by CDI. All tissue
culture was performed at 37°C and 5% CO2. The hiPSC-CM patches for in-vivo
application were cultured and implanted onto the rat heart within 48 hrs of
generation. The hiPSC-CM patch was implanted 3 weeks after MI; the chest was
re-opened and the hiPSC-CMs patch was implanted by suturing onto the
infarcted LV bridging viable-to-viable myocardium, covering scar (Thai 2009,
Lancaster 2010, Lancaster 2014).
Field Stimulation
The hiPSC-CM patches for in-vitro evaluation were cultured as previously
described (9). Field stimulation testing was performed between 2 and 6 days of
culture. The hiPSC-CM patches were paced (SD9 Grass Stimulator, Quincy MA)
with field stimulation (~2V) placed on opposing sides of the hiPSC-CM patch.
Pacing was performed up to 120 beats per minute for 10 seconds in duration.
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Myocardial Infarction / Chronic Heart Failure
All animal studies were performed in accordance with and under the institutional
guidelines established by the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) using adult male Sprague-Dawley rats
(Harlan Laboratories). A myocardial infarction was created by the left coronary
artery ligation model that is well established in our laboratory (Thai 2009,
Lancaster 2010, Lancaster 2014). At 3 weeks after ligation, rats have stable CHF
with elevated LV-EDPs, dilated LVs, with ventricular remodeling, decreased LV
dP/dt, decreased cardiac output and decreased survival (Thai 2009, Lancaster
2010, Lancaster 2014). At this time rats were assigned a treatment group and
studied terminally 6 weeks after ligation Three weeks post infarction, animals
with stable CHF have elevated LV-EDPs, dilated LVs, with ventricular
remodeling, decreased LV dP/dt, decreased cardiac output and decreased
survival (Lancaster 2010, Lancaster 2014).
Echocardiography
Rats were lightly anesthetized with 1-1.5% isoflurane in 100% oxygen gas and
positioned supine on a warming pad. Transthoracic echocardiography was
performed with a dedicated rodent echocardiography system (Vevo2100 with 1325MHz linear array transducer) at 3 and 6 weeks post-infarction with views
through the parasternal short and long axis as well as two-chamber apical views
to evaluate the anterior, lateral, antero-lateral, inferior and posterior walls.
Ejection fraction and LV chamber size were obtained from 2D and M-mode
measurements of myocardial wall thickness at the midpapillary muscle level in
the parasternal short axis view (Dow 2005, Muller-Ehmsen 2002, Leor 2005).
Diastolic function was evaluated through assessment of mitral valve inflow
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patterns (E and A waves) by pulsed echo-doppler in the parasternal long axis
and two-chamber apical views, and Tissue Doppler Imaging for quantification of
early and late regional myocardial relaxation (e’ and a’) at the midpapillary level
of the anterior wall on the parasternal short axis view. Measurements were made
by a blinded observer over 3 cardiac cycles and the mean value obtained. Rats 3
weeks post MI with an EF of 20-70% were randomly assigned a treatment group
of either CHF control (no patch) or CHF hiPSC-CM patch, Sham operated
animals were entered as comparison.
Hemodynamic Measurements
Rats were anesthetized with Inactin (Sigma) (100 mg/kg IP injection), placed on
a specially equipped operating table with a heating pad, intubated, and placed on
a rodent ventilator with a 2F solid state micromanometer tipped catheter (Millar
Instruments, Inc. Houston, TX) inserted via the carotid artery, into the ascending
aorta and then into the LV. The pressure sensor was equilibrated in 37ºC saline,
LV and aortic pressures/heart rate recorded, digitized at a rate of 1000 Hz to
calculate LV dP/dt and the time constant (Tau) of LV relaxation (Thai 2009,
Lancaster 2010, Lancaster 2014). Hemodynamic data were obtained at the end
of study; 6 weeks post MI (3 weeks after hiPSC-CM patch implantation).
Electrophysiology Mapping
Bipolar recordings across the LV epicardium were taken to investigate the
possibility of dyssynchronous or aberrant electrical activity due to implantation of
the hiPSC-CM patch. Activation mapping during paced rhythm was performed to
verify normal tissue response in hiPSC-CM patch treated hearts. Waveforms
were collected using a 7F quadrupolar deflectable BioSense Webster catheter
through a standard biopotential amplifier (Biopac MCE100C) at 2 kHz sampling
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rate and saved to hard drive using MATLAB software (Weigand 2016).
Electrograms were collected from 15 locations on the LV over a region
approximately 10 mm x 15 mm. The peri-infarct region and septum provided
reference points such that the area of interest was consistent and reproducible
across rats. Whole heart electrical pacing from healthy tissue near the apex of
the LV was performed using a function generator (Agilent 33220A). Hearts were
paced at twice diastolic threshold at a cycle length of 180 ms. Specific MATLAB
software developed in the laboratory was used to filter and plot waveforms (local
representation), and each position was analyzed for activation time to generate
the corresponding maps for spatial representation. Activation time was defined
by max |dV/dt| relative to pacing stimulus during ventricular pacing and relative to
beginning of R wave during sinus rhythm.
Real Time PCR Evaluation of Gene Expression
Following the 6 week end-point hemodynamic studies, hearts were excised and
LVs flash frozen in liquid nitrogen for quantitative real-time polymerase chain
reaction (qRT-PCR) gene expression of connexin 43 (Cx43), beta myosin heavy
chain (βMYH7), angiopoietin-1 (ANG-1), vascular endothelial growth factor
(VEGF) and insulin-like growth factor-1 (IGF-1). Tissue samples were
homogenized using an Omni THQ rotor-stator homogenizer with hard tissue tips
at 19K RPM (Omni International, Kennesaw, GA) in 10 mL of TRIzol reagent
(Life Technologies, Grand Island, NY). After homogenization, lysate was
immediately utilized for RNA extraction or stored at -80°C for long-term storage.
RNA isolation and purification was performed with TRIzol Plus RNA purification
kit (Life Technologies). DNA digestion was performed using the RNAse-free
DNAse Set, (Qiagen, Valencia, CA). Eluted RNA was assessed for quality control
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measures with an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA)
using the RNA 6000 Nano kits (both Agilent Technologies, Santa Clara, CA).
RNA samples with RIN score greater than or equal to 7.0 were considered
acceptable for cDNA synthesis. cDNA synthesis was performed with the
SuperScript III First-Strand Synthesis System (Life Technologies) as per
manufacturer’s suggested protocol, including RNAse H digestion after strand
synthesis was completed. GAPDH endogenous control Taqman assay (Life
Technologies) was used for control assays. Taqman reactions were performed in
triplicate using Taqman Fast Advance Master Mix and Taqman probe sets. All
qRT-PCR reactions were run on an ABI 7900HT, using the SDS 2.4 software
(Life Technologies). For all markers both human and rat specific primers were
utilized. Gene expression was reported as standard deviation in the cT
measurements of 0.5 or less, and final relative fold changes in gene expression
(Pfaffl 2001).
Statistical Analysis
Cardiac construct culture densities were tested between 2x105 to 2x106 cells/cm2
with hiPSC-CMs. All constructs displayed spontaneous and synchronous
contractions after 48hrs in culture. Contractions were initially observed on a
cellular level, developing in robustness and across the full thickness of the
construct from 48-96hrs. The hiPSC-CMs seeded patches beat spontaneously
after 48hrs at 36±5 beats per minute (bpm).
Results
Cardiomyocyte Seeding
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Cardiac construct culture densities were tested between 0.6 to 1.2 x 106
cells/cm2 with hiPSC-CMs. All constructs displayed spontaneous and
synchronous contractions after 48hrs in culture. Contractions were initially
observed on a cellular level, developing in robustness and across the full
thickness of the construct from 48-96hrs.

