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Introduction

Cardiac extracellular matrix (ECM) forms the structural and biochemical foundation
of the heart. Historically, cardiac ECM was thought to be an inert web of fibrous
proteins, providing structural support and synergizing myocyte contraction from the
cellular to the organ level. It is now understood that cardiac ECM plays a much
broader foundational role by directing cell survival, migration, proliferation, anoi-
kis, apoptosis, and inflammatory responses. Although all the mechanisms by which
cardiac ECM regulates cell behavior are not fully understood, variables such as
stiffness, architecture, availability of integrin-binding domains, and the presence of
bioactive molecules have been shown to play important roles.

Our evolving understanding of the complex nature of cardiac ECM has led to
important discoveries in the areas of cardiac development, normal cardiac ECM
deposition and maintenance, cardiac ECM-associated pathologies, and the potential
therapeutic value of cardiac ECM in regenerative medicine. As our understanding of
cardiac ECM has grown, so has the potential to manipulate and/or harness cardiac
ECM for bioengineering, tissue engineering, and therapeutic applications. Cardiac
ECM applications include in vitro culture systems for pharmaceutical testing, and
development of cardiac ECM and cardiac ECM inspired materials as stand-alone
therapeutics or in combination with various therapeutic cell types as a means to
regenerate damaged or lost heart tissue. Whole decellularized hearts have been used
as a framework for growing new hearts. This approach, combined with induced
pluripotent stem cell technology, may one day result in personalized whole heart
transplants.

This book explores a broad range of topics related to cardiac ECM. Topics range
from the basic structural and biochemical properties of cardiac ECM to translational
topics including bioengineering and therapeutic application. Finally, this book
incorporates important clinical considerations including manufacturing and clinical
trial design to transferring cardiac ECM technologies from academia to the private
sector for further clinical development. The editors would like to sincerely thank all
of the authors who contributed to the completion of this book. Without their
outstanding contributions, this book would not have been possible.
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Chapter 1

Biomechanical Properties
and Mechanobiology of Cardiac ECM

Michael Nguyen-Truong and Zhijie Wang

Abstract The heart is comprised of cardiac cells and extracellular matrix (ECM)
which function together to pump blood throughout the body, provide organs with
nutrients and oxygen, and remove metabolic wastes. Cardiac ECM provides a scaf-
fold to cardiac cells and contributes to the mechanical properties and function of
the cardiac tissue. Recently, more evidence suggests that cardiac ECM plays an
active role in cardiac remodeling in response to mechanical loads. To that end, we
provide an overview of the structure and function of the heart and the currently
available in vivo and ex vivo mechanical measurements of cardiac tissues. We also
review the biomechanical properties of cardiac tissues including the myocardium
and heart valves, with a discussion on the differences between the right ventricle
and left ventricle. Lastly, we go into the mechanical factors involved in cardiac
remodeling and review the mechanobiology of cardiac tissues, i.e., the biomechani-
cal responses at the cellular and tissue level, with an emphasis on the impact on the
cardiac ECM. The regulation of cardiac ECM on cell function, which is a new and
open area of research, is also briefly discussed. Future investigation into the ECM
deposition and the interaction of cardiac cells and ECM components for mechano-
transduction can assist to understand cardiac remodeling and inspire new therapies
for cardiac diseases.

Keywords Left ventricle - Right ventricle - Collagen - Fibrosis - Biomechanics -
Mechanobiology - Mechanical response - Viscoelasticity
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2 M. Nguyen-Truong and Z. Wang

1.1 Introduction

1.1.1 Overall Structure and Function of the Heart

Central to human life, the heart serves to maintain the systemic and pulmonary
blood circulations which provide nutrients and oxygen while removing wastes from
all organs in the body. The heart, often analogous to a “pump,”’ is made up of four
chambers (i.e., left and right atriums, left and right ventricles) and four valves (i.e.,
mitral valve, aortic valve, tricuspid valve, and pulmonary valve) (Fig. 1.1). In this
unique architecture of the organ, the blood is “pumped” out of the heart into sys-
temic or pulmonary circulation via the contraction of the left ventricle (LV) or right
ventricle (RV), respectively. The open and close of the valves during systole (con-
tractile) and diastole (relaxing or dilated) phases are also important steps to ensure
the sequential, unidirectional blood flow between the chambers.

Superior
Vena Cava

Pulmonary
T Artery

Pulmonary |
Valve ™

Tricuspid
Valve

Inferior Vena Cava

Fig. 1.1 Structure of a heart with major connecting blood vessels, valves, and the four chambers
(left atrium, left ventricle, right atrium, and right ventricle). (The figure is from Wikipedia (https://
en.wikipedia.org/wiki/Heart))
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1.1.2 Different Cardiac Cell Types

The composition of cardiac tissues varies depending on the location of the tissue. In
the myocardium (i.e., the muscular layer of the ventricular wall), the typical cell
types include cardiomyocytes (cardiac muscle cells), cardiac fibroblasts (CFs),
endothelial cells (ECs), and smooth muscle cells (SMCs). The cardiomyocytes
occupy around 70% of the volumes of the ventricular wall under normal circum-
stances [72]. However, the CF is the most abundant cell type in the myocardium,
and the main role of fibroblasts lies in the synthesis and maintenance of the extracel-
lular matrix (ECM) in the myocardium [45]. The number of CFs (or the ratio of
fibroblasts to myocytes) varies depending on tissue regions, species, and age [4].

In the heart valves, the main cells include the interstitial cells and endothelial
cells. The interstitial cells are specialized cells that mostly exhibit the characteristics
of smooth muscle cells and myofibroblast cells. They are responsible for the synthe-
sis and maintenance of ECM in the heart valves [69]. Valvular ECs play essential
roles in establishing the valve structures during embryonic development and are
important for maintaining lifelong valve integrity and function [68].

1.1.3 The ECM Composition in Cardiac Tissues

The cells in the heart are supported by the architecture maintained by the ECM
components. The conventional wisdom considers the ECM as a passive component
that mainly affects the mechanical properties of cardiac tissue. However, more and
more evidence suggests that cardiac ECM can play an active role in the tissue
remodeling process in response to altered mechanical loadings, which is reviewed
in the later sections of this chapter.

In the myocardium, the ECM consists of proteins such as collagen, elastin, fibro-
nectin, proteoglycan, and laminin. Collagen is the most abundant ECM protein in
the heart, with at least five different types of collagen (I, III, IV, V, and VI) that have
been identified in the myocardium [72]. Whereas types IV and V collagen are
mostly found in the basement membrane of the myocytes, types I and III collagen
are the main constituents in the ECM: type I collagen represents 75~80% of total
collagen content and type III collagen represents approximately 15~20% of the total
collagen [41]. A small percentage of collagen is composed of type V collagen (less
than 5%) [5, 72]. The collagen content in the heart depends on species: the larger the
mammal, the greater the collagen content of the heart [4]. Cardiac collagen metabo-
lism, i.e., the balance of synthesis and degradation, is profoundly affected by vari-
ous cardiac cells and secreted cytokines, growth factors, hormones, enzymes, and
other reagents [72]. Lastly, because of the branching of cardiomyocytes and the
spiral orientation of these cells called the “myocardial band,” the investigation on
the structure and arrangement of ECM surrounding the myocytes as well as its inter-
action with the cells has been challenging and remains a matter of debate.
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The heart valves are leaflets that can be divided into three layers (the fibrosa,
spongiosa, and ventricularis layers) when viewed from the cross-sectional structure.
Each layer has a distinct ECM composition that aids in normal mechanical behavior
of the valve. The mechanical function of valves is achieved by a highly organized
and hydrated network of ECM proteins including collagen (rich in fibrosa layer),
elastin (rich in ventricularis layer), glycosaminoglycans (GAGs), and proteoglycans
(PGs) (rich in spongiosa layer) [32, 81]. Water comprises about 60—70% of the
valves by weight, which is similar to other soft tissues such as arteries, skin, carti-
lages, etc. The hydrated nature may be especially important for heart valves because
it enables the diffusion of nutrients and oxygen through the valvular tissue, which is
largely avascular in adults [61].

1.2 Mechanical Measurement of Cardiac Tissues

The mechanical properties of cardiac tissues have a great impact on the overall
function of the organ, and changes in mechanical properties are often associated
with various cardiovascular diseases (e.g., hypertension, ischemic heart failure, and
diabetes). Therefore, the measurement of mechanical behavior of cardiac tissues is
important to the understanding of the disease progression and the development of
new therapies.

1.2.1 Ex Vivo Measurement

In materials science, the general principle to obtain a material’s mechanical behav-
ior is to characterize its force-deformation relationship. That is, the researcher
simultaneously records the applied force (e.g., pressure or stretch force) and the
changes in dimension/morphology (e.g., diameter or length) to derive a stress-strain
curve (see an example in Fig. 1.2).

To date, both uniaxial and biaxial mechanical tests have been performed on a tis-
sue strip harvested from the heart to quantify the mechanical properties [20, 32, 48,
59]. Not surprisingly, the tissue presents different mechanical behaviors under uni-
axial and biaxial conditions (e.g., the tissue is stiffer under biaxial conditions [20]).
As aresult, the biaxial mechanical test is especially critical for cardiac tissues because
of the presence of anisotropy between different fiber directions in the heart wall [20,
72] and valves [67]. The biaxial mechanical test can be combined with 2D or 3D
imaging techniques such as tracking markers or 3D ultrasound speckle tracking (3D-
UST) which assess the strain (deformation) of the tissue. The mechanical behavior
coupled with the strain information can then be used to obtain mechanical properties
and compute fiber orientation from the strain energy function (SEF) [36, 49].

Furthermore, depending on the protocol of the test, the tissue can be tested in
static or dynamic conditions, and in the latter case, viscoelastic properties are
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Fig. 1.2 Schematic of a uniaxial mechanical test. The biological tissue is cut into a rectangular
shape and mounted on a tensile testing system

obtained with the cyclic loading and unloading of the tissue specimen. The visco-
elasticity is the best characterization of the mechanical properties of cardiac tissues
because this is the true, in vivo behavior of a living tissue under pulsatile blood
flows [79]. The understanding of the viscoelasticity and the molecular basis for the
viscoelastic properties is an important future direction of research to better restore
cardiac tissues’ performance with treatment. In either steady or pulsatile mechani-
cal testing, the pre-conditioning of the specimen, which is a number of loading and
unloading cycles applied to the tissue after mounting to the apparatus and before the
real test, is a key step that induces a constant mechanical response to a load or defor-
mation and thus allows for a more accurate measurement of the mechanical proper-
ties [79].

In addition, another uncommon method called ball burst mechanical testing can
determine the biaxial burst strength (maximal force) of the tissue [76]. For heart
valves, more testing methods are developed to measure the flexural properties,
which include the three-point bending, cantilever bending, and macro-indentation
tests. These methods are recently reviewed [32].

Finally, because the myocardium is a specialized biomaterial that processes active
contractions from the myocytes, the mechanical measurement needs to incorporate
both passive and active force-deformation relationships under static and dynamic
mechanical loadings to mimic in vivo conditions. This can be achieved by single-
and multicellular cardiac tissue force-length mechanical testing. In these in vitro
experiments, single myocytes isolated from the ventricle or groups of myocytes sur-
rounded by cardiac ECM (such as trabeculae or papillary muscles) are used to mea-
sure the force-length relationship under different calcium concentrations. Then, a
whole metric of biomechanical parameters at the myocyte level can be derived.
Myocytes are composed of repeating contractile units called sarcomeres, which con-
tain titin, actin, and myosin proteins. Therefore, sometimes these experiments are
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also referred to as the measurement of sarcomere mechanics. More details on the
myocyte measurement methods and their relation to the cardiac organ function have
been recently reviewed [26].

1.2.2 In Vivo Measurement

The in vivo measurement of myocardium compliance can be obtained from the
pressure-volume (PV) loop relationship. The PV loop measurement is the gold stan-
dard for assessment of ventricular performance at the whole-organ level. With an
open- or closed-chest surgery, a PV catheter is inserted into the ventricle, and the
synchronized pressure-volume data is recorded. The end-diastolic pressure-volume
relationship (EDPVR) and chamber compliance (i.e., the ratio of volume change
over pressure change (dV/dP) during a cardiac cycle) derived from the PV loop are
used as the indirect and direct measurements of ventricular stiffness, respectively.

The development in medical imaging techniques enables the in vivo strain mea-
surement for cardiac tissues. For the heart valves, a pioneering work was done by
Thubrikar et al. in the 1980s using biplane X-ray imaging to quantify the circumfer-
ential and radial strain rates of the valves (reviewed in Sacks and Yoganathan [62]).
The first dynamic in vivo 3D strain tensor of the mitral valve was measured by
crystal placement and sonomicrometry [60]. This in vivo strain measurement can
then be combined with the simultaneous LV pressure measurement to provide the
dynamic stiffness of the tissue. Lately, efforts have made significant progress toward
in vivo strain analysis of heart valves [40, 53] including the use of the latest trans-
esophageal 3D echocardiographic imaging technology and segmentation algorithm
[1]; however, all current methods require invasive procedures, and the establishment
of a noninvasive measurement should be the future direction in heart valve research.

For the myocardium, in vivo strain has been obtained by cardiovascular magnetic
resonance imaging (CMR/MRI), a noninvasive method developed since the late
1980s and modified to enable different quantities of measurement including struc-
ture and function parameters [13, 39, 66]. The use of phase-contrast MRI to mea-
sure blood flow precludes the need of placing markers in the myocardial wall and
makes this method completely noninvasive. Currently, CMR has been considered as
the gold standard in measuring anatomical, functional, vascular, and metabolic
information in the cardiac tissues. A detailed review of this technique is published
lately [37].

Besides CMR, myocardial deformation (i.e., strains) can also be obtained nonin-
vasively by another common standard developed recently: Doppler or speckle-
tracking echocardiography (STE) [64, 75]. A variety of strains including strain rates
can be calculated from this technique. From the in vivo strain measurements, twist
or torsion force of the ventricular wall can be derived. Most importantly, these tech-
niques enable the ability to noninvasively and accurately measure myocardial
motion both regionally and globally, which greatly assist in the diagnosis, progno-
sis, and management of heart diseases. The main limitations of the in vivo strain
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measurement lie in the large variability between different vendors and the lack of
reference values. Overall, the in vivo strain measurement, although not a direct
measurement of material stiffness, provides valuable information on the cardiac
function.

The direct measurement of myocardium stiffness can be achieved by an emerg-
ing technique called MR elastography (MRE) [24]. In this imaging modality, the
tissue’s elasticity can be derived from the detected 3D motion of the tissue, which
reveals a spatial distribution of the tissue’s stiffness in the myocardium.

1.3 Biomechanical Properties of Cardiac Tissues

1.3.1 Myocardium

The ECM protein predominated by collagen is a major determinant of the passive
myocardial stiffness and contributes to the mechanics of the sarcomere. Another
significant contributor is the intracellular component called titin, a huge protein that
is viewed as an adjustable spring to actively adjust the myocardial passive stiffness.
The exact contributions of collagen vs. titin on sarcomere mechanical properties are
not fully understood, but they are found to depend on sarcomere length (SL) and
location within the heart [19, 26, 45]. At shorter SL the mechanical properties are
dominated by titin, whereas at longer SL they are dominated by collagen. In addi-
tion, an examination of length-tension relationship in bovine left atrium and left
ventricle shows that the slope of the force-SL curve is larger in the ventricle com-
pared to the atrium [82].

Mechanical properties of myocardium can be altered in a number of physiologi-
cal conditions. It is well known that in athletes, the myocardium wall thickens and
undergoes adaptive hypertrophy (i.e., enlargement of the myocytes) that is physio-
logical and reversible [21]. Another example of physiological change-induced myo-
cardium remodeling is pregnancy. It is found in rats that pregnancy leads to
decreased stiffness as well as viscoelasticity (reduced hysteresis) in both LV and RV
myocardium, but the changes are reversible in postpartum [73].

In contrast, under pathological conditions such as volume overload- or pressure
overload-induced myocardial hypertrophy, the changes in biomechanical properties
can be maladaptive. Tissue-level (ventricular) stiffening with increased interstitial
and/or perivascular collagen deposition has been observed in ventricles under
chronic pressure overload, regardless of an adaptive or maladaptive phenotype of
cardiac hypertrophy [6, 23, 36, 80]. The accumulation in collagen is associated with
impaired ventricular function: decreased longitudinal shortening, identified by
myocardial strains, occurs in parallel with the subendocardial fibrosis in hyperten-
sive rat LVs [38]. On the other hand, ventricular stiffening under volume overload
is inconsistently reported: using the same isolated heart perfusion method, Herrmann
et al. reported an increased longitudinal stiffness in rat LVs [33], whereas Brower
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et al. found decreased ventricular stiffness in rat LVs [12] from the early adaptive to
late decompensated stage of the remodeling.

Furthermore, the distribution of ventricular stiffness and mechanical function
(i.e., contractility) is heterogeneous and affected by the orientation of the myofibers
and surrounding collagen fibers. In hypertrophied RVs, the longitudinal stiffness
increase is larger than the circumferential stiffness increase, and there is a loss of
myofiber and collagen fiber spiral variation as observed in healthy RVs [36, 49].
The loss of helical fiber orientation, with the global changes of shape from ellipse
to sphere in diseased ventricles, leads to a reduction in contractile force and the
impairment in ventricular performance. Such phenomena have been consistently
observed in ischemic, idiopathic, and dilated ventricular cardiomyopathy [14, 15].

1.3.2 The Right Ventricle Is Different from the Left Ventricle

Historically, the cardiovascular performance is considered to be mainly determined
by the LV, and the investigation on its counterpart, the RV, has been neglected. Over
the last decade, there was an increasing recognition that the RV is distinct from the
LV in its embryologic origin, anatomy, myofiber structure and function, as well as
the molecular response to adverse loading [22, 31, 52, 77]. In terms of the mechani-
cal function, first, the two chambers work in different physiological ranges of blood
pressures (80—120 mmHg in LV and 8-25 mmHg in RV), which results in different
ventricular afterloads to the muscle wall. The hemodynamic and mechanical differ-
ences between LV and RV are summarized Table 1.1. The physiological differences
between LVs and RVs are also found in the coronary circulations and characteristics
of oxygen demand/supply balance. While the RV is experiencing lower blood

Table 1.1 Hemodynamic and mechanical differences between the LV and RV [50, 65, 76, 77, 85]

Properties LV RV

Mass (g/m?) 87 +12 26+5

Wall thickness (mm) 7-11 2-5

Ventricular systolic pressure 90-140 15-40

(mmHg)

Ventricular elastance (mmHg/ 548 £1.23 1.30 = 0.84

mL)

Vascular resistance (dyne/s/cm’) | 1238 + 407 97 £55

Passive stiffness in normal strain | 5.2 (in porcine LV) 1.2 (in porcine RV)
(N/mm)

Myocardial compliance 0.006 = 0.002 0.313 +0.084
(mmHg™)

Coronary blood flow (ml/min/g) | High (0.5-2.0) Low (0.5-1.0)
Pressure flow autoregulation Presence Absence
Accommodation to imposed Better in response to pressure | Better in response to volume
load overload overload
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pressure and arterial afterloads in normal conditions, the oxygen requirements and
coronary blood flow and conductance are also lower compared to the left compart-
ment [85].

An in vitro mechanical test on intact porcine hearts showed that the LV and RV
have distinct mechanical properties when the stretch is relatively small (within the
physiological stretchrange), with RV being more compliant than the LV. Interestingly,
they have similar maximal burst force which suggests the tissue “strength” is identi-
cal [76]. On the other hand, an examination of the mechanical properties of female
rat ventricles showed that the RV is stiffer than the LV [73]. These rare but inconsis-
tent reports suggest that the tissue's mechanical difference between healthy (as well
as diseased) LV and RV is unclear and awaits further investigation.

At the myocyte level, differences in LV and RV myocyte morphology and func-
tion are occasionally reported. For example, Campbell et al. found that myocytes
from the RV were shorter than myocytes from the LV in rats and hamsters, while the
opposite was observed in guinea pigs [16]. The contractile function in RV myocytes
was higher than in LV myocytes in normal and supraventricular tachycardia (SVT)
cardiomyopathy subjects [46]. In addition, RV myocytes have faster twitch veloci-
ties than LV myocytes [57].

The entire research field of right heart physiology and its failure is very young
and in 2006, RV research was named a cardiovascular research priority by the USA
NIH [30, 74]. RV failure (RVF) is a common cause of death in patients suffering
from pulmonary hypertension (PH), congenital heart disease (CHD), chronic pul-
monary disease in the absence of LV failure, RV myocardial infarction, LV failure,
and valvular heart disease [30, 55, 74]. Extensive reviews on RVF including the
mechanical adaptations can be found in recent publications [8, 36, 77]. However,
the biomechanical mechanisms underlying the decompensated RV remodeling are
not fully understood and likely unique and differ from those inherent to the LV.