Figure 34: The fibroblast embedded polyglactin mesh provides structural
support for hiPSC-CM co-seeding and culture. Trichrome stained hiPSC-CMs
at two (A) versus six (B) days in standard tissue culture as compared to two (C)
and six (D) days of in vitro fibroblast patch culture. At both two and six days in
culture, all cells stain positive (red/purple) for muscle. When seeded on the
fibroblast embedded polyglactin mesh, the hiPSC-CMs adhere (C) and by six
days (D) the hiPSC-CMs have organized and developed into an intact layer
and develop striations as compared to standard tissue culture suggesting
enhanced myofibril architecture.

107

Figure 35: Human iPSC-CM patches demonstrate postive expression of αactinin and Cx43 at 6 days of in-vitro culture. The α-actinin and Cx43 were
perfomed on separate hiPSC-CM patches. The biodegradable VICRYL mesh
provides suitable pore space for embedded fiobroblasts to attach and
establish an extracellular matrix rich of collagen and fibronectin as denoted by
bar α. The cardiomyocytes remain localized on the surface of the patch (bar β)
as confirmed by positive α-actinin and Cx43 staining intrinsic RFP expression
within the mycocytes layer (β). Postive DAPI staining shows distribution of
both fibroblasts and cardiomyocytes throughout the thickness of the patches.
During implantation the myocyte layer (β) is placed epicardially over the
infarcted region.
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Field Stimulation
External Field stimulation was applied to hiPSC-CM patches in culture as
previously reported at varying time points (2-6 days) in culture (Lancaster 2014).
Patches were maintained at 37°C and paced at 10 second intervals at rates up to
120 beats per minute. All patches maintained synchronous contractions and
underwent 7±2 second post pacing recovery before contracting at intrinsic, prepaced rates.

Hemodynamics and Echocardiography
At 3 weeks after patch placement (6 weeks post ligation) CHF rats had significant
(P<0.05) changes in systolic and diastolic function was defined by increases in
LV EDP, and decreases in LV +/-dP/dt, tau, and peak developed pressure
compared to Sham rats. In CHF rats the hiPSC-CM patch decreased (P<0.05)
LV EDP from 22±2 to 12±1 mmHg, Tau from 31±2 to 22±1 MS with no changes
in heart rate, LV systolic pressure, +/- LV dP/dt or peak developed pressure
(Table 8).

Transthoracic echocardiography documented significant (P<0.05) changes in EF,
e’, E/e’ and e’/a’ compared to in CHF compared to Sham rats. In CHF rats the
hiPSC-CM patch decreased (P<0.05) E/e’ from 48±5 to 36±3 and increased
(P<0.05), e’/a’ 1.1±0.08 to 1.5±0.08 versus CHF with trending improvements in
EF from 44±5 to 50±4% and e’ from 20±2 to 24±2 (Table 9). The hemodynamic
and echocardiographic data document that the hiPSC-CM patch improves both
LV systolic and diastolic function after implantation.

109

Table 8: Hemodynamics CHF rats treated with patch seeded with hiPSCs
Groups
Sham
CHF
hiPSC-CM

HR

LV sys P

LV EDP

LV(+)dP/dt

LV (-)dP/dt

Tau

PDP

(BPM)

(mmHg)

(mmHg)

(mmHg/sec)

(mmHg/sec)

(ms)

(mmHg)

306±9*

139±3
130±6
129±3†

7±1*

7638±198*

7344±269*

18±1*

195±5*

22±2†
12±1*

5829±356†
6514±302

4095±345†
5271±385†

31±2†
22±1*

186±6†
163±5*

278±5†
290±7

Table 8: Data are mean ± SE where * denotes significance (p<0.05) vs CHF, †
denotes significance (p<0.05) vs Sham. Implantation of the human iPSC-CM
patch results in statistical improvements (p<0.05) in Sys, EDP, Tau, as compared
to CHF and 3DFC only controls. Sham, N=12; CHF, N=8-21, N=20-24 per group.
Abbreviations: CHF, chronic heart failure; iPSC-CMs, induced pluripotent stem cell
derived cardiomyocytes; Sys BP, systolic pressure; EDP, end diastolic pressure;
Tau, time constant of relaxation constant; +LV dP/dt, change in LV pressure over
change in time.

Table 9: Echocardiographic parameters in CHF rats treated with patch seeded with
hiPSC-CMs
Groups

EF

e'

E/e'

e'/a'

(%)

(mm/s)

Sham

76±2

28±1

28±1

1.6±0.08

CHF

44±5†

20±2†

48±5†

1.1±0.08†

hiPSC-CM

50±4†

24±2

36±3†*

1.5±0.08*

Table 9: Data are mean±SE where * denotes significance (p<0.05) vs
CHF, and † denotes significance (p<0.05) vs Sham. Implantation of the
hiPS-CM patch results in statistical improvements (p<0.05) in E/E’ and
e’/a’ as compared to CHF controls. Sham, N=12; CHF, N=8-21, hiSPCCM, N=20-24 per group. Abbreviations: CHF, Chronic heart failure;
hiPSC-CM, human induced pluripotent stem cell derived cardiomyocytes,
EF, ejection fraction; e’, early LV relaxation velocity; a’, late peak LV
velocity; E/e’, ratio of early peak flow velocity to early peak LV velocity;
e’/a’, ratio of early to late peak LV velocities.
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Electrophysiologic Mapping
Electrophysiology studies show electro-mechanical coupling between the patch
and the native myocardium with synchronous electrical activation throughout the
patch verified by 1) comparing bipolar electrograms reflecting local tissue
activation over the scarred/patch-treated area with the surface ECG and
analogous measurements taken in non-treated LVs 2) increased voltage
amplitudes in previously infarcted tissue and, 3) activation mapping showing
normal sequential propagation of the electrical excitation wave across the patch
(Fig. 36).
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Figure 36: Summary of electrophysiology measurements across
experimental groups. Data include a representative surface
electrocardiogram (ECG), local ECG, LV voltage map, and LV activation
map collected from each group. Normal Sinus Rhythm is depicted for the
surface ECG traces, which are plotted with the same scaling, indicated on
the right. Local electrogram tracings, in millivolts, are depicted with the
corresponding scaling indicated to the right of each tracing. Each mapping
has a corresponding local electrogram. The approximate epicardial location
of each local electrogram is indicated by a Greek letter on both the voltage
and activation maps. A black box indicates the approximate voltage and
activation mapped region on each excised representative heart. The
asterisk(*) indicates the approximate pacing electrode location on the
epicardium for activation mapping only. Voltage magnitudes, in millivolts,
and activation times, in milliseconds, are transformed using the colormap on
the right of each map and interpolated into a two-dimensional array.
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Expression of Cytokines
Rats treated with the hiPSC-CM patch showed significant (P<0.05) fold
expression of 3.3 (Cx43), 3.63 (ANG-1), 3.8 (VEGF), 6.4 (βMYH7) and 22.9
(IGF-1) (Table 10). Compared to CHF rats, there was no significant change in
relative fold expression with the patch alone in CHF rats as compared with
controls (data not shown). The hiPSC-CM patch showed significant increase in
relative fold expression of ANG-1 by 2 fold and VEGF expression by 3.6-fold
compared to CHF control rats. All PCR analysis was performed in triplicate
(technical replicates) and the cDNA was generated from RNA that was pooled
from all hearts in that group. We had different Ns for biological replicates: Sham,
N=8; CHF, N=3; hiPSC-CM treated CHF, N=17.
Table 10: Relative fold expression of mRNA
Groups

VEGF

ANG-1

Cx43

β-MHC

IGF-1

Sham

1.0±0.2

0.9±0

1.2±0.4

1.8±0.1

8.9±2.7

CHF

0.6±0.2

0.5±0.3

2.0±0.2

1.7±0.4

5.9±0.5

hiPSC-CM

3.8±0.2*

3.6±0.4*

3.3±0.4*

6.4±0.2*

22.9±0.4*

Table 10: Data are relative change in fold expression compared to Sham
and represent mRNA expression 6 weeks post infarction, 3 weeks post
patch implantation. Data are mean+SE where * denotes significance (P <
0.001) vs CHF. Abbreviations: CHF, chronic heart failure; #DFC, 3dimentional fibroblast construct; iPSC, induced pluripotent stem cell.

Left Ventricular Pathology
Six weeks post infarct, the untreated LV displays ventricular remodeling
consistent with a large infarct. The Masson’s Trichome staining permits
denotation between infarcted and un-infarcted myocardium. Consistent with our
previous work with rat neonatal cardiomyocytes, treatment with hiPSC-CM
patches results in increased anterior wall thickness and what appears to be
113

increased myocyte density in the previously infarct region as compared to
untreated tissue (Fig. 37, Lancaster 2014). In addition, there is no indication of
hyper-acute or acute rejection as observed in histological sections.

Figure 37: Trichrome-stained left ventricular cross sections (A&B) of
6wk CHF control receiving an infarct but no treatment, (D&E) CHF +
human induced pluripotent stem cell derived cardiomyocytes (iPSC-CM)
patch 6 weeks after coronary artery ligation (3 weeks after implantation).
Hearts were excised, right ventricles removed and cut into 5um
transverse sections along the midpoint of the ventricle. Healthy
myocardium is represented as red-purple, collagen/scar as blue, and red
blood cells as small red dots. Box insets represent area of higher
magnification. Implantation of the human iPSC-CM patch results in
increased LV wall thickness (D) and preservation and/or generation of
myocardium (D).

Discussion
This study outlines the potential of using a multicellular (human neonatal dermal
fibroblasts and hiPSC-CMs) TE cardiac patch to treat CHF. This combination of
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cells grown into a bioabsorbable polyglactin 910 knitted matrix improves LV
function in rats with CHF resulting in a decreased (P<0.05) LV EDP (45%), Tau
(29%), E/e’ (23%) and increased (P<0.05), e’/a’ (36%) with a trend toward
improvements in EF (14%) and e’ (20%). Furthermore, rats maintained normal
sinus rhythm after patch implantation with synchronized conduction including
electro-mechanical coupling between the patch and the native myocardium,
restoration of electrical amplitude and activation sequences across the infarcted
myocardium and no evidence of arrhythmia induction or dyssynchrony.
Furthermore, we saw no evidence of a hyper-acute or acute rejection in the
xenograft implants in immunocompetent rats.

To date a handful of TE preparations have been reported in the literature
(Kawamura 2012, Kawamura 2013, Guyette 2016, Wassenarr 2016, Costa 2016,
Schmuck 2014). While there is much enthusiasm for this emerging filed, clinical
applicability may be limited by approaches that are overly fragile making
implantation challenging. Utilization of bioabsorbable or other meshes during the
engineering process may help overcome limitations associated with fragility. In
our patch, the bioabsorbable polygalactin mesh offers a site for fibroblast
attachment, proliferation and promotes extracellular matrix deposition providing a
favorable milieu for hiPSC-CMs integration and enhanced myofibril architecture
(Fig. 34, Herron 2016). In addition, the mesh provides tensile strength and
resilience making the hiPSC-CM patch easily handled and implanted. The patch
mesh offers structural support for the implanted syncytium of cells to remain in
direct contact with the injured tissue before dissolving. This approach can be
seen as favorable to direct injection modalities where disperse, isolated and focal
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cellular deposits occur which likely experience rapid wash out and loss of cells
(Dow 2005, Muller-Ehmsen 2002, Lancaster 2014).