1.3.3 Heart Valves

The investigation on the mechanical properties of the native heart valves is another
important area of research due to the increasing number of heart valve diseases. The
urgent clinical need to fix or replace diseased heart valves requires an accurate mea-
surement of the valve’s mechanical properties to better guide the manufacture of
artificial valves and the treatment strategies.

Currently, most of the mechanical properties are obtained from the tensile
mechanical tests and flexural or bending mechanical tests [32, 61, 62, 67]. The
understanding of heart valve mechanical behavior has been contributed greatly
to by a group of studies performed by Michael Sacks and his colleagues. The physi-
ological movement of valvular tissues involves the experience of three different
types of mechanical forces: in-plane tensile forces, flexural force, and shear stress.
From in-plane mechanical property measurement alone, the leaflets demonstrated a
nonlinear, viscoelastic, highly-anisotropic mechanical behavior. The functional
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behavior is closely related to the structural alignment and recruitment of collagen
fibrils and the internal slipping mechanism modulated by non-collagenous compo-
nents (e.g., proteoglycan). Furthermore, the flexural response, which is an important
and necessary component of the mechanical properties of the valve leaflets, is
thought to be a result of the unique structure of the valve composed of three distinct,
highly organized ECM-dominated layers. Detailed review on the biomechanical
function of heart valves can be found in [32, 61, 62]. Overall, the investigation on
human and animal native heart valves is still limited, especially in terms of its
dynamic fatigue, creep behavior, and other associated viscoelastic properties.

1.4 Biomechanical Responses and Mechanobiology
of Myocardium

1.4.1 Types of Mechanical Factors

The mechanical factors resulting in myocardium remodeling originate from the pul-
satile blood pressure and flow. Laplace’s law clearly reveals how transmural blood
pressure can be translated into the circumferential wall stress by the force balance
(wall stress = pressure x radius / 2 x wall thickness). Therefore, the impact of blood
pressure on the ventricular wall can often be studied by the investigation of wall
stress or strain of the ventricular wall. The wall stress is sometimes considered as an
expression of afterload of the ventricle. The mechanical force generated by the
blood flow is essentially the frictional force between the moving fluid and the wall,
i.e., wall shear stress (WSS). WSS plays a critical role in the embryonic heart devel-
opment and heart valve diseases, but its role in adult myocytes is not extensively
explored. The WSS distribution in the myocardium is complex and arises from the
pulsatile, oscillatory, or even turbulent blood flow in the chamber. To date, there is
limited data on the in vivo WSS measurements in adult hearts. Nevertheless, a pre-
liminary study has showed a change in myocyte ion channel recruitment in response
to laminar flow [10]. In this section, we will neglect the effects of WSS and focus on
other mechanical factors. The mechanical stresses described above are illustrated in
Fig. 1.3.

Besides the different types of mechanical stresses stated above, we can also
assess the mechanical loadings on the heart via the measurement of preload and
afterload of the ventricle; this method considers the entire ventricle as a whole to
receive “load” from upstream and downstream compartments. The arterial afterload
can be quantified by two entities: pressure-volume relationship or vascular imped-
ance. The pressure-volume (PV) loop is obtained by in vivo catheterization, and two
parameters are often derived as a measure of arterial afterload: effective arterial
elastance (E,) and total vascular resistance R (R = systolic pressure / cardiac output)
[80]. The vascular impedance is a comprehensive measurement of ventricular after-
load and includes a whole metric of parameters, including the contributions from



1 Biomechanical Properties of Cardiac ECM 11

Longitudinal stress

=>

stress

(a) Ventricular wall

Flow velocity

Fluid wall
shear stress

(b) Ventricular lumen

Fig. 1.3 Different mechanical stresses in ventricular tissue. (a) The wall stresses (longitudinal and
circumferential) in the ventricular wall. (b) The wall shear stress at the luminal surface of the
ventricle

proximal to distal vessels as well as wave reflections. However, the methodology is
more complicated and often involves Fourier transform analysis of the dynamic
pressure and flow relationships [78].

1.4.2 Mechanical Response of Cardiac Tissue

Alterations in mechanical factors lead to acute or chronic changes in the myocar-
dium, and the responses occur at multiple levels (cells, tissues, or the entire organ).
At the tissue level, for instance, the temporally increased cardiac chamber (due to
blood volume increase) or cardiac wall stress (due to the pressure elevation) can
result in a thicker ventricular wall over time, so that the eventual wall stress (deter-
mined by Law of Laplace) is maintained within the physiological range. In the
meanwhile, the ventricular contractility increases to match the increased afterload
of the ventricle [80]. Such remodeling is called adaptive or compensated hypertro-
phy [21]. With the prolonged pressure overload, the cardiac contractility becomes
unable to bear the increased afterload, and the hypertrophied ventricle gets thinner
and dilated. The failure to normalize the increased wall stress has been thought as a
trigger for the progression of ventricular dilation and adverse outcomes. In this
stage, the remodeling is called maladaptive or decompensated, and heart failure
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occurs [21]. Over the past decades, efforts have been made to elucidate the mecha-
nisms of transition from compensation to decompensation for both ventricles.
Depending on the type of mechanical loading, the ECM remodeling and biome-
chanical properties vary differently. A study by Chaturvedi et al. compared volume-
overloaded versus pressure-overloaded LVs in human. It was shown that the
pressure-overloaded LV was 2.6- to 7.0-fold stiffer than the volume-overloaded LV,
which was correlated with the increased number of elastic units of the
ECM. Unexpectedly, collagen content, determined through hydroxyproline content,
was similar between pressure-overloaded and volume-overloaded LVs. It is thus
speculated that a larger increase in collagen cross-linking led to the larger overall
stiffening of the ECM in the pressure-overloaded LVs [18]. The RV is also found to
respond to pressure-overload and volume-overload differently. While the Frank-
Starling mechanism (i.e., an increased blood volume in ventricles before contrac-
tion leads to increased stroke volume) was maintained in both cases, Borgdorff et al.
found that the RV had increased contractility under pressure overload but no change
in contractility under volume overload. There was no structural examination, so it is
unknown whether the ECM accumulation was altered differently in these RVs [9].

1.4.3 Mechanical Response of Cardiac Cells

Cardiac cells actively respond to mechanical cues, which may directly or indirectly
affect cardiac ECM accumulation. For example, the cardiomyocyte under stretch
can release paracrine factors that induce the proliferation of CFs [34], which indi-
rectly impacts cardiac ECM remodeling. On the other hand, the biomechanical
response of CFs and its direct impact on cardiac ECM have been well demonstrated
in a number of in vitro studies [29, 45]. For instance, static and cyclic mechanical
deformation of the laminin-coated Silastic membranes seeded with CFs differently
increased in the ratio of collagen III to collagen I synthesis compared to the non-
stretch condition [17], which mirrors the event occurring in the early phase of
dilated cardiomyopathy [51]. Moreover, CFs plated on silicone elastic mem-
branes and subject to a cyclic mechanical stretch (4% or 8% at 1 Hz for 1 h/day)
showed increased hydroxyproline and GAG content in their ECM when compared
to the ECM of unstretched cells [28]. In experiments done where CFs were seeded
on type I collagen and exposed to a 10% uniaxial stretch, CF ECM gene expression
such as collagen was increased. Interestingly, a 20% uniaxial stretch on CFs showed
an inhibition of ECM mRNA [45]. Similarly, a 3% equibiaxial strain led to increased
collagen III and fibronectin mRNA, but a 6% equibiaxial strain led to a decrease in
collagen III and unchanged fibronectin mRNA [45]. These observations suggest
that CFs are highly sensitive to mechanical stimuli and that CF-mediated ECM
deposition is stretch dependent.

Next, cardiac cells vary their morphology and orientation in response to mechan-
ical stretch, and the response is ECM-dependent. A variety of cardiac cells (cardiac
myocytes, endothelial cells, CFs), when exposed to cyclical distention, showed
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elongated morphology and reorientation perpendicular to the direction of stretch
[70, 83]. The change is speculated to be mediated by the interaction with collagen
a-helix. Atance et al. demonstrated that neonatal heart fibroblasts (NHFs) plated on
collagen fibers (either aligned or randomly aligned) showed an elongated, stellate
morphology and low confluence. In contrast, NHFs plated on fibronectin and lam-
inin showed round morphology and high confluence. These differences disappeared
after a 12-h stretch where NHFs on all ECM substrates displayed increased and
similar round spreading [2]. Thus, cell morphology and confluence are highly sensi-
tive to the mechanical stimuli mediated by ECM substrates, which probably contrib-
utes to the adaptive or maladaptive processes involved in myocardial remodeling.

1.4.4 Importance of Cardiac ECM

Collagen is an essential component of cardiac ECM. The myocardium collagen
content is normally ~2—4% from morphometric assessment [11], and the rate of col-
lagen turnover in the normal heart is ~5% per day [72]. Different types of collagen
can be synthesized by various cells in the heart: fibroblasts, SMCs, and ECs. The
collagen metabolism is highly sensitive to mechanical loadings and leads to rapid
changes in cardiac ECM composition and mechanical properties [7, 11, 27].

Under chronic pressure elevation such as in the hypertensive heart disease, CFs
transition into myofibroblasts, alter ECM composition, and modify the balance of
MMPs and their inhibitors (TIMPs) to promote fibrosis [6, 71]. In hypertensive and
ischemic failing hearts, the ventricle initiates with a loss of collagen and imbalanced
MMP/TIMP ratio due to the acute inflammatory response; despite this acute response,
increased collagen accumulation (i.e., fibrosis) is then consistently found in the early
remodeling phase [41]. However, with the progressive LV dilation and wall thinning
as often seen in late-stage heart failure, conflicting results are given in collagen
metabolism: some report that (type I) collagen is degraded and the extent of collagen
cross-linking is reduced [6, 11, 42], whereas others report elevated collagen content
or cross-linking [43, 56]. In the case of volume overload-induced heart failure,
changes of collagen seem to be opposite (i.e., a loss in collagen) of that observed in
pressure overload in the initial phase. Moreover, there is some disagreement on col-
lagen deposition in the ventricles: increased collagen [12], decreased collagen [58,
84], and no change in collagen [47] in the ventricles are all reported. The variations
in collagen deposition depending on the type of heart disease or the specific phase in
the disease development suggest that collagen metabolism is a key factor contribut-
ing to the heterogeneity of the heart failure. Future studies should elaborate on the
mechanobiology of cardiac ECM in these pathological mechanical environments.

Cardiac ECM is not only a key outcome of mechanical responses of the heart but
also an active system that senses and adapts to mechanical loading changes. The
ECM probably elicits the earliest responses to mechanical stimuli by actively inter-
acting with surrounding cells through integrins, focal adhesions, collagen receptors,
and toll-like receptors [25]. For example, B3 integrins can bind to an RGD peptide
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sequence in fibronectin, collagen, or vitronectin and induce force-dependent cell
growth and differentiation of CFs to myofibroblasts [44, 54, 63]. f3 integrin is also
responsible for the accumulation of collagen and fibronectin in mice with pressure
overload-induced cardiac fibrosis [3]. In the fibrotic activities of CFs, the mechani-
cal stretch is transmitted by ECM to the integrins on CFs, which causes the release
of active TGFp and initiates pro-fibrotic cascades. In fact, the ECM can respond to
mechanical stretch by activation of TGFf in the absence of cells [35]. In addition,
ECM-derived molecules named danger-associated molecular patterns (DAMPs)
can activate CFs through toll-like receptors (TLRs) in response to pressure over-
load, which ultimately causes pro-fibrotic gene expression in CFs [35]. Lastly,
matrix stiffening can increase CF spreading and smooth muscle actin fiber forma-
tion and cause an increase in collagen I/III ratio [34]. The overall roles of cardiac
ECM are summarized in Table 1.2.

The change in ECM modifies the signals that cardiac cells receive from their
scaffolding environment, leading to changes in gene and protein expression associ-
ated with myocyte hypertrophy and contractile dysfunction. This topic forms
another large area of research that studies the influence of ECM in the biology and
function of cardiac cells, which is covered in later chapters of the book. Overall, the
active roles of ECM on cell function, including adult cardiac cells and other cells
like stem cells, are an open area of research, and its significance may gain more
recognition with the development of new cell-based therapies.

1.5 Summary

Cardiac ECM, thought to be a passive component of cardiac tissue, is now viewed
as an active and essential component in cardiac function. Mechanical changes, partly
mediated by the ECM, affect the heart at both the tissue and cellular level. Current
in vivo and ex vivo mechanical measurement techniques combined with advanced

Table 1.2 Overview of the roles of cardiac ECM in mechanobiology during cardiac remodeling

Effects on cardiac ECM
Passive roles (regulated by ECM mechanical properties
surrounding cells) ECM composition (different ECM proteins and their subtypes,

cross-linking formation)

ECM synthesis and degradation

Functions of cardiac ECM

Active roles Contribute to mechanical properties of cardiac tissues

Contribute to passive tension and mechanical function

Provide scaffold and mechanical environment to surrounding
cells

Alter cell function with chemical or mechanical cues

Assist mechanotransduction via cell-ECM binding sites (e.g.,
integrins, focal adhesions, receptors)
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biological tools have improved our understanding of the mechanobiology in the
heart. However, a lot of questions remain unanswered for this complex human organ
system including the potential different biomechanical mechanisms between the left
and right heart. Moreover, further study of cardiac ECM deposition and the role of
various ECM receptors in the mechanosensing/mechanotransduction will increase
understanding of the ECM-mediated cardiac remodeling. Ultimately, this knowl-
edge can aid in designing therapies that will prevent and treat cardiac diseases.
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Chapter 2 )
Imaging the Cardiac Extracellular Matrix e

Michael A. Pinkert, Rebecca A. Hortensius, Brenda M. Ogle,
and Kevin W. Eliceiri

Abstract Cardiovascular disease is the global leading cause of death. One route to
address this problem is using biomedical imaging to measure the molecules and
structures that surround cardiac cells. This cellular microenvironment, known as the
cardiac extracellular matrix, changes in composition and organization during most
cardiac diseases and in response to many cardiac treatments. Measuring these
changes with biomedical imaging can aid in understanding, diagnosing, and treating
heart disease. This chapter supports those efforts by reviewing representative meth-
ods for imaging the cardiac extracellular matrix. It first describes the major biologi-
cal targets of ECM imaging, including the primary imaging target of fibrillar
collagen. Then it discusses the imaging methods, describing their current capabili-
ties and limitations. It categorizes the imaging methods into two main categories:
organ-scale noninvasive methods and cellular-scale invasive methods. Noninvasive
methods can be used on patients, but only a few are clinically available, and others
require further development to be used in the clinic. Invasive methods are the most
established and can measure a variety of properties, but they cannot be used on live
patients. Finally, the chapter concludes with a perspective on future directions and
applications of biomedical imaging technologies.
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2.1 Introduction

Cardiovascular diseases are the leading cause of death across the globe, and efforts
to address this public health problem are increasingly focused on the cardiac extra-
cellular matrix (ECM) [75]. The cardiac ECM is a dynamic environment that varies
in organization and composition throughout the course of cardiac disease and dur-
ing normal cardiac development. Knowledge of these changes can help researchers
and clinicians understand, detect, and treat cardiac disease [20, 62]. Biomedical
imaging is one of the main tools for measuring the cardiac extracellular matrix
(ECM), encompassing a range of research and clinical imaging methods that are
capable of visualizing different ECM properties and components. However, pro-
spective researchers of the ECM should be aware that there are significant capability
gaps in ECM imaging.

ECM imaging is a still-developing field currently defined by the divide between
invasive and noninvasive imaging methods [25, 74]. Invasive imaging methods are
dominated by microscopy-based applications and are the gold standard for measur-
ing the ECM, but they are limited in their clinical application. They require either
cardiac biopsies, which can be damaging to patient health, or are restricted to imag-
ing small areas during surgical interventions or through endoscopes. They are used
extensively in engineered tissue and animal models of cardiac disease. In return,
they obtain detailed information on the ECM, visualizing fiber networks, proteins,
and other ECM components at the cellular and subcellular scales (< 2 pm). By con-
trast, noninvasive imaging methods can safely be applied to patients but can only
provide limited information about the ECM. Noninvasive methods currently image
at the organ scale (> 0.5 mm), measuring a small range of bulk ECM properties such
as the concentrations of some ECM components, extracellular volume, or tissue
mechanical properties. This divide means that invasive imaging methods are used
for either ex vivo imaging or preclinical imaging of research models or human tis-
sues, whereas noninvasive methods are suitable for in vivo clinical imaging.

This chapter covers the targets, methods, and applications of imaging the ECM. It
begins by discussing the biological targets for ECM imaging, explaining that col-
lagen is one of the primary components targeted by ECM images and why this is so.
The chapter then reviews the methods themselves, classifying them into two catego-
ries based on common usages and limitations. These categories are noninvasive
organ-scale imaging, which is predominant for imaging patients, and invasive
cellular-scale imaging, which is largely restricted to ex vivo tissue imaging or
in vivo research model imaging but gives the most information about the
ECM. Finally, it discusses the future directions of ECM imaging in terms of current
research focuses and unmet needs.
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2.2 Collagen, Fibrosis, and Other Biological Targets
for ECM Imaging

The families of proteins known as fibrillar collagen are the main targets for ECM
imaging, with a focus on imaging collagen types I and III. Collagens I and III are
the most common ECM components, and they respectively account for 85-90% and
5-11% of collagens in the cardiac ECM [20]. These collagens compose a fibrillar
network in cardiac tissue and provide both structural stability and take part in cel-
lular signaling. They are an important imaging target because most cardiac diseases
cause increased deposition or rearrangement of collagen in the ECM. These changes
are part of the tissue repair and the compensatory mechanism known as fibrosis
(Fig. 2.1) [10, 25]. Fibrosis is a process where the ECM thickens, increasing the
concentration and arrangement of ECM components. This process increases colla-
gen concentration the most of any component, and changes the organization of col-
lagen networks in ways that can be seen both qualitatively and quantitatively [56].
Fibrosis occurs either in a single focal site of injury or diffusely throughout the
diseased tissue, with certain patterns corresponding to particular diseases. Thus, the
imaging of collagen can reveal fibrosis, and in doing so screen for or monitor most
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Fig. 2.1 Stress or damage to the heart triggers myocardial fibrosis, where cells synthesize
increased amounts of extracellular matrix components. The largest increase in synthesis is for col-
lagen. (This work is attributed to Gyongyosi et al. and used under a Creative Commons Attribution-
NonCommercial 4.0 International license [24])
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cardiac diseases [25]. Consequently, the majority of noninvasive imaging methods
aim to find areas of fibrosis or to measure collagen concentration, with relatively
few examining other ECM components. Invasive imaging is less focused on colla-
gen than noninvasive imaging, but there is also a large body of work with invasive
imaging devoted to analyzing collagen networks and structure.

Most imaging methods are sensitive to fibrillar collagen types I and III, but only
a few measure other collagens in the heart [42, 73, 74]. Collagen types I and III form
into chains of molecules known as fibrils, which are arranged into a fibrous scaffold.
Methods that image types I and III are sensitive to their molecular properties or to
the discrete and recognizable fiber network they form [56]. Other collagens are
harder to target because they are less prevalent, are non-fibrillar, or are difficult to
isolate from other ECM components due to their location. Collagen type IV is part
of the basement membrane in the ECM, is intermixed with other proteins, and due
to its non-fibrillar makeup lacks the structural imaging contrast of fibrillar colla-
gens. Collagen type V occupies the core of some type I fibers, making them difficult
to detect. Finally, type VI collagen forms fibrous structures surrounding individual
myocardial cells, arteries, and capillaries (Fig. 2.2) [38, 42, 73]. For cardiac colla-
gen imaging, the collagen properties of interest include the absolute abundance of
collagen, the relative abundance of collagen types, the structure/location of the fiber
network, and the connection to other constituents of the ECM [23, 49, 52, 56, 73].

Collagen I

Collagen I Collagen IX & Laminin

Fibronectin Collagen I

Fig. 2.2 The fibrous structures in the cardiac extracellular matrix vary in appearance and location.
Collagens type I and III are major structural components, which span from major tissue septa such
as the epicardium and endocardium. Fibronectin and collagen type VI span from minor septa to the
connective tissue of the capillaries and myocardial cells. Finally, laminin and collagen type IV
compose the basement membrane [5]. (Figure Permission granted through RightsLink)
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Collagen is the most common target for ECM imaging, but less frequent targets
include elastin, fibronectin, various receptors, myofibroblasts, as well as other pro-
teins and protein compounds. These targets are less frequently targeted because
their sparse concentration and their location in the ECM makes them difficult to
distinguish from other targets in non-specific forms of imaging. These targets are
typically imaged using high-specificity molecular imaging methods on both the
organ and cellular scales. Elastin is a fibrillar protein which complements collagen
in structuring the ECM. Collagen contributes to tissue strength, but elastin contrib-
utes to tissue flexibility and elasticity, which is important for the constriction and
relaxation of the beating heart [71]. Fibronectin is also a fibrillar protein, but its
primary role is to convey information between cells and other components of the
ECM. It connects between cellular surfaces and to other components, coordinating
the development and growth of new cells, and affecting how the cells deposit more
components into the ECM [77]. This cellular signaling also involves protein mole-
cules known as receptors, which mediate the cellular response to chemical signals.
These receptors can be targeted using protein-specific imaging probes or stains [25].
Myofibroblasts are cells in the ECM that deposit ECM components and can also be
a sign of fibrosis. Beyond these targets, specific probes can also target some of the
milieu of proteins, and other protein compounds dispersed through the ECM [25].