To date, the mechanism(s) of action of cell-based therapy to treat CHF remain
unknown. While the initial emphasis of mechanisms focused primarily on
exogenous cell retention, recent studies suggest functional benefits may be
primarily from growth factor, cytokine, and/or exosomes, which stimulate and
promote endogenous regeneration (Herron 2016, Chong 2014, Ong 2015). The
specific growth factor/cytokine stimulation pattern however may vary from cell
type to cell type and requires additional study. While a number of mechanisms
may contribute to the reported functional benefits of the hiPSC-CM patch, we
have shown in previous work that the fibroblast patch releases numerous growth
factors and cytokines, which elicit a robust endogenous angiogenic response
(Lancaster 2010). In the present study we found that the hiPSC-CM patch
increased (P<0.05) mRNA expression of VEGF, Ang1, Cx43, MYH7 and IGF-1 in
the previously infarcted hearts (Table 10). Increased pro-angiogenic cytokines,
ANG-1 and VEGF builds on our previous work showing that the human neonatal
fibroblasts embedded within the patch secrete angiogenic growth factors
responsible for increases in myocardial blood flow in the previously infarcted
heart (Thai 2009, Lancaster 2010). Furthermore, increased expression of gap
junction proteins (Cx43), which allow for cell-to-cell propagation of intercellular
signaling, is consistent with previously reported findings validated through single
cell dye injections with rat neonatal cardiomyocyte seeded patches (Lancaster
2014). Increased MYH7 expression suggests thick filament prevalence and
contractile protein development in-vivo while increased IGF-1 expression levels
may help facilitate healing and regeneration of insulted myocardium (Leor 2005,
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Troncoso 2014, Torella 2004). Together the increased expression of IGF-1,
ANG-1 and VEGF may enhance tissue compliance as seen in improvements in
Tau, and increased LV myocyte concentration/density. We hypothesize that the
mechanism(s) of action of our hiPSC-CM patch are multifactorial but are due in
large part to specific cytokine activation from both the fibroblasts and hiPSCCMs. The result is: 1) increase myocardial blood flow and 2) support myocyte
presence in the previously infarcted region which together result in overall
improvement in LV function which occurs with one administration of the hiPSCCM patch on the infarcted heart. Furthermore, combination cell therapy as with
the described hiPSC-CM patch, where multiple cell types are given together, may
synergistically improve functional outcomes as opposed to only one cell type
given alone (Patel 2016).

Human iPSC-CMs offer great potential opportunity for development of cell-based
therapies. These cells can be generated in high quantities at exacting
specifications with non-integrating episomal or viral vectors thus void of any
exogenous genetic materials and, if need be, from donors with known human
leukocyte antigens. While both tumorigenecity and immunogenicity are of
concern with hiPSC derived therapies, neither was observed in this study yet
warrant additional investigation. Overall safety may rely heavily on the age of the
cell donor and purity of the cardiomyocytes generated from iPSCs as teratoma
formation may be a result of inadequate purity of the differentiated cell (Okano
2013, Kang 2016).

Clinically, patients with CHF have both LV systolic and diastolic dysfunction and
while investigators have made major advances in the treatment of systolic
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dysfunction, there is currently no effective treatment for diastolic dysfunction. Our
data showing improvements in indices of diastolic dysfunction using
echocardiography and invasive solid-state pressure recordings suggest this cellbased therapy with iPSC-CMs may have a role in treating diastolic dysfunction in
the presence of ischemia induced CHF. Importantly, if we were to see similar
changes in patients, i.e., a lowering of LV EDP and a shortening of Tau, we
would expect that patients should feel better with less shortness of breath and
improved exercise tolerance.

Feasibility of Cardiomyocyte Patch Implantation in Pre-Clinical Swine Models of
Chronic Heart Failure
Introduction
Cell-based therapies have been explored in clinical trials as potential therapies
for both acute MI and CHF. While clinical trials for MI and CHF have
demonstrated human safety with cell therapies, limited functional improvements
have been observed (Patel 2016). One hypothesis for these limited outcomes is
that the current administration routes which consist primarily of direct myocardial
injection or coronary infusion do not provide adequate structural and nutrient
support to the administered therapeutic cells (Muller-Ehmsen 2002, Dow 2005).
We have overcome these limitations through the development of a three
dimensional bio-engineered tissue (heart patch) comprised of a bioabsorbable
mesh, human fibroblasts and human induced pluripotent stem cell derived
cardiomyocytes (hiPSC-CMs) (Lancaster 2015). The heart patches beats
spontaneously, demonstrates functional gap junctions and is electrically stable
with synchronous contractions. Furthermore, it provides hiPSC-CM structural
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support and is rapidly vascularized in vivo. Previous studies have demonstrated
long-term functional benefits in both systolic and diastolic function when
implanted in rat models of CHF with improvements in electrical conductance and
voltage amplitudes in the previously infarcted tissue (Lancaster 2015).
These studies were performed to address: 1) the upscale and engineering of
clinical sized heart patches, 2) development of large animal implantation
methods, and 3) to validate pre-clinical large animal models of CHF. The swine
model is the gold standard for large animal preclinical cardiovascular studies
because of its similar size and coronary anatomy to the human heart. Yet varying
swine breeds and technical methods have been reported for infarct generation
and assessing functional outcomes which have required study validation (Dib
2005, Kawamura 2012, McCall 2012, Munz 2011, Schuleri 2008).
Materials and Methods
As part of this feasibility study we examined 3 different swine breeds to define
the most suitable for future studies: 1) three domestic farm swine (Steve
Thompson, Wilcox, AZ) of 4 mo of age weighting 31.3-40.9 kg, 2) four Male
Gottingen mini swine (Sinclair) of 10 mo of age weighing 12.45-17.25 kg, and 3)
two Yucatan mini pigs (Sinclair Bio Resources, Auxvasses, MO) of 7.1 mo of age
weighing 26.3-27.3 Kg. Swine arrived approximately 20 days before study to
undergo functional capacity (FCT) and quality of life (QoL) training and establish
baseline values. All farm and Gottingen swine underwent MI, recovered 4wks to
develop CHF and then surgically implanted with the cardiac patch and recovered
for four additional weeks (Fig. 38). Longitudinal and cross sectional analysis of
MRI, hemodynamics, and pressure volume loops were performed.
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Figure 38. Swine surgical and feasibility study design. Swine undergo
functional capacity testing for the entirety of the study. MRI,
hemodynamics and pressure volume analysis were performed as shown.