2.3 ECM Imaging Methods

This chapter divides ECM imaging methods into two categories based on the scale
at which they are typically used: organ-scale imaging and cellular-scale imaging
(Table 2.1). Organ-scale imaging methods measure bulk properties across large
regions of the heart, e.g., the left ventricle. These methods can be used for noninva-
sive patient imaging, with applications including detection of myocardial fibrosis
and monitoring scar tissue formation after myocardial infarction [52, 58]. Cellular-
scale imaging methods visualize the ECM components directly at high-resolutions.
These methods are invasive, requiring either a biopsy or an imaging probe near the
cardiac tissue. Consequently, these methods are currently used to image patient tis-
sue samples or for preclinical research. For example, they have been used to charac-
terize how diseases alter collagen networks in the myocardium and vasculature [23,
28, 46, 71]. Each of these two categories contains several imaging methods, which
range in sensitivity (signal strength), specificity (signal source), and cost. These
methods are further described in the sections below.
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Table 2.1 Commonly used methods for imaging the ECM in cardiac models

. A. Pinkert et al.

Imaging Imaging Biological source of Other
spatial scale | category contrast Invasiveness limitations
: Magnetic ECM volume, focal Noninvasive, use | Expensive,
resonance fibrosis, diffuse fibrosis, of contrast agents | variable
imaging collagen, tropoelastin specificity/
sensitivity by
technique
Organ scale | Ulgrasound | Collagen, diffuse fibrosis | Noninvasive Low specificity
(>100 pm for collagen
resolution) Nuclear Collagen, matrix Noninvasive, Low resolution,
imaging metalloproteinases (MMP), | requires extrinsic | limited probe
integrins, angiotensin probes availability for
receptor, blood coagulation ECM
factor FXIII
Tissue Collagen, elastin, Invasive, requires | Tissue
staining fibronectin, various proteins | biopsy processing
artifacts, 2D
5 Nonlinear Fibrillar collagen, elastin, Semi-invasive, Low
Cellular optical various proteins through ~100-300 pm availability,
scale (< microscopy | probes, chemical penetration depth | expensive
100 Hm environment or requires biopsy
resolution) Electron Highest-resolution Invasive, requires | Low specificity,
microscopy | subcellular and molecular | biopsy, destructive | low availability,
structures to imaged tissue | expensive, 2D

2.4 Organ-Scale Imaging

Organ-scale imaging methods are noninvasive and capable of being used on live
patients, making them ideal for clinical imaging. There are strong research efforts
going into developing these methods, finding new ways to measure ECM compo-
nents with molecular imaging, or in better quantifying fibrosis with all approaches.
However, these methods cannot directly visualize the ECM because they measure
bulk (> 0.5 mm area) properties across large regions of cardiac tissue, such as a ven-
tricle or heart wall. These properties include the volume of the extracellular matrix,
the amount or bulk distribution of collagen and other ECM components, and the tis-
sue mechanical properties (an indirect measurement of collagen/elastin structure).

2.4.1 Magnetic Resonance Imaging

The main clinical method for organ-scale collagen imaging is magnetic resonance
imaging (MRI) [52]. MRI, also known as cardiac magnetic resonance (CMR), is a
noninvasive imaging method that perturbs atomic protons/neutrons (typically
hydrogen protons) with radiofrequency energy and measures the behavior of those
perturbed atoms. The behavior depends on the molecular composition of the tissue
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and the sequence of radiofrequency pulses used. The sensitivity of the MRI mea-
surements to different molecules (e.g., collagen) varies based on the sequence used
and any potential contrast agent. Thus, MRI can be performed through different
techniques with varying sensitivity and specificity to collagen or collagen-related
properties (e.g., extracellular matrix volume).

There are several techniques used in clinical cardiac MRI. Late gadolinium
enhancement (LGE) MRI is considered the gold standard for identifying scar tissue
regions for myocardial fibrosis [60]. However, LGE depends on contrast between
the heart regions and so cannot detect diffuse increases in collagen content (Fig. 2.3).
Such diffuse increases are associated with early stages of fibrosis. Early stage fibro-
sis can be detected using the developing class of MRI techniques known as T1 map-
ping [68]. These T1 mapping MRI sequences provide semiquantitative measures
voxel-by-voxel. These maps are useful in clinical diagnosis but have biological and
practical limitations. Measured values can be different for normal and diseased tis-
sue, and changes in these values are also associated with other ECM altering dis-
eases (e.g., edema). T1 mapping sequences are not standardized, making
measurements difficult to reproduce or interpret across institutions [52]. A final set
of techniques, tagging and feature tracking MRI, are reproducible and quantitative,
but only indirectly measure collagen or other ECM biology [55]. Tagging and
feature tracking measure the mechanical deformation (strain) of the myocardium,

Normal Control Moderate Aortic Stenosis Severe Aortic Stenosis

T1 values (ms)

LGE

Fig. 2.3 T1 mapping and late gadolinium enhancement MRI depict regions of high collagen con-
tent and fibrosis. This can be seen in aortic valve images from patients. This figure shows three
cases in order of increasing fibrosis: a normal control, moderate aortic stenosis, and severe aortic
stenosis. (This work is attributed to Bull et al. and used under a Creative Commons Attribution-
NonCommercial 3.0 Unported license [7])
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which is affected by the collagen structure [52]. These techniques are valuable clini-
cal tools but are not wholly specific to collagen or the ECM.

Molecular MRI imaging is a preclinical MRI technique that has very high speci-
ficity to collagen and other ECM components. Molecular MRI uses probes that bind
to target molecules and which include an MRI contrast agent. These probes are still
in the preclinical stage and need further safety and efficacy studies before being
brought to the clinic, but they have already shown promise for ECM imaging [52].
Collagen targeted molecular MRI more accurately visualizes scar tissue than other
methods of MRI [25]. Molecular MRI targeted at other molecules can study the
underlying processes behind fibrosis (apoptosis, necrosis, inflammation, and scar
maturation) [52]. Additionally, molecular MRI using an elastin—/tropoelastin-
specific agent allowed for the in vivo assessment of ECM remodeling in a mouse
model of myocardial infarction [53]. There are no probes for many existing ECM
components; however, any molecule can potentially be targeted given the develop-
ment of an appropriate probe. Such a probe would be both specific to the molecule
in question and would include an MRI contrast agent. Molecular MRI has high
potential for future clinical work as a noninvasive way of measuring various ECM
components in bulk. However, its use will depend on the continued development of
imaging probes and their validation through clinical trials.

Overall, MRI is considered a standard tool for assessing fibrosis in the clinic at
the organ scale. However, the major limitation of MRI is high expense. This dif-
ficulty compounds the issue of imaging standards, where the field of MRI is still
developing standards for data acquisition and analysis [52]. The lack of these
standards means that MRI data can vary from location to location, which can
impact the results. Other limitations include that there are few clinical trials using
ECM MRI techniques and that molecular MRI is preclinical and has only a small
collection of probes. As such, other imaging methods complement it in the clinic
and for research.

2.4.2 Ultrasound

Ultrasound (US), also known as echocardiography, is a widely used clinical imaging
modality that is noninvasive, inexpensive, and can assess mechanical properties
related to the tissue collagen structure [13]. For example, strain and elastography US
assess myocardial deformation and elasticity, both of which are heavily affected by
collagen and elastin structure [59]. Integrated backscatter US can detect changes in
cardiac collagen density, which is a major feature of fibrosis [21]. In addition, US is
sensitive to the angle and amount of collagen fiber alignment in a region [32, 54, 57].
However, these techniques have low collagen specificity because they are also
affected by other biological structures, e.g., muscle fibers. In addition, these tech-
niques currently have low reproducibility between different US labs and require
high image quality, leading to variable results between labs [74]. As such, while US
is a valuable clinical modality that is widely used for qualitative cardiac imaging, it
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is not currently used for quantitative cardiac ECM imaging. This may change in the
future, as researchers improve current methods or develop more reproducible meth-
ods of differentiating regions in US images. One example of this are alternative
metrics that rely on tissue texture, paired with computer models to automate image
assessment [66].

2.4.3 Nuclear Imaging

Nuclear imaging methods have the highest specificity and sensitivity but are lim-
ited by low resolution and the need to develop clinically compatible imaging
probes [25]. Cardiac nuclear imaging uses two methods, known as single-photon
emission computed tomography (SPECT) and positron-emission tomography
(PET). Nuclear imaging uses radioactive probes that bind to target molecules.
Currently, there are no clinical probes that target collagen, but there are several at
the preclinical stage that have been tested on animal models for fibrosis. In cardiac
models, SPECT and PET probes based on a peptide known as collagelin accumu-
late in areas of myocardial infarction (Fig. 2.4) [33, 47]. In lung and liver models,
other peptide-based probes accumulate in fibrotic tissue ([14, 78], p. 201). There
have been few other probes demonstrated in the literature, but a recent review has
highlighted potential targets for collagen probes [72]. These targets include intact
collagens I, II, and IV but also include degraded collagens I-V, which are found in
fibrotic tissue and other sites of collagen remodeling. Beyond collagen, there are
also many probes that target components of the ECM, including matrix metallo-
proteinases, integrins, a blood coagulation factor, and angiotensin receptors [76].
As such, nuclear imaging of the cardiac ECM is a promising imaging method for
preclinical imaging. Ultimately, the clinical use of nuclear imaging depends on
further developing these probes to be reproducible and to demonstrate their safety
through clinical trials.

2.5 Cellular-Scale Imaging

Imaging methods at the cellular scale visualize the organization of the ECM but
are invasive and cannot currently be used on live patients. For fibrous components,
this organization includes properties such as fiber density, diameter, alignment,
cross-linking between fibers, and more. These methods either require patient
biopsies or use surgical and endoscopic tools to image the tissue in the clinic.
Some of these methods can be used in vivo in cardiac research models such as the
fish [70]. There are three major categories of methods for imaging collagen on the
cellular size scale: tissue staining protocols, nonlinear optical microscopy, and
electron microscopy.
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Fig. 2.4 Collagelin and collagelin analogue probes accumulate in regions of myocardial infarc-
tion and fibrosis in rat models. This figure depicts positron-emission tomography images taken at
several time points after probe injection. The top row shows a probe based on the collagelin ana-
logue CRPA, and the bottom a probe based on collagelin [33]. (Figure Permission granted through
RightsLink)

2.5.1 Tissue Staining Protocols

Tissue staining protocols (histochemistry and immunohistochemistry) are the most
clinically accessible means of visualizing collagen in the ECM. Staining protocols
take thin (1-10 pm) tissue sections and label components of the ECM and cellular
microenvironments. Histochemistry uses chemical dyes that bind to various tissue
components, coloring them in the process. Immunohistochemistry (IHC) relies on
antibodies that bind to protein antigens in the tissue. These antibodies localize to the
areas containing the protein of interest and are labeled with a reporter molecule
(e.g., a fluorescently labeled secondary antibody) for imaging. For both methods,
the resulting slides can be analyzed using a standard wide field optical microscope,
equipped with fluorescence in the case of IHC.
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The primary advantages of staining methods are the ability to target many differ-
ent components and ease-of-use, but there are many limitations on application.
There is a large library of stains for comparing different biological components,
giving staining methods applicability for many research problems. IHC in particular
can be protein specific, allowing stains to target many of the proteins of the
ECM. Staining methods have a widespread availability because optical microscopy
is relatively inexpensive and already available in most clinical and research environ-
ments. Finally, these methods are the oldest and best established, meaning they are
considered the gold standard and are prevalent in the literature. However, tissue
staining protocols are also subject to several limitations. They require biopsies of
cardiac tissue and so cannot image the environment of live cells. These biopsies can
be difficult to acquire without hurting the patient and are often unavailable [10]. The
biopsies may not be representative of the diseased tissue, as they cover only a small
portion of the tissue, and thus are subject to sampling errors. In addition, staining
protocols involve processing steps which often deform or alter the tissue from the
original tissue structure [1, 12]. Finally, the tissue sections are typically imaged in
2D and so provide a limited view of collagen organization across the whole tissue,
preventing robust 3D quantitative analysis. Researchers are addressing the 3D issue
by developing rapid imaging and image fusion for series of adjacent slides, but the
difficulties of using such image fusion schemes mean that other 3D imaging meth-
ods may remain more attractive options [3]. For these reasons, tissue staining proto-
cols have a limited quantitative value in measuring collagen or other components of
the ECM; however, they remain the standard for cardiac care and research because
of their qualitative value [10].

Stains are a common method for looking at collagen structure. In the clinic, they
can be used to assess fibrosis based on clinician judgment. In addition, researchers
are developing quantitative computer-based methods to analyze microscopy slides
[64]. Some notable collagen stains include the Picrosirius red, hematoxylin and
eosin, trichrome, and antibody stains [11, 36, 45]. The Picrosirius red stain is the
highly specific to collagen and can further serve as a contrast agent when combined
with polarized light microscopy (PLM). This combination can quantify the collagen
fiber orientation and organization in 2D [36]. Other stains, such as hematoxylin and
eosin (H&E) and trichrome stains, are less specific to collagen and more difficult to
quantify but allow collagen to be viewed in the context of the rest of the ECM. The
hematoxylin and eosin (H&E) protocol stains components of the ECM in shades of
blue and pink, with collagen a pink shade, yielding shades for each component that
reflect how well they bind either dyes [11]. Trichrome stains are a collection of over
one hundred stains which dye collagen, muscle, and a third biological component in
three different colors [45]. Finally, antibody stains use antibodies to bind collagen
molecules, and certain procedures can use them to distinguish between collagen
types I and V [39, 48]. These four stains are prevalent for imaging collagen, but it
should be noted that there are other collagen stains and stains that can be used to
differentiate other elements of the ECM.

IHC stains are also the primary method for imaging elastin and fibronectin in the
heart. Early work has shown fibronectin labeling in endocardial and myocardial
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tubes of a stage 22 embryonic chick heart [40]. Additional work in embryonic chick
hearts over several stages of embryonic development demonstrates the dynamics of
elastin expression [27]. More recent studies have revealed how the expression and
distribution of fibronectin and elastin vary across the developmental stages of the
murine heart [26]. For example, Hanson et al. found that there is fibronectin in the
left ventricle’s epicardium and endocardium in embryonic and early postnatal
mouse hearts. However, fibronectin fibrils did not form in the myocardium until
embryonic day 14.5 (E14.5), at which point they continued to increase in density
through early postnatal development. Similarly, elastin did not appear in the heart
until E16.5, where it began to organize into fibrils in all three regions of the ventricle
as well as the blood vessel walls. Fluorescent images from IHC were quantified
using mean intensity per pixel values in order to compare relative protein amounts.
This, along with the IHC mapping of other ECM proteins found in the heart
(Collagen I, Collagen IV) (Fig. 2.5), begin to provide a blueprint for the spatial and
temporal organization of proteins critical for cardiac development and function.

2.5.2 Nonlinear Optical Microscopy

Nonlinear optical microscopy (NLO) methods generate label-free high-resolution
images at greater imaging depths and higher signal-to-noise ratio than conventional
optical imaging such as laser scanning confocal microscopy [35]. These methods
are based on nonlinear interactions between light and biological tissues. NLO meth-
ods can be used to perform nondestructive imaging that is capable of quantifying
collagen and other ECM components in 3D, does not require tissue-damaging
labels, and minimizes phototoxic effects in live tissue. They can typically image
through 100-300 pm thick cardiovascular tissue, deriving contrast from intrinsic
biology and optionally from extrinsic contrast agents [9, 10]. They are currently
used to study biopsies and live animal models, but they can potentially be used on
patients through endoscopic or surgical probes [4, 10]. The downside of these meth-
ods is low availability, expensive equipment requirements, and the need for experi-
enced technicians. However, there are many efforts to develop cheaper and more
clinically friendly NLO equipment such as endoscopes that could make these meth-
ods more widespread and available for ECM imaging [41]. In addition, NLO meth-
ods share most of the same equipment and so can often be implemented on the same
workstation and used alongside each other [10, 56].

Combinations of NLO methods are highly effective in characterizing the ECM,
as each method derives contrast from a different source. Thus far, the two primary
NLO methods for cardiac imaging are second harmonic generation (SHG) and two-
photon excited fluorescent (2PEF), which we review below. Another emerging NLO
method, Coherent anti-Stokes Raman (CARS) microscopy [35], has been used for
imaging atherosclerosis and heart valve stenosis, but its applications overall for
ECM imaging are still being explored [8, 37]. Fluorescent methods can also be
combined with NLO for additional contrast such as the NLO compatible method of
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Fig. 2.5 THC labeled sections of the murine ventricle over the course of development (a—d). Red,
Col 1V; green, Col I; cyan, fibronectin; magenta, Elastin. (e) Quantitative comparison of ECM
proteins across development in each cardiac tissue layer. Endo, endocardium; Myo, myocardium;
Epi, epicardium (Hanson, [31]). (Copyright granted as paper coauthor (Eliceiri))



34 M. A. Pinkert et al.

SHG Autofluorescence  Picrosirius Red Overlay Overlay

Fig. 2.6 Second harmonic generation (SHG) can image cardiac fibrillar collagen at high specific-
ity and high resolution. These panels show SHG, autofluorescence, and Picrosirius red stained
imaging of a myocardial infarction rat model (a and b) and an age-matched control (¢). The SHG
is overlaid onto the Picrosirius red and autofluorescence stains in the fourth and fifth columns,
respectively. (This work is attributed to Caorsi et al. and used through the Creative Commons
Attribution license [10])

fluorescence lifetime imaging microscopy (FLIM) to examine the chemical micro-
environment of the ECM [35].

SHG can obtain highly specific images of fibrillar collagen in the ECM without
the use of extrinsic probes, allowing it to image collagen in live tissue (Fig. 2.6).
SHG derives contrast from non-centrosymmetric molecules such as fibrillar colla-
gen (I/ITI/V), elastin, and myosin. Both collagen and myosin are present in cardio-
vascular tissue; however, the SHG signal is highly specific to collagen (>95%) at
low laser powers (10-20 mw) (Fig. 2.6) [10]. These qualities allow SHG to quantify
collagen fiber organization in many cardiovascular diseases, including fibrosis, car-
diomyopathy, scar formation after a heart attack, and aortic stenosis [10, 16, 49, 58,
63]. The main limitation of SHG for clinical studies is limited depth due to scatter-
ing and refractive index effects of the tissue that attenuate the collected signal. As
well, the polarization state of the laser and the orientation of the fibers to the laser
can both affect the signal strength. The former can be mitigated using circularly
polarized light, but the latter is an intrinsic limitation and affects the signal from
collagen fibers between imaging planes [9].

2PEF images fluorescent molecules and so can derive contrast from both intrin-
sic and biocompatible extrinsic sources, which means that it can be used on live
tissue and be enhanced using probes. The intrinsic sources include collagen, elastin,
and myocyte proteins [10]. Extrinsic 2PEF is currently less common than intrinsic
imaging for cardiac ECM studies, as there are few suitable fluorescent probes.
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between elastin, collagen, and cardiomyocytes in embryoid bodies [69]. (Copyright granted as
paper coauthor (Eliceiri))

However, researchers are facing this problem and developing new methods and
identifying suitable probes [15, 67]. 2PEF is easily implemented on the same sys-
tem as SHG, and so they are often used in conjunction. This pairing visualizes sev-
eral components of the ECM in the same imaging volume and allows collagen to be
separated from other components. For example, tracking elastin deposition during
in vitro mouse embryoid body development reveals that the ECM expression transi-
tions from a punctate to fibril-like structure over time (Fig. panel 2.7a) and is spa-
tially associated with cells exhibiting markers of cardiomyocyte maturity (Fig.
panel 2.7b) [69].

Fluorescence lifetime imaging microscopy (FLIM) is a 2PEF compatible quanti-
tative imaging method that measures the time a fluorophore stays in the excited state
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and is sensitive to changes in the microenvironment such as pH and protein binding
[6]. FLIM is currently less common than SHG or 2PEF but can offer unique capa-
bilities for ECM imaging. The lifetime is related to molecular properties including
the pH of its surroundings, the concentration of oxygen near the molecule, and the
molecule’s bonds to other molecules [6]. FLIM has been used to image atheroscle-
rotic plaques, helping characterize the plaque composition [30, 51]. FLIM may have
uses in cardiac myopathy, where the ratio of collagen I and III fibers matters. A
previous study showed that FLIM can be used in combination with SHG to separate
intrinsic fluorescence signal from collagens I and III, though it was not demon-
strated in cardiac tissue [56].

In summation, these NLO imaging methods offer 3D imaging on the cellular size
scale and in live tissue. They are currently used in research applications but can
potentially be implemented in clinic given emerging advances in less expensive,
more modular NLO implementation and endoscope-based NLO imaging.

2.5.3 Electron Microscopy

Electron microscopy (EM) is the highest resolution imaging category mentioned in
this chapter and is capable of resolving biology smaller than the resolution limits of
light microscopy. There are other similarly high-resolution imaging methods with
potential for cardiac ECM imaging such as atomic force microscopy (AFM) and
super resolution optical imaging [17, 19], but we do not review them due their infre-
quent use in cardiac ECM imaging. EM is a category of imaging methods that use
electrons to create the image, achieving much higher resolution than optical-based
methods. Cardiac imaging studies primarily use transmission electron tomography
(TEM) and scanning electron microscopy (SEM). However, there are also powerful
EM variants such as environmental S/TEM (E-S/TEM) [34], immuno-EM [43], and
Cryo-EM [18] that can image the structure of individual cardiac ECM proteins or
offer advantages in contrast and visualization. The high-resolutions EM can visual-
ize the molecular structure of ECM components, e.g., collagen fibrils. Such high-
resolution molecular information is valuable for many research applications.
However, EM is subject to several limitations that prevent it from being used clini-
cally. EM is expensive and requires highly specialized training, limiting the number
of locations that can perform it. It requires tissue samples, such as from biopsies,
which are often unavailable in clinical care. In addition, most forms of EM currently
involve extensive sample preparation and process or destroy the tissue samples dur-
ing imaging, making it impossible to image with other methods [44]. As such, EM
can offer valuable research insights about disease biology but is less likely to be used
routinely for patient care due to specimen preparation requirements and high cost.
EM has been used in a range of cardiac applications from disease models to basic
physiology to cardiac tissue engineering. In models for early stage heart failure,
TEM was able to detect fibrotic changes in collagen before other collagen imaging
methods [64]. TEM has also been used in the field of cardiac tissue engineering to



2 Imaging the Cardiac Extracellular Matrix 37

validate the structure of collagenous scaffolds meant for cardiac tissue patches [65].
Additionally, TEM has been useful in cardiac physiology research. The bulbus arte-
riosus, an elastic chamber in the heart, appears to be a dense (presumably rigid)
collagen matrix under immunohistochemistry, but EM showed an interwoven
collagen-elastin matrix, giving a much more accurate view of the physiology [29].
In models of myocardial infarction, SEM analysis of collagen fibril structure showed
that osteoglycin promotes proper collagen maturation and improves tissue healing
outcomes [2]. In models for calcific aortic stenosis, a disease where minerals are
heavily deposited in the ECM, SEM showed how the mineral deposits develop in
the interior of collagen fibers [50]. Finally, Sands et al. used E-SEM to visualize the
cardiac ventricular trabeculae carneae, strands of axially arranged tissue in the

Fig. 2.8 Electron microscopy (b, d) can resolve biological structures in the cardiac trabecula that
are beyond the resolution limit of confocal microscopy (a, ¢) [61]. (Figure permission granted
through RightsLink)
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heart. They showed that collagen content and microstructure varied widely, ranging
from 1% to 100% of the tissue cross section in different areas (Fig. 2.8) [61].

2.6 Future Directions

Knowledge of the composition and topography of the human heart can improve
clinical evaluation as well as help develop treatment strategies; however, acquiring
this knowledge in a noninvasive method is a continuing challenge of the field. There
is a need for noninvasive imaging methods that are component-specific, high-
resolution, and cost-effective for use in the clinic. Researchers are making progress
on each of these areas, but there still remains much to be done. The best developed
methods for imaging individual components of the ECM are invasive, e.g., histo-
chemistry requiring biopsies. Recent advances in molecular MRI and nuclear imag-
ing show promise for low-resolution organ-scale imaging of ECM components,
providing probes for imaging collagen, elastin, receptors, and matrix metallopro-
teinases [25]. However, the existing probes still require development and validation
through clinical trials, and there are no probes for many other ECM components of
interest. Other advances may address the difficulty of high-resolution imaging.
NLO methods can image ECM components at the cellular-scale without labels and
in 3D up to a depth of several hundred microns. However, they are currently expen-
sive, require trained technicians, and most implementations cannot be used on
patients. Future advances may change this with the development of endoscopes,
simplification of equipment, and corresponding reduced cost. Overall, ECM imag-
ing is heading in promising directions that may help improve clinical outcomes and
the role of the ECM in heart physiology.

The previous sections have covered ECM imaging in regard to disease screening,
therapy targeting, and diagnostics, but there is also a strong need for such noninva-
sive ECM imaging in the field of tissue engineering and regeneration. The native
composition and organization of ECM proteins can serve as a template for ECM-
mimicking tissue engineering strategies. Hydrogels that incorporate ECM mole-
cules such as collagen and laminin support mouse-induced pluripotent stem cell
(miPSC) cardiomyocyte differentiation [31], while tissue regeneration structures
modeled after the fibronectin distribution in a mouse heart support cardiomyocyte
function in a mouse model of myocardial infarction [22]. The field of tissue regen-
eration can also benefit from knowing the role and organization of specific ECM
molecules in cardiac tissue development. Many tissue regeneration strategies are
based on mimicking the native ECM composition and architecture. Future advances
in cardiac tissue regeneration will rely on the discovery of the critical combinations
and organizations of ECM molecules for cardiac function. Thus, both tissue engi-
neering and tissue regeneration would benefit from future developments for
advanced ECM imaging methods.



2 Imaging the Cardiac Extracellular Matrix 39

2.7 Conclusion

The field of cardiac ECM imaging is in a rapidly advancing state; it is in the middle
of an evolution from primarily invasive imaging with small ex vivo samples to more
noninvasive imaging that can measure large regions of the human heart in the clinic.
In the past, the only option was for invasive imaging of small samples, but this is
beginning to change as researchers approach the problem from two angles. The first
is by developing low-resolution, but high-specificity, imaging methods that be used
clinically to measure the bulk composition of the ECM. The second is in improving
high-resolution methods by reducing costs and developing better form factors, so
they can be used with minimal invasiveness in the clinic. The combination of these
approaches will improve researcher and clinician ability to nondestructively evalu-
ate the composition of the heart. In the future, these advanced imaging methods will
propel both the clinical and research fields toward strategies for enhanced patient
care, aiding in the fields of cardiac development, disease, tissue engineering, and
tissue regeneration.
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Chapter 3
Animal Models and Cardiac Extracellular
Matrix Research

Check for
updates

Timothy A. Hacker

Abstract Cardiovascular disease has been the leading cause of death worldwide
for the last 15 years, accounting for 15 million deaths per year. While interventions
are saving more lives, more than 20% of survivors will end up in heart failure.
Cell-based and other types of therapy for advanced heart and vascular disease may
offer new hope for those afflicted. Although a variety of cell types are under inves-
tigation, common issues include cell survival, retention, engraftment, and prolifera-
tion. Cardiac extracellular matrix (C-ECM) has compelling features that offer
advantages to not only aid cell survival, retention, engraftment, and proliferation but
likely has independent therapeutic (paracrine) and mechanical effects. Animal stud-
ies and clinical trials are underway to characterize the role of C-ECM and demon-
strate efficacy for acute and chronic heart disease. This chapter reviews animal
models used to enhance our knowledge of C-ECMs in heart disease and its use in
the treatment of heart disease.

Keywords Animal models - Extracellular matrix - Mice - Rats - Swine - Dog -
Cardiac disease - Heart failure - Myocardial infarction - Surgical models

3.1 Animal Models of Heart Disease

3.1.1 Introduction

Cardiovascular disease is a complex multifactorial disease with different etiologies
that may act synergistically to promote disease development and progression. Animal
models are necessary to recapitulate the disease in order to investigate mechanisms
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of disease and to provide a test system for mechanical, pharmacological, and
cell-based treatments. Since no single model perfectly recreates the human condi-
tion, one must consider several factors in choosing the correct model. These would
include cost, equipment, infrastructure, specialized personnel (skill), and stage of
investigation. Consideration of inherent lack of comorbidities such as smoking, inac-
tivity, age, diabetes, and hypertension in animal models can make translation to the
bedside challenging. Differences in size, anatomy, muscle fiber type, heart rates, and
electrical activity can create additional issues in moving from bench to bedside.
However, if an appropriate model exists and when proper consideration of the ques-
tion is assessed, the results of the investigation will be widely useful. The final steps
to moving therapies into clinical trials will require animal testing as demanded by the
FDA in relevant animal models that have yielded reproducible results in the past.
This will be essential for approval of investigational new drugs or cellular therapies
and for advancing our understanding of human cardiovascular disease.

3.2 Transgenic Models of ECM

A search of the Jackson Labs database reveals over 40 transgenic mice with muta-
tions related to cardiac extracellular matrix. Many of these mice do not have an
overt cardiac phenotype, but the phenotype is revealed under stress such as myocar-
dial infarction or pressure overload. Typically, these interventions cause increases in
left ventricular dilation or acceleration to heart failure with deletions of TIMP fam-
ily of proteins. On the other hand, overexpression of these proteins often leads to
some level of protection of cardiac structure and function post MI. Details of the
popular transgenic models are reviewed in several excellent manuscripts as listed in
Table 3.1.

While alteration of genes related to the ECM has given us insights to the ECM
functional roles in the developing heart and with stressors such as myocardial
infarctions and pressure overload, additional roles of the ECM in the heart and vas-
cular system can be discovered using other animal models of disease.

The ECM undergoes extensive changes in the composition and mechanical
properties in diseased hearts, and various surgical animal models will help to
understand these changes. These animal models can then be used to help develop
and test therapies that will alter the course of the disease or remodeling associated
with it. Choosing the correct animal model is paramount to successful experi-
ments. The various considerations to choosing an animal model include cost,
equipment available, infrastructure, personnel skill, and the stage of the
investigation.

Cost can often be the deciding factor when choosing an animal.

model. Rodents are the least expensive to purchase and house, although some
transgenic mice can cost nearly as much as a young pig. The cost of equipment to
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Table 3.1 Common mouse models of ECM

Effect of
Gene | Expression Cardiac pressure
altered | level phenotype | Effect of MI overload Others Reference
TIMP1 | Deletion Modest LV | Increased No Enhanced |[1-4]
dilation dilation worsening of | aortic
with age function or | aneurysm
structure
TIMP2 | Deletion None Increase MI Dilation, [5]
size, dilation, decreased [6]
decreased function [7]
function
TIMP2 | Overexpression | N/A Decreased MI [8]
expansion,
deceased
dilation
improved
function
TIMP3 | Deletion Dilation in | Increased Dilation, [9-13]
aged mice | rupture decreased
function
TIMP3 | Overexpression | N/A Decrease MI [14]
expansion,
decreased
dilation
improved
function
TIMP4 | Deletion No effect Increased No effect [15]
rupture
TIMP4 | Overexpression | No effect Decreased Improved [16, 17]
dilation, function
improved
function

assist with rodent surgeries and physiologic monitoring are typically similar to
equipment needed for larger animals, so costs may be wildly different depending on
the equipment needed to complete the experiments.

Specialized equipment to create and analyze animal models can quickly add to
the high cost both for small and large animal research. Basic equipment for these
types of studies will include surgical instruments, microscopes, warming pads,
lights, vital sign monitoring systems, ventilators, vaporizers, physiological record-
ing and analysis machines (ECG, pressure, pressure-volume, cardiac output moni-
toring), imaging (ultrasound, MRI, angiography, etc.), and disposables (suture,
drugs, catheters, wires, sheaths, etc.). Core facilities are vitally important in today’s
research environment to justify the cost of specialized equipment used only once or
twice per year in an individual lab.
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Infrastructure to house and care for animals is also an important consideration in
choosing an animal model. Infrastructure includes the physical spaces for housing
and maintaining animals, surgical suites, imaging, and necropsies but also animal
care staff, veterinarians, and institutional care and use committees to approve ani-
mal protocols and other oversight. The use of university core facilities and contract
research organizations can provide cost-effective ways to expand into additional
animal models.

All enterprises are only as good as their personnel. Surgical animal models are
particularly challenging, due to factors that cannot be controlled such as variable anat-
omy and physiology from animal to animal. A highly skilled and experienced animal
surgeon can play a major role in alleviating the effects some of these variabilities lead-
ing to outcomes that are more consistent and have lower mortalities. Well-qualified
animal care staff and veterinarians can also influence the quality of the animal models
by providing consistent care, minimizing animal stress, and keeping ahead of animal
health issues. Surgical skill is the largest single factor in producing reproducible ani-
mal models. Microsurgical models (mice, rats) are particularly challenging to learn.
Hand skills with excellent vision are required as there is almost no room for error in
creating surgical models of injury in these small-sized animals. A single-nicked vessel
can cause the animal to bleed out instantly. However, once through the surgery, rodents
are particularly resilient and less prone to infections and therefore more likely to sur-
vive. Large animals have a different set of challenges. Hand-eye coordination is still
crucially important, as is a thorough understanding of anatomy. While errors are more
likely to be correctable in a larger animal, large animals are often more difficult to
recover and more prone to infections. Teaching a student or intern to make the surgical
models may work if you are planning a short-term set of experiments, but if the surgi-
cal model needs repeating year after year, a surgical tech should be employed.
University-based core facilities and contract labs specializing surgical animal models
are an excellent option to standardize animal models.

The stage and type of investigation will also dictate the animal model employed.
Early stage/proof of principle investigations are typically performed in mice or rats.
Currently nearly all physiologic measurements and imaging that can be done clinically
can be in accomplished in rodents. Such clinically relevant measurements increase the
relevance and translatability of the data. As discussed above, transgenic animals are
vitally important in early stage investigations to determine mechanistic parameters, but
later stage investigations, particularly, testing therapies require animal models as close
to the clinical disease state as possible. These can be rodents or larger animals, and
generally, the FDA will require safety and toxicity studies in two different species.
Often venture and capital funding will be needed for efficacy studies in an animal model
very close to the target disease for the intended therapy. Initial candidate, dosing levels,
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and timing of the test compound administration can be done in rodent models to narrow
down the best candidate. However, later optimization and efficacy would be repeated in
a larger animal with physiology or disease state closer to humans. Unfortunately, poor
experimental design that results in lack of proper randomization, blinding, sample size
estimation, and consideration of sex differences is prevalent in preclinical research [18].
Careful attention to these elements of experimental design is crucial to remove bias and
improve validity and the predictive value of animal models.

3.3 Small Animal Models of Cardiovascular Disease (Fig. 3.1)

- Aortic banding (TAC) - Transgenic
- Pulmonary Arterial Banding # - Knockout

-Diabetic
-HighFat  ememeemeee-

- Permanent ligation \‘\ - Fistula
- Ischemia/Reperfusion “ - Aortic Regurgitation

Fig. 3.1 Outlines broad categories of small animal models of cardiovascular disease, which range
from surgically created models to genetically modified to drug induced to models of aging, renal,
and metabolic disease. Table 3.2 includes additional information and references for small animal
models of cardiovascular disease with alterations of the ECM
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3.4 Large Animal Models of Cardiovascular Disease

(Fig. 3.2)
-Fistula -Pulmonary Artery Banding
-Mitral regurgitation A -Pulmenary venous banding
-Aortic regurgitation N -Aortic Banding
\\ -Renal wrapping
\\ 7 I
E ¢

’
e #
i

- Balloon ischemia / reperfusion
- micro embolism o=

s o LY
- Coronary ligation . *. | -high cholesterol
- Hydraulic occluder " -others to be developed

Fig. 3.2 Outlines broad categories of large animal models of cardiovascular disease, which range
from surgically created models to drug induced to models of aging, renal, and metabolic disease.
Table 3.3 includes additional details and references for large animal (swine, dogs, sheep) models
used in ECM research
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Table 3.3 Surical large animal models for ECM research
Method Phenotype Advantages Disadvantages Reference
Rapid pacing Dilated Easy, closed chest, | Mechanisms unclear, | [50-53]
hypertrophy reversible cost [54]
Coronary ligation LV hypertrophy, | Better control of | Cost, technically [55,56]
remodeling, MI size, hydraulic | more demanding,
contractile occluders create a | open chest,
dysfunction, slow onset arrhythmias, dogs
fibrosis have more collateral
formation
Ischemia/reperfusion | LV hypertrophy, | Clinically relevant, | Cost, cath lab [55, 57,
remodeling, closed chest, easy | necessary, higher 58]
contractile mortality rate,
dysfunction, arrhythmias
fibrosis
Microembolism LV hypertrophy, | Slower onset, Time-consuming, [51-53]
remodeling, closed chest, cost, small window
contractile clinical correlation | of effectiveness
dysfunction,
fibrosis
Volume overload/ Moderate LV Slower onset, Cost, technically [59, 60]
fistula hypertrophy, closed chest, more demanding
remodeling, clinical
contractile correlation,
dysfunction, extracellular
fibrosis matrix changes
Volume overload/ Moderate LV Closed chest, Faster onset [61]
mitral regurgitation | hypertrophy, clinical correlation
remodeling,
contractile
dysfunction,
fibrosis
Pressure overload/ | LV hypertrophy, | Clinical Faster onset [59]
TAC remodeling, correlation, technically more
contractile extracellular demanding, open
dysfunction, matrix changes chest
fibrosis
Pressure overload/ | RV hypertrophy, | Clinical Technically very [62, 63]
pulmonary artery remodeling, correlation demanding, open
banding, pulmonary | contractile chest
venous banding dysfunction,
fibrosis, PAH
Renal wrapping Volume overload, | No adhesions, Clinical correlation | [64, 65]
LV dilation, heart | easier surgery
failure
Genetic Various Mechanistic, Expensive/ [66, 67]
modifications potentially better | time-consuming

preclinical models
comorbidities
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3.5 Summary

Large and small animal models are critical to our understanding of how heart
disease alters the ECM and how changes in the ECM may alter the course of cardio-
vascular disease. Animal models are also necessary to develop products, including
ECM-based products and therapies to repair damage after cardiovascular events.
Ultimately, animal models must be used to test these therapies. Choosing the correct
model is critical, and careful consideration of cost, equipment available, infrastruc-
ture, personnel, and the stage of the investigation can help guide the choice of
animal model. However, ultimately no experiment will be successful without proper
experimental design.
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Chapter 4

Applications of Cardiac Extracellular
Matrix in Tissue Engineering

and Regenerative Medicine

Mark C. Daley, Spencer L. Fenn, and Lauren D. Black III

Abstract The role of the cardiac extracellular matrix (cECM) in providing bio-
physical and biochemical cues to the cells housed within during disease and devel-
opment has become increasingly apparent. These signals have been shown to
influence many fundamental cardiac cell behaviors including contractility, prolif-
eration, migration, and differentiation. Consequently, alterations to cell phenotype
result in directed remodeling of the cECM. This bidirectional communication
means that the cECM can be envisioned as a medium for information storage. As a
result, the reprogramming of the cECM is increasingly being employed in tissue
engineering and regenerative medicine as a method with which to treat disease. In
this chapter, an overview of the composition and structure of the cECM as well
as its role in cardiac development and disease will be provided. Additionally, thera-
peutic modulation of cECM for cardiac regeneration as well as bottom-up and top-
down approaches to ECM-based cardiac tissue engineering is discussed. Finally,
lingering questions regarding the role of cECM in tissue engineering and regenera-
tive medicine are offered as a catalyst for future research.
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4.1 Introduction

It is well understood that embryonic development, cell fate determination and tissue
morphogenesis are highly influenced by genetic controls and soluble factor release
and signaling [1-6]. While the extracellular matrix (ECM) was previously viewed
as a passive structural support for cells, its importance in directing organ and tissue
development as well as maintaining organ homeostasis has become increasingly
apparent [7-10]. The specific protein constituents of the mammalian ECM have
been shown to be well conserved across species [8, 11], though the specific compo-
sition and proportions vary dramatically between individual tissues and organ sys-
tems within the same species. This suggests that the health and function of cells,
tissues, and organs is directly related to the milieu of mechanical and biochemical
cues provided to them by the surrounding ECM [12]. Indeed, the ECM can be
thought of as an information storage medium — allowing cells to access information
about tissue age, status, and their appropriate phenotype. Studies related to the heart
show that aging and disease can lead to compositional and structural changes to the
ECM and that these changes can subsequently influence cell phenotype and func-
tion [13-22], clarifying the impact that ECM composition and organization can
have on cardiac tissue status. It is hoped that by gaining a better understanding of
the complex and dynamic relationship between the ECM and cell and tissue func-
tion, the ECM can be used strategically in the treatment of disease and injury and as
a potential biomarker for early stages of various cardiac diseases.

In this chapter we will explore the composition of the cardiac ECM (cECM),
how specific components change during development and disease, and how these
changes influence tissue health and function. Lastly, we will discuss how the cECM
can be and has been leveraged in cardiac tissue engineering and regenerative medi-
cine applications both as a therapeutic and via its incorporation within biomaterial
constructs.