Cardiac Patch Upscale
The hiPSC-CM patch was previously constructed with a diameter of 1.5cm for
testing in a rat model of CHF and seeded with hiPSC-CMs ranging from 3x105 to
2.7x106 cells/cm2 (Lancaster 2014, Lancaster 2015). Using previously described
methods, we scaled-up and optimized the culture of the heart patch up to
generate 6cm diameter patches (Lancaster 2014, Lancaster 2015). The hiPSCCM patches were cultured using cell and medium provided by Cellular Dynamics
International (CDI). All tissue culture was performed at 37°C and 5% CO2. The
hiPSC-CM patches were cultured and implanted onto the pig heart within 48hrs
of cardiomyocyte integration. The hiPSC-CM patch was applied either, 4 weeks
after MI (farm pigs and Gottingen swine) or on non-infarcted myocardium
(Yucatan). The chest was re-opened and the hiPSC-CMs seeded patch was
implanted by suturing onto the infarcted LV bridging viable-to-viable myocardium
and covering scar (Lancaster 2010, Lancaster 2014, Lancaster 2015). The
hiPSC-CMs possess a stable and expected cardiac gene expression profile over
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prolonged culture (Babiarz 2012), appropriate protein expression and sub-cellular
localization, (Kattman 2011), electrophysiology (Ma 2011), Ca2+ handling
(Sirenko 2012, Cerignoli 2012), contractility (Puppala 2012), and GPCR biology
consistent with human cardiomyocytes (Ivanchenko 2012). Furthermore, iCell
Cardiomyocytes respond with the expected pathophysiology to chemical
challenge from (but not limited to) ion channel blockade, receptor signaling,
intracellular pathways, and global responses such as hypertrophy (Babiarz 2012,
Kattman 2011, Ma 2011, Sirenko 2012, Cerignoli 2012, Puppala 2012,
Ivanchenko 2012, Zhi 2012, Guo 2011, Guo 2013, Cohen 2011).
Cardiac Catheterization and Chronic Myocardial Infarction
Under general anesthesia, an 18g angiographic needle was advanced into the
femoral artery, a J-wire advanced and a 5-8f arterial sheath placed. A 6F, JL3.0
or JL3.5 guiding catheter (Medtronic, Inc., Minneapolis, MN) was advanced to the
left main ostium. Left coronary angiography was performed to assess coronary
anatomy. To occlude the LAD an 3mm X 3.3mm X 23mm VortX Diamond
pushable embolization coil (Boston Scientific) was placed at mid or slightly distal
to midline of the LAD preserving the first diagonal (Dib 2005). A repeat
angiogram was performed 5 minutes post coil deployment to assess occlusion
(Fig. 39). If total occlusion was not achieved repeat coil deployment and
angiogram were performed. This process was repeated until total occlusion was
achieved usually requiring 2-3 coils (Dib 2005). Left ventrciulograms were
performed at baseline, 4wks post infarct and 8 weeks post infarct. A 6 F 90CM
IMA (Medtronic, Inc., Minneapolis, MN) was advanced over the aortic arch and
advanced into the LV. Twelve mls of contrast (Oxilan 300, Guerbet, LLC.
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Bloomington, IN.) were hand injected and cinemagraphs captured to assess
ventricular geometry and wall motion (Fig. 40).

Figure 39. Under fluoroscopic guidance, the left coronary anatomy is visualized by
angiography. The LAD and coronary vessel anatomy is assessed prior to coil
placement (a), deployment of a 3mm X 3.3mm X 23mm VortX Diamond pushable
embolizing coil placed distal of the first diagonal branch of the LAD as denoted by
the arrow. After 5 minutes a repeat angiogram is performed to validate total
occlusion (b). If occlusion of the vessel is not achieved, the process is repeated and
additional coils deployed.
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b

Figure 40. Left ventriculograms performed at baseline, 4wk post MI (pre and post
LAD occlusion) and at the terminal point of the study to assess cardiac remodeling
and LV function: systole (a) and diastole (b). Akinetic wall motion (indicated by
arrows) in systole and diastole after coil deployment suggests successful infarction of
the anterior wall. Yellow arrows denote location of the emobolizing coil located mid
LAD.

MRI
Swine were sedated with midazolam/telazol/butorphanol/flumazenil (0.2mg/kg,
3.5mg/kg, 0.3mg/kg, 0.01mg/kg) or midazolam/ketamine (0.2mg/kg, 15mg/kg)
and anesthetized with 5% Isoflurane and 2-4L oxygen via nose cone. Once
anesthetic plane was reached the animal was intubated and isoflurane reduced
to a maintenance level. An ear vein IV catheter was placed and IV fluids
(Lactated Ringer's or similar) infused at 5-10ml/kg/hr. Respiration rate and
pattern, body temperature and mucous membrane conditions were monitored
during prep. Heart rate, electrocardiogram, EtCO2, PO2 and blood pressure
were monitored throughout the procedure. The cardiac MRI was performed
including: Localizer images including a pseudo-short axis stack, EKG-gated 2-,
3-, and 4-chamber steady-state free precession (SSFP) cine images, EKG-gated
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cine short-axis stack SSFP sequence, LVOT cine SSFP image, Flow
Quantification using phase contrast sequence of: Aortic Root, Mitral Valve,
Pulmonary Vein, Short Tau Inversion Recovery (STIR) sequence to access
myocardial edema - 2-, 3-, and 4-chamber views, in addition to dynamic
perfusion images in 4-chamber and 3 representative short-axis views during
Gadolinium-contrast infusion. Gadolinium-based contrast agents (0.1mmol/kg)
(Dotarem, gadorate meglumine, Guerbet, LLC., Bloomington, IL. or Multihance,
gadobenate dimeglumine, Bracco Diagnostics, Inc., Singen, Germany) was
administered and images in 2-, 3-, 4-chamber stacks, and a short-axis stack
using a phase-sensitive inversion recovery sequence (PSIR) were acquired.
Surgical Implantation of Cardiac Patch
Median sternotomies were performed on all animals under general anesthesia.
Midazolam/telazol/butorphanol/flumazenil (0.2mg/kg, 3.5mg/kg, 0.3mg/kg,
0.01mg/kg) or midazolam/ketamine (0.2mg/kg, 15mg/kg) were administered for
sedation, Isoflurane 1%-5% in medical air or oxygen, Propofol 1.5mg/kg IV for
anesthesia, Lidocaine 2.0mg/kg; IV Bolus (repeated every 20mins) and Lidocaine
60mcg/kg/min; IV Pump (PRN) as anti-arrhythmics, Leaving the manubrium
intact the ribs are retracted to expose the heart. The patch is implanted over the
infarct bridging intact and viable myocardium. The patch was placed on the
epicardium covering the infarcted region and bridging from viable to viable
myocardium (Fig. 41). Two suture methods were tested. In initial trials, the
patch was secured by tacking at 3-5 locations with shallow 5-0 or 6-0 prolene
sutures. In follow-up studies continuous circumferential and 3-5 internal spot
sutures were placed all with 5-0 or 6-0 prolene suture. To preserve MRI imaging
integrity, the chest wall was closed using #1 Ethibond Excel at 4 to 5 intercostal
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spaces to realign and close the sternum. The muscle and subcutaneous layers
were closed with 1-0 to 3-0 absorbable suture and the incision sealed with tissue
adhesive. Tegaderm and adhesive bandages were applied and a netted-stocking
shirt fitted and affixed with co-ban and Elasticon tape. The shirt and bandage
remain in place for up to 1 week.

Figure 41: Surgical implant was tested on ex-vivo hearts prior to in-vivo
implantation. The cardiac patch was placed on the epicardial surface of the heart
and adhered to the heart using uninterrupted, running circumferential suture
placement with three to five spot sutures to secure the cardiac patch.