4.2 Cardiac Extracellular Matrix

The cECM is both complex and highly variable, with this variation dependent on
location and health. Its primary components include protein fibers, glycoproteins,
glycosaminoglycans, proteoglycans, and polysaccharides [8]. Many of these com-
ponents serve structural and mechanical roles [23], influencing bulk material
mechanics as well as microenvironmental features. The chemical and mechanical
properties imparted by cECM components in turn act as cues influencing cytoskel-
etal organization [8] as well as specific gene and protein expression related to a
variety of cell functions including proliferation [24, 25], migration [26], and dif-
ferentiation [18, 27-29]. Indeed, the cells encapsulated within the cECM are not
only responsible for its initial synthesis and organization but are capable of remod-
eling the cECM in response to aging, disease, or injury [30, 31], highlighting the
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bidirectional nature of the signaling between the cECM and the cells that reside
within. Additionally, the cECM has also been shown to signal cells via the seques-
tration of growth factors, presenting them to cells in a spatiotemporal manner that is
dependent on cECM composition and organization [8]. Moreover, the degradation
of the cECM during remodeling leads to the generation of bioactive ECM frag-
ments, known as matrikines or matricryptins, that can also signal cells [32-35]. The
following sections will discuss the composition of the cECM and its contribution to
cardiac development and function.

4.2.1 Composition and Role of the Cardiac Extracellular
Matrix

The cECM resembles a complex network mesh comprised of both structural and
nonstructural components that house myocytes, fibroblasts, vascular endothelial,
and immune cells such as leukocytes (Table 4.1) [36]. Traditionally, the protein
makeup of the cECM was assessed by assaying for specific ECM components via
gene expression or western blot [21, 22]. From these and other studies, the primary
structural components of the cECM have been determined to be collagen and elastin
fibers as well as other critical proteins that form the basement membrane that sur-
rounds cardiomyocytes (e.g., laminins) [36]. The nonstructural components are
mainly comprised of matricellular proteins such as tenascin, thrombospondin, and
periostin, among others. In addition, a significant number of proteins, as in the case
of fibronectin, contribute both structurally and nonstructurally [36, 37]. The diver-
sity of cECM components is further enhanced by a variety of alternative splicing
and posttranslational modification, such as calcium binding and glycosylation [38].

Importantly, the bidirectional signaling provided between cells and the cECM
means its composition is highly dynamic [8, 31]. Recently, mass spectrometry-
based proteomics has provided greater insight into the true diversity of and variation
in cECM proteins [39]. Specifically, proteomic techniques have identified changes
in cECM between individual patients [40, 41], at different developmental ages [14],
and in the context of cardiac disease [15, 42]. This type of analysis has successfully
been utilized to identify the regenerative potential of individual proteins, like agrin,
through the comparison of hearts at different stages of development [43]. As meth-
ods such as these are continued to be developed for the analysis of the cECM, a
better appreciation of its diversity will be cultivated at the omics scale, leading to
broader insights into its diversity and interconnectedness.
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Table 4.1 The cECM is a complex network of structural and nonstructural proteins that are further
subdivided into glycoproteins, glycosaminoglycans (GAGs), and proteoglycans

Glycoproteins GAGs Proteoglycans
Prototypical
; Basement ' Wiy
matricellular Fibers Others | Hyaluronan | Hyalectans Cell surface Small leucme rich
: membrane
proteins
R I Coll Fib i Vecalcan Periooan Syndecan Class I - biglycan, decorin,

asporin
Class 11— lumican,
SPARC Elastins Laminin Neurocan Collagen XVIIT Glypican Ebromodulin, PRELP,
keratocan, osteoadherin
Class Il - osteoglyein,

Tenascin Brevican Agrin epiphycan, optican
; Class IV~ chondroadherin,
Osteopontin Aggrecan nyctalopin, tsukushi
Class V- podocan, podocan-
Periostin like protein 1
CCN

Some proteins serve a structural (blue) function in the cECM (e.g., collagens), whereas others have
nonstructural (pink) roles, such as matricellular proteins. In addition, there are glycoproteins such
as fibronectin that are able to do both (purple). The reservoir of glycosylated proteins allows for
flexibility and diversity in how cECM functions in health and disease

Adapted from [36]

4.2.2 The Role of ECM in Cardiac Development

The cECM plays a critical role in tissue and cell morphological development and
begins to be synthesized and excreted by embryonic cells at very early stages [8].
The matrix microenvironment supports cell proliferation, encourages survival of
maturing cells, and directs cell morphogenesis and differentiation using a complex
blend of mechanical, biophysical, and biochemical cues [9, 10]. Intuitively, these
processes play essential roles in early development, with knockout or mutation of
key cECM components resulting in severe cardiac defects.

For example, precursor cardiac cells must migrate to the midline for heart tube
formation during initial vertebrate heart formation [44]. Experiments in zebrafish
have shown that either loss or knockdown of fibronectin expression disrupts or
delays this process, preventing successful heart tube development [45, 46]. Precursor
cell migration can be partially recovered in mutants via direct injection of fibronec-
tin into the midline region of tube formation, highlighting therapeutic potential [46].
Similarly, the cECM component periostin has been implicated in facilitating ECM
organization and cardiac fibroblast migration during heart development [47].
Periostin knockout mice have been shown to possess disorganized collagen fibers
that are smaller and less cross-linked than those found in normal cardiac tissue. In
this manner, loss of periostin further alters cECM composition, signaling, and gross
mechanical properties, disrupting normal development.

The dynamic nature of the cECM does not end after birth but continues to change
through adulthood as part of normal aging (Fig. 4.1) [14]. Examination of decellu-
larized hearts procured from fetal, neonatal, and adult rats by LC-MS has identified
substantial changes with age. Notably, the fraction of the cECM observed to be
fibronectin or periostin, both critical for proper development, decreases with devel-
opmental age. Conversely, the proportion of collagen I, an important contributor to
the cardiac mechanical environment, increases substantially during aging [23].
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Fig. 4.1 Composition of rat cECM at three developmental ages represented by percent abundance
of 15 most common proteins as measured by liquid chromatography tandem mass spectrometry
(LC-MS/MS). (Adapted from [14])

These compositional shifts are of particular interest in the heart since it fails to
exhibit a significant ability to regenerate after injury in adult mammals but pos-
sesses this ability during fetal and neonatal development [14, 48-51].

Studies have already begun leveraging this information to alter cardiac progeni-
tor and cardiomyocyte proliferation and maturation [15, 24]. Further elucidation of
the compositional and structural changes within the cECM during development
may identify new microenvironmental triggers critical for these shifts in cell behav-
ior. Ultimately, these types of analysis provide researchers the ability to better study
and engineer cardiac morphogenesis and regeneration for therapeutic purposes.

4.2.3 Alterations to ECM Composition and Structure
Jrom Injury and Disease

In addition to understanding how the cECM is structured in healthy, developing tis-
sue, there is also a need to understand how the matrix changes in response to injury
and disease. For example, it is well established that myocardial infarction leads to
increased fibrosis of the affected area [16, 52]. This scar continues to remodel over
time, leading to thinning of the ventricular wall, excacerbating the injury. Compared
to healthy heart tissue, the cECM from an infarcted region of the ventricle demon-
strates increasing proportions of many components, especially collagens, over time
(Fig. 4.2) [17]. This newly remodeled tissue has different mechanical properties, pri-
marily related to local stiffening, which results in decreased heart contractility [23,
30]. Recent evidence, however, suggests that the increased collagen deposited post-
infarct is weaker at the fiber level than that of healthy tissue [53]. The weaker colla-
gen fibers likely result from a lack of cross-linking, highlighting the role of cECM
structural organization, not just composition, in the diseased microenvironment.
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Fig. 4.2 Composition of rat cECM in response to myocardial infarction. (a) Total collagen content
and (b) percent abundance of cECM components as measured by LC-MS/MS in decellularized
healthy, 1-week post-infarct, and 4-week post-infarct hearts. (Adapted from [17])

A number of other heart diseases have similarly been linked to changes in the
composition of the cECM. Calcific aortic valve disease (CAVD), for example, is
distinguished by significant organizational, compositional, and mechanical altera-
tions to ECM [54, 55]. Among the most established remodeling is a dense collagen
fibrosis in which fibers have become disorganized [54]. Progression of CAVD is
linked to these changes via stiffness-mediated valve interstitial cell activation and
can be considered a product of bidirectional feedback between cells and cECM [56,
57]. Murine models of right ventricular pressure overload (RVPO) have been simi-
larly shown to display significant collagen deposition and hypertrophy versus
healthy hearts in both ventricles [58]. Interestingly, treatment with soluble endoglin,
a matrisomal form of the transforming growth factor beta-1 co-receptor endoglin,
mitigates fibrosis in these same animal models [59].

Adult-onset diseases, however, are not the sole examples of cECM remodeling in
response to disease, and many congenital heart diseases have similarly been identi-
fied. Genetic defects in FBNI, the gene encoding fibrillin-1, has been linked to
Marfan syndrome [20]. Fibrillin plays an important role in the formation of elastin
fibers in multiple organs, including the heart. The most serious cardiovascular com-
plications include dilation of the ascending aorta and mitral valve abnormalities.
Comparison of the cECM composition of patients with hypoplastic left heart syn-
drome (HLHS) has also shown alterations including increased fibronectin and
decreased collagen content [21]. Together these trends suggest HLHS results in a
relatively immature cardiac microenvironment versus normally developed hearts.
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As the interplay between disease and cECM is illuminated, a better understand-
ing of disease pathogenesis can be achieved. These insights will lead to both identi-
fication of the effect of cECM defects on cell phenotype as well as potential targets
for regenerative therapies.

4.3 Modulation of cECM in Regenerative Medicine
Approaches in the Heart

Given that cECM composition and structure are influential in both development and
disease, a logical next step is to explore how these changes can be leveraged as a
tool to return the heart to a young, healthy, regenerative state. The goal of such work
is to utilize parts of the cECM, and ECM in general, as therapeutic molecules [11].
Generally, the components identified as driving development or as part of healthy
cardiac tissue are the most promising in terms of inducing regeneration. Therapies
focus on eliciting cECM remodeling, cardiomyocyte proliferation, or progenitor
cell differentiation to promote better overall cardiac function. The following sec-
tions will address some of the early successes that have employed these
techniques.

4.3.1 The Role of cECM Proteins in Remodeling Post-Injury:
Potential Strategies to Direct Cardiac Tissue Repair or
Regeneration

Numerous studies have been carried out to assess the specific role of extracellular
matrix proteins in the remodeling response following cardiac injury via myocardial
infarction. These investigations often point to important roles for lesser known pro-
teins in stabilizing scar tissue following the onset of remodeling. In studies employ-
ing murine models in which osteoglycin [60], syndecan-4 [61], and SPARC [62]
had been downregulated post-myocardial infarction, increased mortality due to car-
diac rupture was observed as a result of reduced matrix remodeling and maturation.
Contrastingly, genetic knockdown of the cECM component fibulin-2 in mice
resulted in significantly improved survival and preservation of left ventricular func-
tion [63]. Subsequent studies found that fibulin-2 is required for angiotensin
II-induced cardiac remodeling, implicating it as a potential therapeutic target [64].
Another avenue of exploration is assessing the effects of ECM protein overex-
pression on cardiac remodeling. For instance, mice made to overexpress syndecan-
Idemonstrated reduced cardiac inflammation, dilation, and dysfunction in response
to infarct [65]. Administration of elastin-overexpressing rat bone marrow stromal
cells administered post-infarct improved tissue integrity and prevented scar expan-
sion [66]. Finally, in vitro overexpression of cartilage intermediate layer protein 1
(CILP1) has been shown to interfere with fibrotic TGF-f signaling [67]. Evidence
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also suggests that the extracellular protein periostin may promote cardiac regenera-
tion via myocyte proliferation in both murine and porcine models [68, 69], but
results are inconclusive. Other studies have observed that neither overexpression
nor knockout of periostin in mice results in any difference in heart size or cardio-
myocyte number at baseline or after myocardial infarction [70].

That said, research continues to identify promising therapeutic cECM compo-
nents for direct delivery via the study of development and injury. The cardioregen-
erative properties of agrin, a neonatal extracellular protein, were recently elucidated
via the comparison of the cECM of P1 and P7 mice via LC-MS [43]. Once identi-
fied, administration of agrin post-myocardial infarction was found to improve heart
function in mice. Interestingly, agrin was observed to been enriched in P1 cECM
that had been cleaved with matrix metalloproteinase 9 (MMP9), a member of the
gelatinase family of MMPs. This suggests that the remodeling of cECM plays a
crucial role in wound response and proper healing and may also provide future
therapeutic potential.

4.3.2 Modulation of Protease Activity During Remodeling
as a Tool for Cardiac Repair

While the importance of specific ECM proteins in cardiac health and disease has
been explored in detail, another area of investigation that requires further explora-
tion is the role of proteases responsible for ECM degradation (and their inhibitors)
in the overall outcome of post-injury remodeling. A number of studies have focused
on the effects of the major MMPs in cardiac remodeling, most notably MMP9.
Specifically, genetic knockout of MMP9 in murine infarct models demonstrated
reduced collagen deposition and increased cross-linking by lysyl oxidase (LOX),
resulting in reduced ventricular dilation [71, 72]. MMP9 knockout has also been
linked to improved neovascularization post-myocardial infarction in vivo [73].
Treatment with a broad MMP inhibitor has also demonstrated recovery of cardiac
function after injury [74]. Similar studies have been carried out investigating the
role of the tissue inhibitors of metalloproteases (TIMPs) and their role in remodel-
ing. Genetic knockout of TIMP2 [75] and TIMP3 [76] in mice both result in wors-
ened cardiac function post-myocardial infarction related to reduced collagen
accumulation. Additionally, collagen that is deposited within the infarct is markedly
less ordered than that found in wild type mice. Short-term treatment with broad
spectrum MMP inhibitors was able to partially rescue cardiac function in TIMP3
knockout mice [76]. Knockout studies performed with TIMP4 identified increased
mortality after infarct but not pressure overload, highlighting the injury-specific
nature of cECM remodeling [77].

While MMP activity can affect ECM signaling to cells via altered collagen and
LOX expression, an alternative mechanism is through the generation of ECM frag-
ments following protease degradation that are themselves bioactive — so-called
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matrikines or matricryptins [33]. Endostatin, an angiogenesis inhibitor, is derived
from collagen XVIII and was among the first to be discovered in this class of mol-
ecules [35]. Given their relative abundance, additional collagen fragments have
been found to be biologically active via the promotion of wound healing [32] and
progenitor cell recruitment [34]. Similarly, injection of fibroblasts overexpressing
elastin fragments postinfarction into rat hearts mitigated fibrosis and cardiac dys-
function [78]. With a myriad of potential cleavage targets, it is incredibly likely that
numerous undiscovered MMP-liberated cECM fragments also influence the cellular
microenvironment and cell phenotype in the heart. With both direct and indirect
potential to influence disease state, MMPs provide a compelling option for cardiac
repair and regeneration.

4.4 Bottom-Up Versus Top-Down Approaches in ECM-
Based Cardiac Tissue Engineering

Bottom-up design is the process of building from the ground up, investigating and
gaining an understanding of individual elements and adding them progressively to
the final design. In tissue and organ engineering, this process often begins through
the identification of a therapeutic protein, growth factor, or other ECM component
which provides tissue specific instructions for regeneration and remodeling. Once
identified, these molecules can be incorporated within a biomaterial scaffold in an
attempt to mimic the conditions of native tissue. In this approach, a scaffold acts as
the structural base material and the incorporated ECM guides biological remodeling
by the cells [79]. The goal in using a bottom-up approach is to engineer and grow
organs and tissues piece-by-piece, replicating innate structures and biophysical con-
ditions to synthetically yield a functional tissue.

Alternatively, top-down approaches start with a whole-organ or tissue structure.
Often this process begins with the complete decellularization of a tissue, leaving an
ECM structure to be utilized as a scaffold for recellularization with patient-specific
primary cells or differentiated stem and progenitor cells. Rather than building up,
top-down approaches start with a complete material, in this case the cECM, and
modify it into the desired product.

In the following sections, current research approaches to both bottom-up and
top-down ECM-based cardiac tissue engineering will be explored, including 2D,
3D, and whole-organ techniques.
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4.4.1 Bottom-Up
4.4.1.1 Isolation of ECM

Prior to assessing cell response and interaction with ECM-based cues, the proteins,
glycans and sugars must be either synthesized or sourced from existing tissues.
Certain molecules can be synthesized using microbial cultures, such as the glycos-
aminoglycan hyaluronic acid [80], while most others require isolation from a tissue
source, such as collagen [11].

The most commonly used technique to extract matrix components is through a
process of decellularization and subsequent purification [11]. These processes typi-
cally employ the use of various detergents, solvents, enzymes, and mechanical
forces to lyse and remove cellular material and proteins, leaving the insoluble ECM
intact, with numerous protocols having been developed in recent years as have been
previously reviewed [11, 12, 81]. Critically, the method of decellularization has
been shown to influence the quality of the resulting ECM. For example, soluble
matrix components may be lost or altered via degradation from proteases or other
molecular changes [11, 82]. With the variety of methods and techniques available to
generate ECM components for use in tissue engineering approaches, it is important
to consider the benefits and pitfalls of each technique, validating the maintenance of
ECM components of interest for the desired application.

4.4.1.2 2D Platforms for Assessment of cECM on Cardiac Cells
and Tissues

There are several two-dimensional (2D) platforms for assessing the therapeutic
potential of ECM-based molecules in vitro. One of the simplest is to supplement
cell culture medium with specific ECM components and monitor cell response.
Outputs of interest include changes in proliferation, morphology, maturation, as
well as gene or protein expression. While simple, this technique is not physiologi-
cally relevant to all types of ECM components. While matricellular proteins may be
presented to cells in solution, structural ECM components require a more mechani-
cally relevant presentation. When ECM is suspended in a fluid environment, cells
fail to sense mechanical cues other than those provided by the plastic or glass cul-
ture substrate. To overcome this, others have cross-linked ECM components to cul-
ture substrates, seeding cells directly on top of the matrix-bound surface, allowing
for mechanical interaction between the cells and bound ECM [83]. Ultimately, how-
ever, tissue culture-treated polystyrene and glass are not ideal substrates for cardiac
tissue engineering as neither recapitulates the mechanics, primarily stiffness, of
native the myocardium.

To address this concern, tunable, 2D hydrogel substrates are employed to match
specific physiological mechanical properties. These systems can subsequently
be supplemented with ECM components to more fully mimic natural environmental
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signals as compared to stiff plastics and glass. For example, valve interstitial cells
have been shown to be more highly activated when grown on normal tissue-culture
plastic versus poly ethylene glycol (PEG) hydrogels in otherwise identical culture
conditions [84]. These models are also useful in identifying the role of ECM-
compliance on cell response [85]. Commonly, the substrate utilized is
polyacrylamide-based, which allows for a broad range of achievable mechanics by
altering ratios of monomers and crosslinkers [17, 28, 86]. Work from Engler et al.
provides one of the chief examples of this work [28]. Culturing naive mesenchymal
stem cells (MSCs) on collagen-polyacrylamide gels demonstrated that substrate
stiffness alone was able to direct differentiation toward multiple lineages. MSCs on
gels that mimicked the stiffness of native myocardium, approximately 10 kPa,
showed similar morphology and gene expression to C2C12 myoblasts. Analogous
results were also achieved for neurogenic and osteogenic differentiation on softer
and stiffer gels, respectively. Studies with neonatal rat cardiomyocytes on collagen-
polyacrylamide gels demonstrated that myocytes cultured on gels with stiffness
similar to native myocardium induce greater force generation and maturation [27,
871.

These 2D systems have further been utilized to ask questions regarding the inter-
play of substrate mechanics and composition. Specifically, the effect of both indi-
vidual cECM components and full decellularized cECM from varying developmental
stages and disease states has been examined [17, 86, 88]. For instance, the traction
force exerted by MSCs has been shown to be dependent on both the developmental
age of cECM and substrate stiffness [86]. MSCs exerted greater traction forces with
increasing stiffness on gels incorporating fetal cECM but not adult cECM, where
this trend disappeared. Despite their simplicity, 2D platforms have provided valu-
able insight into the role of varied mechanical microenvironments in cardiac
regeneration.

4.4.1.3 Use of Biomaterial Scaffolds: 3D Platforms for Cardiac Tissue
Engineering

In vivo, cardiac cells do not exist in 2D environments but interact with neighboring
cells and ECM in three dimensions. To capture this, researchers frequently intro-
duce three-dimensional (3D) biomaterial scaffolds to mimic normal tissue environ-
ments [89-91]. These systems not only provide more accurate in vitro systems but
provide microenvironmental control for the delivery of cells and drugs in vivo. In
principle, the goal of these scaffolds is to provide a structure which supports cells
mechanically while promoting tissue development using biochemical (e.g., ECM
and growth factor presentation) and biophysical (e.g., porosity, permeability) cues,
with a degradation rate which inversely matches the rate of tissue growth. Thus,
researchers must design scaffolds from synthetic polymers, isolated or synthesized
extracellular matrix components, or a combination thereof to meet these design
criteria [92].
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PEG is among the most commonly utilized synthetic polymers for scaffold cre-
ation due to its non-immunogenicity, branched structure, modifiable functional
groups, and variety of polymerization chemistries [93]. As such, it provides a highly
modifiable platform on which to build biological function for cardiac tissue engi-
neering. Not only can single biological molecules be incorporated, but full cECM-
PEG hybrid hydrogels have been shown to successfully encapsulate cardiac cells
during polymerization, demonstrating their potential for application as injectable
therapies [94].

Synthetic polymers, however, do not provide the only platforms for scaffold
design. Over the last several decades, researchers have begun to leverage natural
proteins in manners similar to synthetic polymers but with the added benefit of
being naturally derived. Given its ubiquity in the ECM, type I collagen is a com-
monly used scaffold for generating engineered cardiac tissues that improve cardiac
function both in vitro [95] and in vivo [96]. Additionally, the immunoneutral ECM
polysaccharide, hyaluronic acid (HA), has been employed extensively for 3D scaf-
fold design due to its chemical flexibility [97]. Stiff, approximately 43 kPa, methac-
rylated HA hydrogels but not 8 kPa soft gels have also been shown to reduce infarct
size and improve cardiac function compared to controls in ovine models [98]. The
protein fibroin, derived from the cocoons of Bombyx mori, has proven to be a simi-
larly flexible scaffold foundation both in vitro and in vivo as has been reviewed
extensively [99-101]. In heart-based applications, anisotropic silk patches with
incorporated cECM has also been shown to improve in vivo vascularization and
maintain functional phenotypes in vitro [102].

Another natural alternative co-opts the polymerization of fibrin, a key compo-
nent in clot formation, to encapsulate and deliver cells. Acellular fibrin delivery
in vivo has itself been shown to improve post-myocardial infarct recovery [103]. As
fibrin is known to stimulate ECM production in cells, the main goal of this biomate-
rial as used in tissue engineering approaches is to serve as a temporary scaffold that
is eventually replaced by cell-derived ECM. Fibrin patches have further been shown
to improve cardiac function via delivery of induced pluripotent stem cell-derived
cardiomyocytes to both rats [104] and pigs [105] after myocardial infarction. The
creation of fibrin scaffolds in vitro further permits the assessment of cardiomyocyte
twitch force [106]. In similar in vitro systems, fibrin scaffold alignment [107] as
well as the developmental age of co-cultured cardiac fibroblasts [108] has been
shown to alter cardiomyocyte contractility. Incorporation of cECM within fibrin
scaffolds of varied stiffnesses was also found to affect cardiac progenitor cell dif-
ferentiation [109]. Thus, 3D synthetic, natural, and composite scaffolds provide
highly customizable platforms with which to leverage and interrogate the cECM.

4.4.1.4 3D Printing

While strides have been made in studying the effects of the cECM in 3D, the manu-
facture of geometrically and structurally complex cardiac tissues has remained elu-
sive. Recent advances in 3D printing technologies have revolutionized our capacity
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for the bottom-up design of biological structures [110]. Unlike the mostly homog-
enous or simple geometries of conventional scaffold designs made by cast molds or
other top-down approaches, 3D printing permits high-resolution precise deposition
of multiple materials. For tissue engineering, these systems employ a multitude of
biocompatible materials with and without cells. Given the variety of structures
found within the cardiovascular system, including myocardium, valves, and vascu-
lature, 3D bioprinting is uniquely situated to aid the manufacture of these structures
[111-113].

Gaebel et al. utilized this high resolution when comparing randomly seeded and
printed cardiac patches containing MSCs and human umbilical vein endothelial
cells (HUVECsS) [114]. Patterned patches demonstrated increased vessel formation
and cardiac function when treating myocardial infarction in vivo. 3D printed myo-
cardium is further augmented by the structured deposition of cECM components
like HA and gelatin [115]. Specifically, cardiac-derived cardiomyocyte progenitor
cells (CMPCs) printed in HA-gelatin patches demonstrated increased cell attach-
ment and cell viability compared to a previous alginate-only system. Additionally,
rats treated with printed HA-gelatin patches with incorporated CMPCs post-
infarction showed a significant reduction in infarct size. More complex bioinks,
consisting of whole decellularized ECM, have been shown to improve myocyte
maturation (Fig. 4.3a, b) [116].
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Fig. 4.3 Examples of 3D-printed structures of various ECM mimics. Geometries can be simples
as demonstrated by (a) heart decellularized ECM (hdECM) only and (b) adipose decellularized
ECM (adECM) in combination with polycaprolactone (PCL) or (¢) more complex half-heart
geometries. (Adapted from [116, 117])
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Larger, non-patch geometries are also of interest to researchers with the goal of
whole-organ printing. Cell-laden alginate-gelatin bioinks have previously been used
to create “half-hearts” [117]. These structures could be subsequently bonded to
form interconnected ventricle structures (Fig. 4.3c). The alginate-gelatin scaffold
mimicked the natural stiffness of native tissue and supported cardiomyocyte beat-
ing, demonstrating the general principles of this technology for larger-scale cardiac
tissue design. Soft biomaterials, however, are still challenging to 3D print due to
their inability to maintain structural integrity. Recent advances have begun to tackle
this challenge by printing directly into a viscous gelatin bath, which can subse-
quently be removed [118]. As these methods are developed, the range of bioinks
available to clinicians and researchers will expand dramatically, furthering 3D bio-
printing’s ability to create critically sized, complex geometries.

With the printing of larger tissues, supporting microvasculature is required to
overcome the in vivo diffusion limit of 100-200 pm for oxygen, nutrient, and waste
transport [119]. The resolution and multi-material nature of 3D printing techniques
mean that it is possible to generate small-scale channels for media or blood perfu-
sion throughout structurally complex engineered cardiac tissues. Successes have
been achieved using multiple methods including sacrificial structures [120-122],
direct printing of hollow vessels [123, 124], and spheroid self-assembly [125, 126].
The potential of bioprinting to combine cECM-like bioinks, multiple cell types, and
high-resolution geometries grants it both the resolution and scalability needed for
full bottom-up cardiac tissue design.

4.4.2 Top-Down
4.4.2.1 Directed Self-Assembly of Cardiac Tissue

In contrast to the bottom-up approaches described above, top-down tissue engineer-
ing focuses on the creation of large structures that can be sculpted into desired
geometries and generate their own microenvironment [79]. Chamber organoids rep-
resent one such method given their self-assembled cECM and simple pump func-
tion. The unique shape of these chambers, such as those created in spherical molds,
has permitted in vitro pressure and volume characterization with both neonatal rat
cardiomyocytes [127] and human-induced pluripotent stem cell-derived cardiomy-
ocytes (iPS-CMs) [128] in response to injury or drug exposure, respectively.
Additionally, the utilization of cell sheets as larger building blocks with which to
create full cardiac tissues of varying geometries has proven to be a fruitful tech-
nique [129-132]. The basic premise of this process is to culture confluent layers of
cardiomyocytes on the thermo-responsive polymer poly(N-isopropylacrylamide)
from which cells will detach in response to cooling. Afterward, sheets can be rolled
or layered into pulsatile tubular structures [129, 130] or multilayer tissues [131,
132]. Both methods of manufacture have shown promise through the generation of
contractile cardiac tissues in vivo from iPS-CMs [130, 131]. Free-standing tissues
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are not the only option for cell-only cardiac tissues design as demonstrated by their
incorporation onto patterned substrates [133]. Geometric confinement of both
embryonic and induced pluripotent stem cells resulted in human cardiac micro-
chambers, which could be assessed for cardiac differentiation and drug response.

Generally, the assembly of full cardiac tissues relies on cell-deposited cECM to
create the appropriate microenvironment. Not only do these approaches still permit
the creation of a variety of geometries via molds and physical assembly, but they bet-
ter represent the normal ECM found in cardiac tissues as compared to minimally
designed bottom-up approaches. Thus, the relative complexity of the cECM compo-
nents present is greater without intricate manufacturing.

4.4.2.2 Decellularization of the Whole Heart

Among the most widely pursued top-down approaches to cardiac tissue engineering
are the decellularization and subsequent recellularization of a whole heart. There
are several key motivations for this method. One primary reason is the ability to
preserve and utilize the overall geometry of the heart, including the atria, ventricles,
and existing vasculature [12]. Additionally, the use of a decellularized whole organ
retains its natural microenvironmental and matrisomal composition. This leaves an
ideal scaffold for engineered organs that cannot currently be recreated via bottom-
up approaches, such as 3D printing, despite their improving resolutions and multi-
material abilities [110, 111]. This is principally because cECM proteins exist
immediately on top of one another within a rich network structure. Thus, in contrast
to decellularization methods employed for bottom-up design, whole-organ decel-
lularization must be designed to preserve the overall shape of the heart. This can be
achieved via the perfusion of detergents through existing vasculature, allowing for
the removal of cellular material with minimal structural damage, the exact method
of which varies [12, 41, 134].

A major secondary concern linked to the use of decellularized ECM scaffolds is
the presence of residual cellular material which could trigger adverse biological or
immune responses [11]. This is particularly concerning for those wishing to utilize
allogenic tissue from either xenogeneic or non-autogeneic sources [82]. Thus, there
has been significant research into optimizing the decellularization process to mini-
mize or eliminate residual immunogenic cellular material while still retaining key
matrisomal components [14, 135]. Moreover, care must be taken to prevent residual
contaminants from the decellularization process itself to remain due to the possibil-
ity of adverse biological responses [11, 12, 136]. These substances are often
removed using additional washing or dialysis techniques [136].

Given the need to preserve the cECM during decellularization, continued
improvement and exploration of new methods are required. Expansion of available
techniques will not only allow for the optimization for currently employed tissues
but permit the expansion of this approach to novel organs and tissues.
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4.4.2.3 Recellularization Techniques, Promise, and Pitfalls

Despite the opportunities provided by decellularized whole organs, this represents
only the first half of whole-organ scaffolds. The process of recellularization, or
seeding cells back into a decellularized scaffold, poses significant challenges in its
own right [12]. Early success, however, has been achieved within the context of
cardiac tissue. The first published full heart decellularization and recellularization
was reported by Ott et al. in which cadaveric rat hearts were perfusion decellular-
ized and subsequently recellularized with cardiomyocytes, fibrocytes, endothelial
cells, and smooth muscle cells via intramural injection [134]. The recellularized
hearts were subsequently maintained for 8-28 days within a perfusion bioreactor
with macroscopic contractions observed by the fourth day in culture. While this
work represents a significant step toward the generation of whole-organ tissue engi-
neering, quantified pump function achieved only a small fraction of that of an adult
heart.

Subsequent work has continued to optimize this type of system in a variety of
ways including the use of human cell sources [41, 137], perfusion reendothelializa-
tion [138], and human-scale scaffolds [41]. Whole-heart scaffolds have also been
employed to probe questions regarding the effects of different cECMs on cardiac
cells [139]. As compared to adult whole-heart cECM, fetal scaffolds showed higher
adherence of cardiac cells, suggesting that fetal microenvironments possess supe-
rior potential for whole-heart tissue engineering.

While advances continue, recellularized whole hearts and other organs are unable
to achieve complete functionality and are limited to several hours in vivo [12].
Currently, the most widely employed methods of recellularization, injection and
perfusion, rely on bulk introduction of cells. The expectation is that cells will then
migrate to their appropriate niche. Given the heterogeneity of cardiac cell pheno-
types (i.e., Purkinje cardiomyocytes) as well as their complex spatial distribution
(i.e., interspersed fibroblasts), this intricacy is difficult, if not impossible, to recreate
using existing approaches. Furthermore, when introduced as a bolus, only the outer
fraction of cells is exposed to cECM signaling.

As these challenges are addressed, assessment of whole-organ function will be
the final benchmark of success [12]. While previous attempts have only achieved a
fraction of adult cardiac function [134, 138, 139], engineered whole hearts will need
to mimic natural tissues in their contractility, conduction, pump function, and drug
responsivity [12]. Ultimately, decellularized hearts represent the most physiologi-
cally relevant microenvironments for cardiac tissues available to researchers to date.
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4.5 Open Questions for Engineering the Cardiac

Extracellular Matrix

Despite the substantial progress made toward understanding and manipulating the
cECM, numerous questions remain. Based on the review above, the most immediate
and promising are outlined here as a stimulus for future research.

What insights can be gleaned from advanced tools (e.g., LC-MS/MS, nonlinear
microscopy) in elucidating the compositional and structural complexity of the
cECM at various developmental stages and disease states?

What is the interplay between changes in cECM composition, structure, and
mechanics in the development and progression of cardiac disease? Can these
insights be leveraged to promote healing and regeneration?

How does the initial cECM microenvironment influence subsequent ECM pro-
duction and cellular phenotype?

For bottom-up approaches, what is the most appropriate cECM blend to induce
a desired outcome (e.g., regeneration or maturation)? What is the minimum com-
plexity required to achieve similar outcomes to whole cECM?

What as-of-yet-untested methods may permit the reseeding of decellularized
organs in a way that maintains the spatial heterogeneity of specialized cell types?
How does the age and health status of donor matrix for whole-heart engineering
alter clinical outcomes? Do certain conditions preclude transplantation?

How do nonstructural components of cECM, including matrisomal proteins,
MMPs, as well as matrikines and matricryptins, influence signaling in normal
and pathological hearts?

4.6 Conclusion

Undoubtedly, the appreciation of cECM as an information storage medium
that influences cardiac development, disease, and regeneration, has grown in recent
decades. By answering the many still unresolved questions regarding cECM and
enhancing the design of microenvironments, significant progress toward leveraging
cECM therapeutically will be possible.
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Chapter 5
Whole Cardiac Tissue Bioscaffolds

Karis R. Tang-Quan, Nicole A. Mehta, Luiz C. Sampaio,
and Doris A. Taylor

Abstract Bioscaffolds serve as structures for cells in building complex tissues and
full organs including heart. Decellularizing cardiac tissue results in cell-free extra-
cellular matrix (ECM) that can be used as a cardiac tissue bioscaffold. The field of
whole-heart tissue engineering has been revolutionized since the 2008 publication
of the first perfusion-decellularized whole heart, and since then, studies have shown
how decellularized cardiac tissue retains its native architecture and biochemistry
following recellularization. Chemical, enzymatic, and physical decellularization
methods preserve the ECM to varying degrees with the widely accepted standard of
less than 50 ng/mg of double-stranded DNA presentin decellularized ECM. Following
decellularization, replacement of cells occurs via recellularization: seeding cells
into the decellularized ECM structure either via perfusion of cells into the vascular
conduits, injection into parenchyma, or a combination of perfusion and injection.
Endothelial cells are often perfused through existing vessel conduits to provide an
endothelial lining of the vasculature, with cardiomyocytes and other parenchymal
cells injected into the myocardium of decellularized ECM bioscaffolds. Uniform
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cell density and cell retention throughout the bioscaffold still needs to be addressed
in larger animal models of the whole heart. Generating the necessary cell numbers
and types remains a challenge. Still, recellularized cardiac tissue bioscaffolds offer
therapeutic solutions to heart failure, heart valve replacement, and acute myocardial
infarction. New technologies allow for decellularized ECM to be bioprinted into
cardiac bioscaffolds or formed into a cardiac hydrogel patch. This chapter reviews
the advances made in decellularization and recellularization of cardiac ECM
bioscaffolds with a discussion of the potential clinical applications of ECM
bioscaffolds.

Keywords Decellularization - Recellularization - Cardiac extracellular matrix -
Heart valves - Cardiac patches - Hydrogels

5.1 Introduction

Cardiovascular disease continues to be the leading cause of death worldwide, with
more patients progressing to heart failure each year [1-3]. Current treatments for
heart failure are targeted at symptomatic improvements, whereas newer investiga-
tive strategies are aimed at repairing injured myocardium or regenerating healthy
myocardium, often via regenerative medicine approaches. Despite recent advance-
ments in the field, few patients regain full cardiac function. Currently, the most
effective treatment for patients with end-stage heart failure is cardiac allotransplan-
tation [4, 5]. However, the list of patients awaiting transplant far exceeds donor
hearts available [6]. Therefore, developing alternative treatments for heart failure
remains a top priority.

One potential therapy is the use of a bioscaffold to replace or support damaged
cardiac tissue. An acellular scaffold could be applied to the surface of the heart to
prevent, or even reverse, dilatation or could be dosed with cells and delivered at the
site of injury to aid in the restoration of lost cardiac cells and promote healing. Ideal
scaffold candidates should be compatible with all cell types found in the heart, pro-
vide mechanical strength as location demands, guide cells to organize properly, and
deliver biochemical cues for appropriate cell function within the heart [7]. These
scaffolds may be sourced from biologic or synthetic materials, each of which has
advantages and disadvantages. Synthetic materials are not always biodegradable
and often lack the characteristics required for vascular and parenchymal cell attach-
ment and infiltration [8] but can easily be crafted into virtually any size or shape.
In contrast, biologic scaffolds — typically derived from extracellular matrix (ECM) —
retain biologic cues necessary for cell migration, alignment, and differentiation but
can be difficult to obtain in a sterile reproducible fashion and generally have
low mechanical strength for cardiovascular application. The focus of this chapter is
biologic scaffolds derived from whole hearts, typically via removal of cells, to yield
the cardiac extracellular matrix (ECM).
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Fig. 5.1 Extracellular matrix compartments: (1) interstitial matrix with fibrillar collagens, elastin,
proteoglycans, and glycoproteins; (2) basement membrane with non-fibrillar collagens and
laminin. Cardiomyocytes attach to the basement membrane through integrins and dystroglycan
(DG). Adapted from: [106]

In its intact state, the cardiac ECM is a complex system that contains a multitude
of structural and nonstructural proteins organized as a meshwork to hold cardiac
cells (myocytes, fibroblasts, cardiac vascular cells, etc.) and to provide specific
biologic cues for their function. The ECM meshwork is comprised of collagens,
elastin, laminin, fibronectin, proteoglycans, and glycoproteins [9—12] that are
arranged into two specific compartments: basement membrane and interstitium
(Fig. 5.1) [13—18]. The basement membrane plays a critical role in tissue function
by facilitating cell-cell communication and organization [19]. It primarily consists
of laminin and non-fibrillar type I'V collagen that serves as an anchor for cells and is
important for cell alignment. Proper cell alignment is especially critical in the heart,
as it is necessary both for cell-cell electrical communication and for productive con-
traction required for adequate pumping [19]. In contrast with the basement mem-
brane, the interstitium is comprised of fibrillar collagens, elastin, various
proteoglycans, and glycoproteins. It underlies the basement membrane and provides
mechanical rigidity to the tissue. The combined cardiac ECM creates a unique envi-
ronment that supports multiple cell types including endothelial cells (ECs), smooth
muscle cells (SMCs), cardiomyocytes, cardiac fibroblasts, neurons, and cardiac
progenitor cells, in a structural arrangement sufficient for proper cardiac function.

The unique architecture of the cardiac ECM is difficult to recapitulate de novo.
Not only is the macrostructure complex, but the microstructure varies with each
cardiac chamber and with the valves. Furthermore, the entire myocardium is
thoroughly vascularized and contains extensive neural and electrical circuits.
Building a solid organ of this complexity via 3D printing, biomaterial chemistry, or
other de novo methods remains difficult to date. Alternatively, some researchers
have focused on deriving ECM-based scaffolds from whole hearts that are not
suitable for transplantation.
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Fig. 5.2 Decellularized porcine heart (right) adjacent to a cadaveric porcine heart

One technique widely under investigation to generate a cell-free scaffold with
native-like 3D architecture is perfusion decellularization of whole hearts where cells
are removed, leaving only the cardiac ECM components. This usually involves the
lysis of cells in some fashion (e.g., freezing, chemical perfusate) followed by vascu-
lar and chamber perfusion to wash out cell debris, leaving behind the ECM as a
scaffold (Fig. 5.2). ECM bioscaffolds would be an ideal candidate for tissue
engineering of a whole heart, in that they can be derived from both xenogeneic
sources [20] and from hearts otherwise not suitable for transplant; they retain the
native vascular conduits and the native ECM macro- and micro-architecture; they
preserve intrinsic biochemical cues (e.g., stereochemistry of the matrix, surface
ligand density) that guide the alignment and orientation of cells seeded onto the
scaffold [21, 22]; and they can theoretically be repopulated using recipient’s cells,
allowing for creation of an autologous organ.

The first successful perfusion decellularization of a whole heart was achieved by
our group in 2008 [23]. We successfully showed that a rat or pig heart could be
decellularized and a rat heart could subsequently be partially recellularized, matured
in vitro, or transplanted in vivo [23]. Since then, the decellularization of whole
hearts has advanced, with new methods and techniques developed to decellularize
and recellularize ECM bioscaffolds. This chapter will define the current approaches
for decellularization and recellularization of whole hearts and discuss methodolo-
gies for utilizing cardiac tissue bioscaffolds.