Functional Capacity and Quality of Life
Functional capacity testing (FCT) and quality of life (QoL) assessments were
performed in all swine throughout the duration of the study starting with a two
week pre-study training period. During FCT animals were placed on a treadmill
and exerted using a modified Bruce Protocol (Fig. 42). In brief the swine were
tested over 6 minutes comprised of 30 seconds of 0.5mph, 1 minutes of 90%
max exertion (as determined during training period) followed by 4 minutes 30
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seconds of 75% of max exertion. Before exertion, a tail cuff monitor was placed
for heart rate and sPO2 evaluation. Baseline values were established before
exertion and then every 30 seconds until completion of the 6 min exertion. Heart
rate and sPO2 evaluation was continued post exertion until the animal returned to
baseline values. Quality of life assessments were performed daily through two
methods: 1) video monitoring over one hour intervals and 2) using FitBark activity
monitors (Fitbark Inc. Kansas City, MO) attached to the animal’s collar. Animals
were housed independently in neighboring pens and access to the room was
restricted as to not influence the animal’s activity. Animals were assessed for
activity (forage and play) and rest (sleeping, laying down, inactivity), total time
and percent time was used to quantify QoL during the duration of the study.

Figure 42: All mini swine were trained to perform treadmill walks to obtain data
on functional capacity. Above, a Gottingen mini swine is trained to walk on a
treadmill for 2 weeks to obtain functional capacity data. These data provide a
surrogate for quality of life outcomes with cardiac patch treatment. A tail cuff
monitor is used to assess heart rate and SPO2 during testing.

Histological Assessments
At the time of necropsy, gross evaluation of the heart was performed after
completely removing the pericardium, removing the great vessels 1.0 cm distal
from the aortic/pulmonary valves, and rinsing the blood and postmortem clot out
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of the atrial and ventricular chambers. The heart was then bisected in the fourchamber long axis dimension for assessment of ventricular geometry including
RV and LV internal long-axis chamber lengths from the respective atrioventricular
valve to the respective ventricular apex, as well as assessment of infarct size.
Following longitudinal assessments, the heart was glued back into its original
form before undergoing 1cm serial sectioning in the short axis plane. Short-axis
ventricular geometry was then assessed including measurements of ventricular
septal wall thickness, measurement of ventricular internal short-axis chamber
dimension and evaluation of infarct size.
Multiple transmural sections of the LV, RV and septum were obtained in the area
of patch implantation and fixed in 10% formalin. Histological sections (4-5µm)
were obtained for standard H&E and Masson’s Trichrome to assess tissue;
cardiac patch integration, degradation of bio-absorbable materials and infarct. In
addition, inflammatory infiltrates were evaluated on H&E sections and specific
antibody staining for T-cell and B-cell (CD3, CD20 and CD68) mediated
responses.
Results
Chronic MI
In total 6 animals underwent LAD embolization to create a MI. All six animals
survived the MI procedures with normal weight and behavior post-MI. Within the
Gottingen population, MRI datasets showed the following pre-MI to 4-weeks
post-MI values (Fig. 43): the left ventricular (LV) EF decreased from 59 ±4% to
50 ±12% (p=0.182). LV end diastolic volume increased from 34 ±2 mL to 54 ±8
mL (p=0.003). LV end systolic volume increased from 14 ±1 mL to 28 ±9 mL
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(p=0.020). Heart mass decreased from 55 ±9 g to 52 ±2 g (p=0.559).
Thrombolysis in Myocardial Infarction (TIMI) grade flow was visually determined
from LAD angiography at pre and 4-weeks post-MI: TIMI 3.0 ±0.0 decreased to
TIMI 1.5 ±0.6
MRI
Magnetic resonance imaging of the heart was successfully completed in all swine
at baseline, post MI and at the terminal part of the study. Swine clearly undergo,
maladaptive remodeling (increased chamber dimension and thinning of the
anterior LV wall) following MI and a decrease in EF (Figure 43 & Table 11).
Stainless steel chest closure wires used for securing the sternum following
median sternotomy proved problematic with loss of image as can be seen in the
8 week post MI echo below (Fig. 43). As a result, polypropylene closure suture
was used, for remaining studies that preserved image acquisition.
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Figure 43: MRI images at baseline, 4 weeks post infarct and 8 weeks post
infarct (4 weeks post treatment). The yellow arrows indicate the anterior wall
the area of the infarct. An artifact is apparent in the 8 weeks post infarct
image at the distal anterior wall and apex due to steel sternal wires used to
close the sternum. Due this, later studies used polypropylene suture to
prevent MRI artifact.
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Table 11. Magnetic Resonance Imaging (MRI) for LV chamber dimensions,
cardiac output, LV mass in mini-swine and TIMI flow.

EDV (ml) ESV (ml)
Baseline
34±2
14±1
4wk post MI
54±8
28±9

EF (%)
59±4
50±12

Mass Index (g/m2)
55±9
52±2

TIMI
3.0±0
1.5±0.6*

Table 11: Abbreviations: EDV, end diastolic volume; ESV, end systolic
volume; SV, stroke volume; EF, ejection fraction; CO, cardiac output; CI,
cardiac index; mass index, LV mass indexed to body surface area; TIMI,
Thrombolysis in Myocardial Infarction blood flow. Data are mean±SE, N=4), *
denotes P<0.05

Cardiac Patch Implantation
After the terminal study, a median sternotomy was performed to assess the
integration of the cardiac patch to the heart. While chest adhesions were
common in all animals, they could be effectively cleared exposing the heart. The
heart patch treated areas were easily identifiable (Fig. 44). While the early spot
suture of the cardiac patch proved successful, un-interrupted running
circumferential and 3-5 internal spot sutures proved to be a superior implantation
method and ultimately did not increase surgical implantation time.
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Figure 44: End of study pathology was performed on each animal. Prior to
explanting the heart, the heart was assessed in an effort to denote the region
treated by cardiac patch. The patch area is outlined on the epicardial surface, as
indicated by black arrows. Blue arrows show suture attachments.

Histology
Histological assessments were performed on all a hearts. Infarcts were semi
transmural to transmural infarcts were observed with infarct covering the LV,
septum and in some occurrences the RV (Fig. 45).
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Figure 45: Masson’s trichrome stain was performed on all heart sections to assess
presence of infarct. Above tissue represents an infarcted un treated control. LV
(A), septum (B) and right ventricular (C) samples were obtained for evaluation.
Reproducible semi-transmural to transmural infarcts were observed covering the LV
and septum and sometimes expanding to the RV.

The area where the cardiac patch was placed could be reliably identified upon
gross examination of the heart at the time of necropsy (Fig. 46). Histopathologic
examination of sections obtained from the anterior wall of the left and right
ventricles and interventricular septum from each animal confirmed the presence
of an old, healed transmural myocardial infarct involving the area-at-risk in the
distal LAD perfusion territory where the distal LAD had been coil-embolized (Fig.
46A-B). This demonstrated that our desired outcome from LAD obstruction in the
model was achieved successfully. Not surprisingly, spotty chronic ischemic
changes were also encountered in the myocardium located at the interface
between the infarcted zone and the adjacent viable myocardium. In each case,
dense epicardial fibrous adhesions (Fig. 46A-B) were accompanied by spotty
areas of non-necrotizing granulomatous inflammation, characterized by a dense
histiocytic and foreign body-type giant cell response (Fig. 46C-D). Interestingly,
these granulomas were invariably associated with and surrounded by dense
lymphocytic inflammatory response (Fig. 46 E&F). Granulomas often contained
residual fragments of foreign material consistent with degenerating
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bioabsorbable mesh (Fig. 46 E&F). Preliminary immunohistochemical studies
show that the infiltrate is composed of a mixture of CD20-positive B-cells and
CD3-positive T-cells, surrounding a CD68-positive histiocytic foreign body-type
granulomatous response to the cardiac patch. This pattern of inflammation is
characteristic of host responses to foreign material, directed specifically against
the cellular components of cardiac patch, and is not characteristic of an
immunologic “rejection-type” response. With the exception of epicardial fibrous
adhesions, these histopathologic findings were not observed in animals that did
not receive the cardiac patch (Fig. 46).