5.2 Decellularization

Decellularization of heart is carried out by chemical [23-26], enzymatic [27-29], or
physical [30] means with varying degrees of cell removal [31]. Chemical-based
decellularization changes osmotic gradients to initiate cell membrane lysis and
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removal. Enzymatic decellularization cleaves cell membranes, cell-cell attachments,
cell-ECM attachments, or nucleic acid ECM attachments with specific enzymes to
remove cells or cell remnants from the organ. Physical methods of decellularization
use techniques such as tissue freeze-thawing cycles to lyse cell membranes. Each of
these is followed by a cell debris washout either via immersion or perfusion.
Immersion involves the submersion of the organ, with or without agitation, and then
repeated solution changes to remove cellular debris. It can be viewed as an outside-
in wash. Perfusion-based decellularization was developed in the Taylor lab. It is
solution-agnostic, takes advantage of the native vasculature or other tissue conduits,
and is the method of choice for solid, whole organs [23, 32, 33]. In the heart, perfu-
sion is often performed via the aorta in a fashion that allows full perfusion through
the coronary tree.

With any method of decellularization, the primary goal remains preservation of
the native ECM composition, stiffness, and overall structure. However, each method
of decellularization disrupts the ECM to varying degrees, and care must be taken to
minimize ECM damage while also eliminating cellular content. The standard for
determining complete decellularization has been established as follows: (1) less
than 50 ng of double-stranded DNA (dsDNA) per mg dry weight of ECM, (2) less
than 200 base pair DNA length, and (3) no nuclei visible upon staining using either
hematoxylin and eosin (H&E) or DAPI (4',6-diamidino-2-phenylindole) staining
[34, 35]. A summary of decellularization techniques is covered in Table 5.1.

5.2.1 Chemical Decellularization

Chemical-based decellularization reagents are primarily comprised of ionic and
nonionic detergents, acids and bases, and hypertonic or hypotonic solutions. These
chemicals lyse cell membranes and wash out cellular and nuclear materials by
changing osmotic gradients [36]. Detergent-based decellularization has been proven
to be the most effective method for removing cellular content from many tissues but
must be used at low concentrations to reduce the disruption to the ECM ultrastruc-
ture and preserve glycosaminoglycan (GAG) concentrations [37-39]. Sodium
dodecyl sulfate (SDS) is one of the most widely used anionic detergents for cardiac
scaffold generation, as it can effectively wash out cytoplasmic proteins and nuclear
debris from the thick myocardium to a greater degree than other detergents [23, 40].
However, SDS can be difficult to remove from the ECM since it is an anionic surfac-
tant and remains bound to ECM proteins. This leads to further undesired alterations
in the decellularized ECM scaffold biochemistry and structure. Another detergent
often used in conjunction with SDS is Triton X-100, a nonionic detergent shown to
remove cellular contents and to aid in the washout of residual SDS from the ECM
[23, 41]. While Triton X-100 treatment results in a cell-free heart valve, it is less
effective in clearing the myocardium and aortic wall of cellular remnants [29].

Our group previously compared four different chemical-based decellulariza-
tion techniques, including SDS, Triton X-100, enzymes, and polyethylene glycol.
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At that time, we found that a combination of SDS and Triton X-100 was the most
effective for removing cells while preserving the ECM. This technique has been suc-
cessfully carried over into larger-sized hearts, such as a porcine and human hearts
[23-26, 30, 42]. Newer methods incorporated alternative chemical approaches.

5.2.2 Enzymatic Decellularization

Enzyme-based decellularization breaks nucleic acid bonds or cell-matrix
attachments, which can be washed out from the native tissue. Nucleases, such as
RNase and DNase, are used to cleave RNA and DNA into shorter strands and render
the nuclei indistinguishable [43]. Since these nucleases target intracellular contents,
they are often used alongside another decellularization technique, such as high pres-
sure used in physical decellularization, to be effective [34]. Another common
enzyme used in decellularization is trypsin, a serine protease that hydrolyzes pro-
teins at the C-terminus of lysine or arginine, except when either is followed by
proline. Trypsin is often used in cell culture to remove adherent cells from culture
plates [44, 45]. When used in a decellularization protocol, trypsin cleaves peptide
bonds that hold cells to the ECM. Other solutions, such as Triton X-100 or sodium
deoxycholate, then follow the trypsin step to wash out remaining cellular material
from the scaffold [46, 47]. Less common enzymes used in decellularization include
collagenase, dispase, and alpha-galactosidase [34]. Just as was seen with detergents,
enzyme concentrations that are too high or applied for too long can disrupt the ECM
ultrastructure, strip the ECM of GAGs, and remove important glycoproteins such as
laminin and fibronectin [41]. The balance between matrix preservation and nuclear
and cellular clearance must be achieved for the successful generation of a usable
acellular ECM bioscaffold.

5.2.3 Physical Decellularization

Multiple physical methods of decellularizing tissues have been employed such as
agitation, freeze/thawing, and pressure application with supercritical fluids. These
physical methods are typically followed with washing steps to remove any residual
cellular debris. Wainwright et al. published a study that utilized freeze/thaw cycles
for lysing cell membranes as the first step in decellularization [30]. After freeze/
thaw cycles, a combination of enzymes and detergents was used to accomplish full
decellularization of a porcine heart after only 10 h [30]. The freeze/thaw method
thus shortened the total decellularization time by lysing cell membranes prior to
enzymatic and chemical decellularization. Another physical method is agitation, in
which the whole heart is immersed in a decellularization reagent, followed by shak-
ing on a mixer or a stir plate, to physically lyse cell membranes. Immersion decel-
lularization of the whole heart often damages the external surface of the organ by the
time full decellularization of inner constituents is achieved. Agitation helps diffuse
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reagents deeper into thick tissues and, in combination with the perfusion of the
aorta, has effectively decellularized cardiac scaffolds [48].

The application of pressure in conjunction with supercritical fluids such as CO, that
has already been used for smaller tissue pieces could potentially be used to decellular-
ize whole organs. Supercritical CO, has a critical temperature of 31.1 °C and a pressure
of 7.40 MPa, making it a biocompatible solution that does not require copious washing
steps [49]. The fluid and pressure burst open cell membranes and remove cellular con-
tents. Supercritical CO, has not been applied to the whole heart yet, but its success in
other tissues and smaller pieces of the heart makes it a promising decellularization
agent for creating whole cardiac bioscaffolds [49, 50].

Another approach to physical-based decellularization was recently published by our
group, where we found that inversion of a porcine heart during detergent perfusion led
to lower DNA content, higher collagen and elastin content, and higher heart shape
index (Fig. 5.3) [33]. The heart shape index was defined as the ratio of the horizontal
length to the vertical length of the rectangle that fits the anterior view of the decellular-
ized hearts. Since higher inflow rates were necessary to maintain a pressure of 60 mmHg
in the upright perfusion position, the inverted orientation of the heart during decellular-
ization led to less aortic valve damage and improved coronary artery perfusion.
Therefore, this new physical decellularization method appears superior to previously
described methods used for porcine hearts [33].

As demonstrated by the above discussion of various decellularization methods,
none has been accepted as the field or industry standard. Currently, different groups
have practices that differ slightly from each other. Along with different methodologies
comes numerous values for the measure of decellularization efficacy. While most
methods will leave the decellularized scaffold with less than 50 ng/mg of dsDNA per
mg dry weight and no nuclei on histological analysis, the variation from heart to heart
is still controversial [51]. What these differences mean for recellularization and even-
tual application of the scaffold in vivo has not been fully elucidated, but ongoing
research is bringing about new insights into the recellularized ECM bioscaffold.

5.3 Recellularization

Recellularization involves the seeding of vascular, parenchymal, and support cells
into a previously decellularized scaffold. Parameters important for recellularizing
the heart include cell type, cell concentrations, and seeding strategies. The variable
cell composition within the heart presents a challenge when establishing the ratio of
each cell type needed to recellularize the scaffold [52-54]. Research groups have
recellularized murine and porcine hearts with murine or human cells, and a handful
of labs have published results from human hearts recellularized with human cells
[24, 55]. These reports employed different recellularization techniques: perfusion,
direct injection, and a combination of perfusion and direct injection. This section
discusses each recellularization strategy and its application in engineering whole
cardiac tissue from decellularized ECM (dECM). A summary of the recellulariza-
tion techniques covered can be found in Table 5.2.
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Fig. 5.3 Different orientations of the heart during perfusion decellularization affect the decellular-
ization efficacy; inverted orientation (bottom) leads to higher collagen and elastin content, as well
as aortic valve preservation. LV Left ventricle, DA descending aorta, BA brachiocephalic artery,
SDS sodium dodecyl sulfate , PBS phosphate-buffered saline [33]
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5.3.1 Direct Injection

The direct injection of cells into the heart involves using a syringe and needle to
inject cells suspended in media into the area of interest. The use of a needle presents
a concern that the ECM is damaged during the injection process. Additionally, since
cells are injected into one specific location, and migration is often limited, cell den-
sity is not uniform throughout the ECM. In the first published study of a recellular-
ized human heart, 500 million cardiomyocytes derived from human BJ fibroblast
RNA-induced pluripotent stem cells (BJ RiPS) were injected using five intramyocar-
dial direct injections between the left anterior descending (LAD) artery and the left
circumflex artery [24]. Upon histological analysis after 2 weeks, the 5 cm? injection
region of the tissue showed approximately 50% cell repopulation, confirming that
uniform cell density is still lacking after recellularization via direct injection [24].

A shortcoming of recellularizing a scaffold via direct injection is the loss of cells
during the injection, contributing to low numbers of cells observed in the paren-
chyma of the cardiac dECM bioscaffold in various studies [24, 26, 56]. Steps can be
taken to mitigate the loss of cells, such as adding sutures to the sites of injection, as
was done in the recellularization of the human heart; however, full cellularity of the
parenchyma was still not achieved in this study. As functional cardiac tissue requires
enough viable cells for gap junction formation and cardiomyocyte contractility in
the parenchyma, it is critical to have complete cellular coverage in the recellularized
heart. Research is ongoing to develop improved injection techniques for complete
cell coverage of whole heart bioscaffolds.

5.3.2 Perfusion

Perfusion-based recellularization utilizes the native vascular conduits in the heart as
a pathway to deliver cells. Perfusion-based recellularization is accomplished by
cannulating one of the major vessels leading to the heart, most often the aorta, which
allows for access to coronary arteries. Perfusion usually involves two steps: delivery
of the cells where flow occurs followed by a period of “rest” to allow cells to adhere.
The adhesion of cells to the matrix is critical in all recellularization protocols but is
particularly important when perfusion occurs shortly after delivery. If cells are not
allowed sufficient time or provided sufficient conditions to adhere to the ECM, cells
will be “washed out” of the ECM during reperfusion, and incomplete recellulariza-
tion will occur. This loss of cells would therefore result in a need for larger cell
numbers for any recellularization process.

In 2011, Ng et al. cannulated the aorta of a decellularized mouse heart to deliver
human embryonic stem cells (hESCs) and human mesendodermal cells derived
from hESC:s to the vasculature of the heart via perfusion [57]. After the heart was in
static culture for 14 days, researchers found that the stem cells expressed endothelial
cell (EC) markers in the vasculature, suggesting that site-specific cues were retained
in the matrix and contributed to progenitor cell differentiation. In a similar manner,
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Lu et al. repopulated murine hearts with cells from an embryoid body, via retrograde
coronary perfusion [58]. Cells then differentiated within the recellularized dECM
into cardiomyocytes and smooth muscle cells (SMCs), resulting in spontaneous
contractions, new vessel formation, and responsiveness to isoproterenol, a beta-
adrenergic agonist, and E4031, an antiarrhythmic agent. Although contraction
occurred, evidence of arrhythmias suggested the cells were immature and that gap
junction formation between cardiomyocytes was incomplete. These studies pro-
vided further confirmation that the coronary vascular tree is intact after decellular-
ization and can be used to deliver cells to various areas of the matrix.

Due to the unidirectional flow, perfusion recellularization can result in higher cell
density in large vessels that are proximal to the infusion site — upstream of smaller
vessels. Yasui et al. perfused a mixture of 100 million cardiomyocytes, fibroblasts,
and EC antegrade through the coronary tree of a decellularized rat heart [59]. The
variety of cells seeded into the matrix resulted in a nonhomogeneous distribution of
cells, with a higher concentration of cells found closer to large vessels and near
well-perfused vascular beds. However, spontaneous contractions of the heart started
2-3 days after recellularization and continued for the length of the 30-day culture
period, suggesting that although cell distribution was uneven, enough cellularity
was achieved through perfusion to allow the partial formation of gap junctions.

To compare injection and perfusion side by side, Kitahara et al. recellularized
one group of porcine dECM bioscaffolds by injection and a second group by perfu-
sion, using 1.5 x 107 porcine mesenchymal stem cells (pMSCs) in each [26].
Recellularized hearts were then heterotopically transplanted into recipient pigs. The
perfusion-recellularized heart did not show patent coronary arteries during intraop-
erative coronary angiography, as was observed in the scaffold recellularized by
injection. Interestingly, none of the perfused cells were observed in vessel lumens
upon scaffold excision, while thrombi and inflammatory cells were evident in the
parenchyma. Cells already present vs. those recruited into the parenchyma were not
separately identified in the study. The injected pMSCs were seen in the parenchymal
space in clusters and not homogeneously distributed. This observation confirmed
that both methods could be used to revascularize and reseed portions of the cardiac
dECM bioscaffolds, but both result in nonuniform distribution of cells throughout
the matrix when compared directly.

5.3.3 Perfusion and Injection

Perfusion and injection is a combined approach to recellularizing the whole heart,
delivering cells both with a needle into the parenchyma and to both parenchyma and
vasculature via perfusion. Our group routinely uses a combination of perfusion and
intramyocardial injections to recellularize rat and pig hearts [23, 32]. Previously, we
established a closed-circuit retrograde perfusion system through the aorta to infuse
rat aortic endothelial cells (RAECs) directly into the patent aorta of a decellularized
rat heart [23]. Histological evaluation showed adhesion of RAECs on the
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endocardial surface and within the vasculature of the heart. When five injections
containing a mixture of neonatal cardiomyocytes, fibrocytes, ECs, and smooth mus-
cle cells were delivered into the anterior left ventricle, a high degree of cell retention
at injection sites was observed (>80%), which led to cell coupling and electrical
activity propagation. By day 8, the areas of confluent cellularity were about 1 mm
thick, and throughout the thickness of the ventricular wall, cell viability was greater
than 95%. Although a high density of cells was maintained near the injection sites,
density decreased with distance from the needle track.

In another study by our group, rat hearts were re-endothelialized via three differ-
ent methods: direct aortic perfusion of cells, perfusion of cells into the brachioce-
phalic artery (BA), or a combination of venous and arterial cell perfusions through
the inferior vena cava (IVC) and BA; the combination of venous and arterial perfu-
sion resulted in enhanced distribution of endothelial cells within the vasculature. We
found that re-endothelialization of the heart’s vasculature by EC perfusion improved
the contractility of cardiomyocytes injected into the myocardium [32]. This
improved function is not surprising since endothelial cells have been previously
shown to promote cardiomyocyte organization and survival [60]. Along with the
method of delivery (injection or perfusion), the order in which cells are delivered
into the matrix therefore plays a role in their survival and function.

Our findings of improved cell viability and contractility from a combination of
perfusion and injection recellularization have been confirmed in the whole porcine
heart as well. In a study by Weymann et al., 5-6 x 10° human umbilical vein endo-
thelial cells (HUVECs) were first perfused through the aorta, and then five injec-
tions of 8-9 x 10° neonatal rat cardiomyocytes (NRCMs) were injected intramurally
into the anterior left ventricle of the decellularized porcine heart [61]. The recellu-
larized porcine hearts were found to have platelet endothelial cell adhesion
molecule-1 (PECAM-1)-positive cells in the large and small coronary arteries, with
minimal gaps in cell coverage. The seeded cardiomyocytes exhibited intrinsic elec-
trical activity after 10 days in culture, but average recellularization of the scaffold
was 50% around the sites of cell injection and significantly decreased farther away
from the injection sites. The electrical activity of the injected cells, as measured by
multielectrode array, demonstrated that areas of functionality could be achieved in a
large whole organ, but a larger number of cells may be necessary to get complete
cell coverage.

To summarize, successful recellularization of decellularized cardiac bioscaffolds
will require essentially recapitulating a native heart by replacing cells in the vascu-
lature, parenchyma, valves, etc. This will require achieving uniform cell density in
the parenchyma while also promoting vascularization. High cell numbers are
required to achieve complete cell coverage, and this is especially true with larger
human-sized hearts. While direct injection requires the insertion of a needle with a
diameter large enough for cells to pass into the scaffold, this technique allows cells
to be delivered to a specific location in the myocardium. Perfusion-based
recellularization allows cells to reach almost every part of the heart by taking
advantage of the native vasculature and cavities. Order of cell delivery is also impor-
tant, as re-endothelialization of the vasculature prior to parenchymal recellulariza-
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tion increased retention of other cell types and improved function of the organ [23,
32]. Additional studies are required for conclusive statements on the order of recel-
lularization, especially if a progenitor cell type is delivered to whole cardiac
bioscaffolds.

5.4 Clinical Applications and Potential of Cardiac ECM
Bioscaffolds

Clinical applications of decellularized whole heart scaffolds are numerous.
Decellularized and/or recellularized matrices have the potential to replace heart
valves [62], to create cardiac patches [63], or eventually to be used for whole heart
transplantation. In fact, several acellular bioscaffolds have been FDA approved for
use in vivo for cardiac repairs. However, the use of whole cardiac scaffolds is still
being optimized, and several challenges must be addressed for in vivo applications.
Figure 5.4 provides the workflow diagram for creating functional tissues from
dECM matrices for various clinical applications.

Thrombus formation is one of the challenges of using whole cardiac dECM
in vivo. Animal studies have shown that fully decellularized cardiac scaffolds trans-
planted into a pig retained blood vessel diameter and shape, including the right coro-
nary artery [26]. Unfortunately, these dECM scaffolds induced platelet activation,
which led to inflammation and thrombosis formation. Incomplete endothelialization
of scaffolds also induces thrombus formation, so complete endothelial cell coverage
must be achieved for surfaces in contact with blood. Remnants of cellular and
nuclear content in these scaffolds also may induce thrombus formation and inflam-
mation. In addition, decellularization solutions that have not been completely rinsed
out of the scaffold can prevent successful recellularization and engraftment into the
recipient. Thorough cleaning before transplantation must be accomplished and stan-
dardized for decellularized scaffolds to be used widely in vivo.

N~ - In vivo
Decellularization — jeep{ Recellularization ]

Application
* Chemical * Cell type(s) * Valve
* Enzymatic « Cell delivery method(s) * Cardiac Patch
* Physical » Cell concentration » Cardiac Hydrogel

Whole cardiac scaffold

Fig. 5.4 Workflow for creating a functional cardiac tissue from decellularized bioscaffolds.
Important considerations are method of decellularization, optimizing recellularization, and finally
creating a product that matches the desired application
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5.4.1 Heart Valves

A valve homograft from a human cadaver to a human recipient is ideal for
biocompatibility, but the shortage of organ donors is still a problem worldwide. To
address this issue, mechanical and bioprosthetic heart valves (BHVs) have been
used. BHVs from porcine or bovine tissue are FDA-approved valves that have been
sterilized and rendered biologically inactive by glutaraldehyde fixation [64]. One of
the advantages of BHVs over mechanical valves is that anticoagulants are not
required [65]. However, BHV calcification is commonly observed in patients, likely
due to the glutaraldehyde fixation process, increased valve stiffness, and heightened
immune competence of the recipient [66]. A non-fixed decellularized heart valve
could be ideal for recipients to avoid failures associated with both BHVs and
mechanical valves. In vivo studies of decellularized valves recellularized with endo-
thelial cells and myofibroblasts showed no thrombus formation when implanted into
juvenile sheep [67]. In some studies, decellularized valves implanted into sheep
have also seen positive long-term outcomes, where animals were alive 9 months
post implantation with functioning valves [68, 69].

Several decellularized allograft cardiac valves have already been FDA approved.
CryoValve SG® (CryoLife Inc., Kennesaw, GA), the only approved human acellu-
lar pulmonary heart valve, and SynerGraft® (CryoLife Inc.) have both seen excel-
lent long-term success when implanted in humans [70, 71].

5.4.2 Cardiac Patches

A cardiac patch provides necessary support and biochemical cues for restoring car-
diac function for diseases ranging from atrial and ventricular defects to left ventricu-
lar dysfunction. Cardiac patches can be generated in different ways, whether it be a
decellularized bioscaffold, injectable gel, or a printed bioscaffold. Additionally,
these patches may be either acellular or recellularized, sourced from non-cardiac
tissues, and can be formed into various shapes and sizes relevant to the designed
study and therapeutic intervention. Patches may also be from xenogeneic sources, as
these scaffolds have been shown to be biocompatible with human cells, which
allows for further patient-specific customization due to variable wall thicknesses in
different species [78]. Even without cells, an acellular scaffold, derived from cardiac
or non-cardiac tissues, can provide mechanical support to the failing heart, repair
major blood vessels, and promote intracardiac repair.