Figure 46: Transmural myocardial infarct involving the area-at-risk (A-B,
arrowheads); Evidence of the cardiac patch placement is reliably observed along
with dense epicardial fibrous adhesions (A-B, brackets); the fibrous adhesions are
accompanied by patchy areas of non-necrotizing granulomatous inflammation,
characterized by a dense histiocytic and foreign body-type giant cell response (C-D,
arrowheads); the granulomas are associated with and surrounded by a peculiar,
dense lymphocytic inflammatory response (C-D, asterisks); Granulomas often
contain residual fragments of degenerating bioabsorbable mesh (10E-F, arrows). (AB, 20x; C-D, 100x; E-F, 400x; A,C,E: hematoxylin & eosin stain; B,D,F: Masson
trichrome stain).
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Functional Capacity and Quality of Life
Swine were exposed and trained to effectively participate and complete treadmill
tests in about 4 weeks. After one week the swine would engage the treadmill
walking, within two weeks, maximal exertion levels could be assessed. Average
maximum walking rates were assessed at 2.2±0.1mph. Each swine possesses a
different level of enthusiasm for treadmill walking which appear to coincide with
dominance. The more dominate the animal the more inclined to the subject was
to engage the treadmill and easier to train. Lower dominance animals were timid
required much more attention and time to be effectively trained for testing.
Early attempts at video monitoring and manually recording the swine proved
burdensome and resulted in limited data acquisition of only 1-2 hrs over a 24hr
period. Adoption of FitBark resulted in continuous 24hr recordings with fidelity
and sensitivity permitting suitable for quantification of QoL assessments over the
duration of the study (Fig. 47 & Fig. 48). Non-infarcted swine treated with a
cardiac patch showed similar levels of activity pre and post implantation. Pre and
post-surgery, swine spent 52% and 54% resting, 43% and 43% playing and 5%
and 3 % playing as compared to 66%, 33%, and 1% time respectively in the
three days following surgical implantation.
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Figure 47: Passive QoL assessment of swine was performed using a FitBark
collar mounted activity monitoring device continuously, 24hrs a day, during the
course of study. All groups show increased activity during feeding times (~7am
and 2pm) and reduced activity during the night 1900hrs to 0500hrs. There is no
appreciable difference in swine before surgery and following three days of
recovery. Animals immediately after surgery to three days demonstrate reduced
activity levels. Data are represented as an average of activities over a 24hr
period for 1) eight days pre surgery (blue line), 2) three days following median
sternotomy and patch implantation (red line), and 12 days following post-surgery
recovery (green line).

Figure 48: Using FitBark, percent time of activity was performed as part of QoL
analysis. Data are represented as an average of activities over a 24hr period for 1)
eight days pre surgery, 2) three days following median sternotomy and patch
implantation (recovery), and 12 days following post-surgery recovery. Animals
showed an 80% reduction in play time, 23% reduction in active time, and 27%
increase time at rest. Three days after the recovery period animals returned to
normal.
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Discussion
Large animal pre-clinical testing is crucial step for determining feasibly and
validation for new therapeutics. In this study three varying swine breeds were
assessed to find the optimal breed for future large animal efficacy studies. While
initial proof of concept work such as cardiac catheterization, MRI, and pressure
volume analyses, QoL and FCT was performed in farm pigs they proved not
sufficient to advance into more advanced studies; the most notable limitation of
farm pigs is increased body size and mass as the animal ages. Upon completion
of preliminary proof of concept and validation in the farm swine, Gottingen mini
swine were assessed as a potential candidate for future studies. The techniques
established with the farm pigs were easily translatable to the Gottingen. While
the cost of the Gottingen is significantly more than farm swine, after one year of
age they are considered fully grown and thus, if maintained on a strict diet, do not
increase in size or mass. Limited availability of 12mo Gottingen and distribution
issues with the Gottingen present issues for their use in future studies. As a
result, secondary validation studies were repeated in Yucatan mini swine. This
was done to validate the techniques learned with the Gottingen and test
temperament in the event Gottingen mini swine were not available for future
studies. Despite the Yucatan mini swine weighing 10-14kg more than the
Gottingen, our observation was that they performed similarly and either breed
could be considered for future efficacy or good laboratory practice (GLP) studies.
To advance the cardiac patch towards a human therapeutic, it was important to
demonstrate the patch could be successfully upscale from 1.5cm diameter to a
clinical sized, 6cm diameter patch. After upscale validation, feasibility of handling
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and implantation was performed farm pigs, Gottingen’s, and Yucatan. Two
cardiothoracic surgeons were recruited to perform the implants. While the
cardiac patch could be handled and effectively implanted onto the heart handling
characteristics differed between the small and large constructs which was
overcome with modifications to culture cardiac patch culture technique, surgeon
training and adjusting implantation methods. While initial swine implantation
tests adopted from the rodent model using spot sutures was successful, adoption
of continuous un-interrupted circumferential and spot sutures was superior
resulting improved implanting outcomes. In addition, all implants were performed
on the beating heart without issue.
Cardiac catheterization was successfully completed in all animals. While varying
catheters were tested for LV, LAD, and circumflex access, in our hands, the
90CM IMA performed the best for access to the LV and as a conduit to advance
an impedance catheter. Additionally the JL 3.0/3.5 work well for accessing the
LAD. Embolizing coils proved suitable for occluding the LAD and commonly took
2-3 coils to effectively occlude the vessel of interest. Interestingly, at repeat
angiograms 4 weeks after occlusion, recanalization with TIMI I flow occurred.
Alternatively, ischemia reperfusion using a balloon catheter could be considered
for future studies. The potential advantage of using the ischemia reperfusion
model is we will know the precise amount of time of the ischemic event before reperfusion.
Transthoracic echocardiography was initially tested as an imaging modality in the
swine and could easily be performed prior to surgical intervention while the
animal was under general anesthesia. However due to the swines’ anatomical
anatomy, good imaging windows were not easily obtained. Cardiac MRI proved a
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superior imaging modality in the swine. All swine were effectively imaged as
described. The only issues that presented were 1) sternum closure wires used
after median sternotomies resulted in artifact limiting the imaging window of the
treated area which was corrected with use of #4 polypropylene and 2) the larger
farm pigs which developed a larger muscle to fat ratio resulted in reduced
imaging resolution. The other advantage of MRI is that we are working with Dr.
Ryan Avery in Radiology to obtain MRI studies of diastolic function. The
preliminary data show that we can obtain adequate MRI images to evaluate
diastolic function. This is important because our data with the hiPSC-CMs
seeded patch in CHF rats’ shows improvement in diastolic function after patch
implantation.
All swine evaluation had good temperaments and with dedication by the technical
staff, easily trained to perform FCT as required. Three days were given to all
animal after median sternotomies to recover before re-starting FCT testing. All
swine tolerated wearing a collar and limited abrasions / chaffing were observed.
Of note, all animals were housed in the same room yet in independent pens to
limit social issues and disruption of the FitBark activity monitors.
Using histopathological techniques we were able to validate infarct and patch
treated areas. In addition, it is important to state that to-date we and other
investigators have seen no evidence of an immune response in mice, rats, dogs,
or mini swine treated with the two cell types that compose the cardiac patch.
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Summary and Conclusion
Summary
It is with great enthusiasm that I share this work. Retrospectively it is interesting
to connect the dots of hypotheses between those that were validated and those
that were not. Numerous challenges presented during this body of work from
conception, through proof of concept studies and into large animal testing. It is
my hope that this body of work, at the very least, provides others with information
that will assist mankind with the development of TE solutions for CHF.
Conclusion
Develop a multicellular TE cardiac construct providing structural and nutrient
support to engrafted cardiomyocytes capable of surgical implantation to
effectively treat CHF.

Numerous challenges were overcome to generate the first generation heart
patches. Cell seeding was optimized that permitted high efficiency seeding.
Although we did not appreciate it at the time, this is highly important when scaling
to iPSC derived cells were cost of the materials is so high. In addition, cell
density studies were performed which were crucial in understanding the cell
loads capable achieving. Furthermore we established cardiomyocyte to
fibroblast ratios. These proof of concept studies were completed using rat
neonatal cardiomyocytes. While rat neonatal cardiomyocytes were not scalable
towards clinical adoption, they did provided a suitable and reliable cell source to
perform the initial experiments. Observing contracting heart patches provided
great enthusiasm for the research lab, especially when no microscopic
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enhancement was required. The laboratory was a busy place in those early
studies as enthusiasm spread. Furthermore, we were able to demonstrate the
heart patches responded to external electrical stimulus which suggested to us
that the patches would take ques from the native heart. Great attention and
conversation was had over the potential to develop arrhythmias upon implant
onto the heart.
Test feasibility, efficacy and mechanisms of action of a TE cardiac construct in a
rat model of CHF

Once heart patch cultures were optimized for cell dose and culture
conditions and could be effectively re-produced, feasibility studies were
started to assess the therapeutic potential. Early debates were had about
when after generation should the heart patches be implanted as there was
some concern over arrhythmia formation. Cultures established with limited
cellular contraction initially but increased over time. The hypothesis was that
early implant may help direct these developing cells to adopt the contractile
rates and ques from the native heart. This hypothesis was based on the
finding that the heart patches could be electrically paced. As such, implants
were conducted soon after incorporation of the neonatal cardiomyocytes but
at a time to permit effective integration. While numerous functional studies
had been performed in the lab to test varying compounds as therapeutics for
CHF, none of them generated the functional recovery observed with the
heart patch. In addition, it is important to note that long term functional
benefits were observed. This was in contrast to comparable studies were
cells were injected into the heart generated only short term functional
benefits. With the long term functional data, it was suggestive that this
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technology could have impact as a therapeutic to treat CHF clinically.
Discussions on clinically relevant cell population candidates and performing
large animal feasibility studies developed. Fortunately, during this study we
were awarded a grant from Cellular Dynamic International which provided
access to iPSC derived cardiomyocytes. Cultures were re-optimized with
the hiPSC-CMs and secondary functional studies were performed. While
long-term functional were not completed, we did observe comparable
functional recovers to the neonatal cardiomyocytes short term.

The previous concerns about arrhythmias were unfounded with both the
neonatal cardiomyocytes and the hiPSC-CMs. No increased mortality or
adverse events were observed yet warrant additional study. Also of interest
was under histological assessment it did not appear that a rejection mediated
immune response was generated against the implants whether allogenic or
xenograft in nature. While the current literature suggests that immune
responses will be eminent and require immunosuppression, no laboratory has
truly studied the immune response generated to iPSC-CM therapy in the heart.
This is a short coming for the field as these data would help provide clarity on
developing the ideal treatment strategy. In addition, it is important to comment
that the mechanism of action of these studies remains unclear. Most likely
multiple mechanisms are taking place simultaneously. Future studies will look
at cellular persistence and growth factor and paracrine mediated signaling.
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Confirm a large animal swine model of chronic heart failure for feasibility testing
of a TE cardiac construct as a necessary prerequisite to initiating a clinical trial

As early studies demonstrated functional recovery in rats with CHF attention was
given to proceed into large animal studies. In general large animal studies are
expensive and time consuming yet valuable from a technology development
standpoint. Protocols for infarction, pressure volume loop analysis, MRI,
echocardiography and hemodynamics were developed. Furthermore,
quantifiable methods to evaluate functional capacity and quality of life were
developed. Upscaling the heart patches was successfully achieved using
established techniques, seeding densities and cell ratios. Minimally invasive
robotic surgeries were tested initially after we demonstrated they could be
effectively performed in human cadaver studies however the anatomical nature
of the swine made then not feasible in our initial studies. Of note this may have
been due in part to the advanced age of the robotic system that was available.
Long term robotic approaches would be ideal from a patient perspective and
warrant future examination but are not necessary at this time. The greatest
challenges came from educating the surgeon on how to handle the heart patch
and how to effectively implant it on the heart. It was found that handling
characteristics between the rat sized and swine size patches manifest and made
challenging of the large patches more challenging. Secondary to handling,
securing the heart patch to the heart required attention. Circumferential
continuous suture was found to be idea and could be easily performed on the
beating heart implanted through a median sternotomy. Functional and quality of
life studies were developed as these may be valuable indicators of positive
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outcomes that would be favorably viewed by the FDA during IND review. While
time consuming, treadmill walking was achieved and methods of assessing
functional capacity have been developed when large powered efficacy studies
are performed. Quality of life assessments were easily performed through the
adoption of FitBark collar monitors. While these are intended for dogs to grade
between active, play and rest they performed well on the swine denoting enough
specificity to pick up on subtitles such as estrous. Additional immune response
analysis suggests that the patch does not generate a rejection mediated
response. Future studies are planned to evaluate this finding.
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