Bioscaffolds used for heart recovery and repair are not limited to cardiac tissues.
In one study, acellular dermis was used to repair a left ventricular aneurysm [72];
however, cell engraftment was not studied in this patient. Using urinary bladder-
derived ECM, researchers observed spindle-shaped cells in the matrix after 1 month,
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showing a non-cardiac-derived tissue can support cardiac-shaped cells [73].
Furthermore, acellular scaffolds inactivated with chemical treatment still retained
properties that made them a hospitable environment for cells [74].

In other studies, components of the decellularized cardiac ECM were sufficient to
cause an increase in regenerative capacity in vivo. In a cross-species study, zebra fish
hearts were decellularized and lyophilized into a cardiac ECM powder [75]. This
powder was resuspended in saline and applied to a mouse heart with a permanent
ligation of the left anterior descending (LAD) coronary artery. The results of the study
were encouraging as the decellularized zebra fish ECM suspension could enable
endogenous regeneration of the murine heart after acute myocardial infarction.

A few of these matrices have been FDA approved and are currently used in vivo
with positive clinical outcomes. PhotoFix® (CryoLife Inc., Kennesaw, GA), a
bovine pericardium patch, is used for patching vascular structures and intracardiac
repair [76]. Similarly, CorMatrix® (Aziyo, Roswell, GA), derived from porcine
small intestinal submucosa, is used for repairing atrial and ventricular septal defects,
vascular abnormalities, and cardiac tumors [77]. Several other matrices are also in
the pipeline for FDA approval for human use.

5.4.3 Hydrogels

Cardiac ECM hydrogels have recently emerged as a new technology in the field of
regenerative medicine. These gels are created by using a novel method for retaining
the native ECM components by turning a decellularized scaffold into a hydrogel.

5.4.3.1 Injectable Gel

The Christman Group pioneered the technique for forming a hydrogel from decel-
lularized porcine left ventricular myocardium [78, 79]. The majority of the dECM
myocardial gel protocols utilize chemical detergents such as SDS or Triton X-100,
while some groups recently have used supercritical CO, as a method to decellularize
myocardial pieces [80-84]. After the myocardium is decellularized, it is enzymati-
cally digested down using either pepsin in hydrochloric acid (HCI) or acetic acid
(AA) for a period of 48—72 h [85-89]. This digested dECM is then polymerized into
a hydrogel by bringing the solution to physiologic pH and salt concentrations at
37 °C (Fig. 5.5). The mechanical strength of these ECM hydrogels, however, are not
high (<1 kPa), and several researchers have explored methods to increase their
mechanical strength.

To make the ECM hydrogels stiffer, different groups have added materials such
as chitosan, polyethylene glycol (PEG), fibrin, and silk to make a hybrid hydrogel
[89-93]. These materials often bind to the matrix using photo cross-linkers to
polymerize gels. The addition of an inert biocompatible polymer, such as PEG, into
the ECM hydrogel to provide mechanical stiffness has been researched by the
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ECM Suspension ECM Suspension

Decellularized ECM

ECM Digest

n+

Fig. 5.5 Process for the development of extracellular matrix (ECM) hydrogels. After
decellularization, resulting tissue is lyophilized and milled into a fine powder. This powder is then
added to a solution to form a suspension (1, top right) or digested using enzymes to form a hydro-
gel (2, bottom right) [105]

@)
R\

Christman Group [90], where PEG cross-linked gels within 4 min and sustained a
high cell viability. Addition of an inert biocompatible polymer is advantageous, in
that the concentration of the ECM proteins is not disrupted, as would be for collagen
or hyaluronic acid. Different groups have used other cross-linkers to increase the
mechanical strength of these gels; for instance, genipin, a non-cytotoxic naturally
derived chemical from gardenia fruit, has been used to render a hydrogel that has
mechanical properties similar to native cardiac tissue [92]. The hydrogels can also
be delivered in vivo using a catheter and cross-linked in situ with positive results of
maintained cardiac function, no induced arrhythmias, and pro-angiogenic properties
when applied to an area of myocardial infarction [85-88].

Currently there are no FDA-approved ECM hydrogel products, but VentriGel™
(Ventrix Inc., San Diego, CA), a myocardial ECM hydrogel derived from porcine
left ventricles, is currently in a Phase 1 clinical trial and is set to complete in
September 2018 [94]. Although there are limited clinical data on cardiac ECM
hydrogels, this field has a high potential for growth, allowing researchers to take the
lead in developing new applications for clinically viable therapies.

5.4.3.2 Bioprinting

Three-dimensional bioprinting involves the controlled construction of an object
made layer by layer [95]. This allows the user to print objects of any shape and size
for a desired application. Bioprinting is accomplished using different printing
methods such as extrusion-based, ink-jet-based, and laser-based printing [96]. The
inks used with these printers range from synthetic to biologic in origin, known as
a “bioink.” The candidate for a bioink must maintain the desired shape and be able
to withstand the addition of layers during the print process. This ink must also
foster an environment suitable for cellular growth and possibly differentiation.
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ECM hydrogels have been used as bioinks for 3D printing [97, 98] and hold great
promise, as these gels already retain in vivo ECM constituents. As a bioink, ECM
hydrogels can support cell differentiation and survival better than traditional
bioinks, encouraging differentiation to a specific cell type based on the tissue source
[99]. In a comparative study, rat myoblasts showed higher expression of cardiogenic
differentiation genes when cultured on bioprinted cardiac dECM than on collagen
hydrogels, showing evidence that the bioink retains tissue-specific cues [99]. To cross-
link dECM hydrogels for printing, different photo cross-linkers have been researched
such as riboflavin (vitamin b2), a non-cytotoxic alternative to other photo cross-linking
agents [92, 98]. Riboflavin with the ECM alone does not cross-link rapidly but can
produce cytocompatible materials with a mechanical strength similar to native cardiac
ECM [97, 98]. Three-dimensional bioprinting is thus a promising technology, as cus-
tomizable structures may be created. However, an existing limitation is that these struc-
tures must be intricately vascularized to support complex tissues and organs. Further
research and design development is necessary to bioprint whole organs with a vascular
network out of ECM-derived hydrogels.

5.5 Conclusion

Cardiac tissue bioscaffolds continue to be of great interest in the field of regenerative
medicine due to their ability to take various forms — a whole scaffold, cardiac patch, or
hydrogel — along with their numerous therapeutic applications for cardiovascular dis-
ease. New technologies such as cardiac ECM hydrogels hold prospect as a potential
bioink and as an in vivo patch; however, 3D printed structures do not innately contain
vascular conduits, while decellularized matrices do. Decellularization of the whole heart
in 2008 paved the way for whole bioscaffolds to be used in vivo and eventually in clini-
cal trials. As recellularization and other bioengineering technologies improve, the uses
and applications of cardiac bioscaffolds continue to grow. Furthermore, for standardized
manufacturing of these recellularized dECM matrices, guidelines must be established to
manufacture consistently safe and effective bioscaffolds for clinical applications.
Although many unknowns exist before whole cardiac bioscaffolds become a clinical
reality, current research shows tremendous potential. As new discoveries happen every
day, the field moves closer to making whole cardiac bioscaffolds clinically feasible.
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Chapter 6
Natural Sources of Extracellular Matrix
for Cardiac Repair

Keith L. Spinali and Eric G. Schmuck

Abstract Tissue engineering and regenerative medicine have adopted the use of
extracellular matrix (ECM) as a cell delivery device and bioactive regenerative
agent. To this end, many ECMs have been investigated for cardiac tissue engineer-
ing and regenerative medicine applications with variable success. Many sources of
natural ECMs have been tested for cardiac applications. Typically, natural ECMs
have been made from decellularized organs or tissues and processed into either
sheets or injectable hydrogels. This chapter will review natural sources of ECM
materials that have been tested as therapeutic agents in models of heart failure.

Keywords Extracellular matrix - Biomaterial - Scaffolds - Acellular -
Regenerative medicine - Small intestine submucosa - Urinary bladder matrix -
Pericardium - Myocardium - Hydrogel

6.1 Introduction

The prevalence, mortality, and costs associated with heart failure (HF) remain a
significant problem in the United States and worldwide. Despite modern therapies,
it is expected that these statistics will continue increasing. Currently, HF affects an
estimated six million Americans, with an incidence of 915,000 new cases in the
United States every year [1]. By 2030, the prevalence of HF is expected to exceed
eight million Americans [1, 2]. Approximately half of all patients with HF die
within 5 years of receiving the diagnosis [1]. This high rate of mortality has led to
HF being included on 1 out every 9 death certificates in the United States [1]. As of
2012, the annual cost for the direct treatment of HF was $21 billion in the United
States alone [1]. This cost is predicted to increase to $53 billion by 2030 [1].
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Therefore, finding an effective treatment for HF is important for both public health
and economic reasons.

Current treatment options for HF focus on inhibiting maladaptive pathophysio-
logical pathways with a combination of beta blockers and angiotensin-converting
enzyme (ACE) inhibitors; however, these medications are only partially effective in
preventing or reversing ventricular remodeling and are not universally well-tolerated
[3]. Even with pharmacologic intervention, mature cardiac tissue in mammals is not
capable of significant regeneration following injury [4]. Regenerative potential,
therefore, must be provided to damaged myocardium by an external source.

Since 2002, stem cell-based therapies have been tested in clinical trials to treat
heart failure [5]. It was initially thought that stem cells would differentiate into cardio-
myocytes, integrate into the host tissue, and enhance cardiac function [5]. Unfortunately,
further preclinical trials demonstrated that very few stem cells, if any, mature into
cardiomyocytes [5]. Additional studies looked at the ability of stem cells to recruit
endothelial progenitor cells in order to stimulate angiogenesis or vasculogenesis [5].
The findings of these studies suggested that there were not enough endothelial pro-
genitor cells present in the adult myocardium to achieve measurable improvement in
cardiac function [5]. Thus, despite a decade and a half of research, the FDA has yet to
approve a stem cell-based therapy for the treatment of heart failure [5, 6].

In order to augment cell-based therapies, devices made from extracellular matri-
ces (ECMs) and other biomaterials are being developed as delivery systems for
therapeutic cells. These ECM-derived scaffolds, hydrogels, and particulate suspen-
sions, in addition to acting as vehicles for cell delivery, are thought to enhance cell
survival and retention in heart tissue. Frequently, however, significant therapeutic
benefits were observed when these ECM devices were used without cells in post-
ischemic models. These observations have expanded the field of cardiac regenera-
tive medicine to now include therapeutic biomaterials and ECMs.

Historically, ECM was thought to be biologically inert, providing only a physical
support to which cells attached but lacking intrinsic biological activity. It is now
understood, however, that ECM—via biochemical and biomechanical signaling—is
a potent mediator of cellular processes such as proliferation, differentiation, migra-
tion, and survival [7, 8]. ECM-based devices, used as stand-alone therapies or in
conjunction with a variety of cell types, have demonstrated the ability to promote
cardiac tissue repair in murine, leporine, and swine models [9, 10]. A variety of
naturally occurring ECM sources have been investigated—with or without cells—
as an epicardial patch or injected directly into the myocardium as a hydrogel or
particulate suspension. Paracrine signaling occurs between the target tissue and the
therapeutic ECM device that stimulates angiogenesis and myocyte proliferation and
limits or reverses maladaptive postinfarction remodeling [11, 12]. An alternative to
harvesting ECM from animal or human donor tissues is the manufacture of syn-
thetic scaffolds or hydrogels using techniques such as electrospinning and 3D print-
ing. These synthetic matrices can then be functionalized with specific growth factors
or seeded with therapeutic cells. The application of these synthetic matrix-derived
devices has similarly demonstrated an improvement in postinfarction ventricular
function using animal models but will not be the focus of this chapter.



6 Natural Sources of Extracellular Matrix for Cardiac Repair 117

This chapter will provide an overview of natural source-based cell scaffolds and
other ECM-based devices that have demonstrated the potential to stimulate cardiac
tissue regeneration in the published literature. A systematic review was performed
using PubMed in June 2017. Search terms included tissue scaffold, extracellular
matrix, regenerative medicine, repair, and heart failure. Results of this search
yielded 390 papers. Papers that discussed cell sheets, addressed therapies not spe-
cific to heart failure, or focused primarily on the mechanical properties of extracel-
lular matrix were excluded. Forty-five papers met the criteria and will be presented
in the following discussion.

6.2 Small Intestinal Submucosa (SIS)

The clinical use of submucosal tissue derived from the small intestines of pigs,
referred to as small intestinal submucosa (SIS), dates back to the 1960s when
Matsumoto et al. successfully grafted canine inferior and superior vena cava
using various preparations of inverted jejunum [13]. In general, SIS devices are
manufactured by harvesting porcine small intestine and mechanically separating
the organ into its constituent layers (serosa, muscle layer, submucosa, and
mucosa). Once isolated, the submucosa, a layer of connective tissue separating
the muscle layer from the mucosa, is decellularized, lyophilized, and processed
into multilayered patches or powdered and processed into a hydrogel [10, 14].
The main component of processed SIS extracellular matrix (ECM) is collagen
type I, which makes up more than 90% by dry weight, as well as collagen types
III, IV, V, and VI, which are present in much small amounts [15].
Glycosaminoglycans such as heparin, heparan sulfate, chondroitin sulfate, and
hyaluronic acid are present in varying amounts, depending largely on the method
used to decellularized the SIS ECM [15]. Additionally, SIS is reported to contain
proteoglycans and growth factors including basic fibroblast growth factor (bFGF),
transforming growth factor-beta (TGF-f), and vascular endothelial growth factor
(VEGF) (Fig. 6.1) [16, 17].

SIS derivatives are now used in a variety of commercially available products:
CuffPatch™ (Arthrotek, Warsaw, IN); Surgisis®, Durasis®, and Stratasis®
(Cook Biotech, West Lafayette, IN); Restore® (DePuy, Warsaw, IN); and
CorMatrix® and CorMatrix CanGaroo® (Aziyo Biologics, Roswell, GA). In
general, patches made from SIS have a thickness ranging from 0.05 mm to
0.22 mm, with pores varying in diameter from 20 pm to 30 pm [18]. Clinical
applications of these SIS-based technologies include the repair of blood vessels
[19-22], skin [23], rotator cuffs [24], urinary tract [25-29], body wall [30], intes-
tine [31], pericardium [32], and diaphragm [33, 34]. More recently, SIS has been
investigated in cardiac applications such as the repair of right ventricular free
wall defects [35], atrial septal defects [14], and ischemic injury [10, 36-38]. The
use of SIS therapeutics to regenerate infarcted myocardium will be the focus for
the remainder of this section.
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Fig. 6.1 SIS ECM with and without FGF-2 impregnation was tested against a Dacron patch for
repair of a full-thickness myocardial defect repair. SIS-ECM-FGF-2 was showed that the graft was
repopulated with host cells through the entire patch where SIS ECM and Dacron patches were not.
Macro inspection. Intraoperative views (A, E, ), epicardial views at 60 days (B, F, J), endocardial
views at 60 days (C, G, K), and cross-sectional views at 60 days (D, H, L) are demonstrated: A-D,
SIS-ECM-FGE-2 patch. E-H, SIS ECM patch. I-L, Dacron patch. SIS-ECM-FGF-2, small intes-
tine submucosa-extracellular matrix-basic fibroblast growth factor; SIS ECM, small intestine
submucosa-extracellular matrix. (Figure by Tanaka et al. and reproduced with publisher
permission)

In 2013, Toeg et al. used a mouse model of heart failure to test the therapeutic poten-
tial of an injectable SIS ECM to attenuate maladaptive remodeling following a myocar-
dial infarction (MI) [10]. Following ligation of the left anterior descending (LAD)
artery, mice were divided into four treatments and received injections of either phos-
phate-buffered saline (PBS), circulating angiogenic cells (CACs) which were harvested
from bone marrow, SIS ECM, or SIS ECM with CACs [10]. After 3 weeks, mice that
received injections of either the SIS ECM or SIS ECM with CACs demonstrated an
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improvement in left ventricular ejection fraction, though the difference failed to achieve
statistical significance (P = 0.08 for SIS ECM only and P = 0.06 for SIS ECM + CACs)
[10]. A statistically significant (P < 0.001) improvement in the thickness of the poste-
rior left ventricular wall was found in mice that received either the SIS ECM or SIS
ECM + CAC:s injections [10]. Other notable findings that achieved statistical signifi-
cance were reduced scar size after 21 days, increased arteriolar density in the peri-
infarcted regions, and increased expression of f-catenin and GATA4, markers of
cardiomyocytes, in the peri-infarcted regions [10]. It worth noting that the SIS ECM
treatment was as efficacious as the SIS ECM with CACs.

The efficacy of SIS ECM, delivered as a patch, was evaluated in 2014 by Mewhort
et al. [36] Using a rat model of heart failure, this study compared the application of
either (i) a SIS ECM patch enhanced with bFGF, (ii) a SIS ECM patch without
bFGF enhancement, or (iii) a sham treatment consisting of sutures onto the epicar-
dial surface 3 weeks after inducing myocardial infarction via LAD artery ligation
[36]. Sixteen weeks after treatment, echocardiography and pressure-volume analy-
sis were used to demonstrate that treatment with a SIS ECM patch enhanced with
bFGF resulted in improved ejection fraction (P < 0.001) [36]. Both the SIS ECM
patch and the SIS ECM patch enhanced with bFGF resulted in reduced left ventricu-
lar end-diastolic volumes (P < 0.01) and improved left ventricular contractility
(P < 0.05) [36]. The authors noted that immunohistochemistry failed to demon-
strate an inflammatory reaction to the SIS ECM patches but showed that host cells
had migrated into the patch, suggesting that new tissue was being formed in the
infarcted region [36].

In 2016, Mewhort et al. conducted a similar study, this time using a porcine
model of myocardial infarction [38]. After ligating the diagonal branches of the
LAD for 75 min, pigs received either a SIS ECM patch sutured directly to the epi-
cardium overlying the infarcted area or sutures were placed around the infarcted
region in a sham treatment [38]. After 6 weeks, the SIS ECM treatment resulted in
few intrathoracic adhesions (P = 0.003), increased ventricular wall thickness
(P = 0.021), and increased density of capillary vessels within the infarcted region
(P < 0.001) [38]. Significantly, there was no difference between the sham and SIS
ECM treatments in terms of passive pressure distention of the left ventricle, demon-
strating that the SIS ECM patch did not reduce compliance [38].

6.3 Urinary Bladder Matrix

Commercially available decellularized urinary bladder matrix (UBM) has been
used in a number of clinical applications including reinforcement of cardiac [39—
41], urological [42], abdominal wall [43], gastrointestinal tissues, [44] wounds
[45—48], diabetic ulcers [49, 50], healing applications as well as management of
burns [48], hernia repair [43, 51, 52], tissue reconstruction including breast [53],
and skeletal muscle [54]. UBM is most frequently manufactured from porcine blad-
ders but can also be harvested from the human bladder. To manufacture UBM,
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bladders are excised and decontaminated with 10% iodine solution. The bladder is
then mechanically delaminated, separating the detrusor muscle from the lamina
propria and urothelium. The lamina propria is then further decellularized using
established methods. Decellularized UBM has been reported to be composed of
98% collagen(s), 1% extracellular matrix glycoproteins, and 1% proteoglycans
[46]. UBM can be manufactured in sheets for covering surfaces, particulates for
suspension injection and as a hydrogel [55] [56, 57], and are a promising reagent for
cardiovascular applications.

In 2003, Badylak et al. demonstrated the preclinical efficacy of UBM patches
in the repair of heart defects using several animal models [35]. A full-thickness
circular defect that measured 2.5 cm in diameter was created in the anterior wall
of the right ventricle in both pigs and dogs. The defect was repaired using an
acellular sheet of UBM. At 6 weeks, they were replaced by a mixture of vascular-
ized connective tissue, cartilage, adipose connective tissue, and myocardial tis-
sue [35]. Importantly, this remodeled tissue demonstrated spontaneous
contractions with a peak contractile force equal to 70% of the adjacent native
myocardium [35]. A similar study was conducted in 2005 by Kochupura et al.,
this time comparing UBM patches to Dacron patches for the repair of heart
defects [41]. Again, circular defects were created in the anterior wall of the right
ventricle of dogs and repaired with either a UBM patch or a Dacron patch. After
8 weeks, the UBM treatment was associated with significantly greater regional
systolic and diastolic function [41].

In 2005, Robinson et al. compared the efficacy of a UBM-derived patch with
a standard expanded polytetrafluoroethylene (ePTFE) patch in a porcine myocar-
dial infarction (MI) model [58]. Briefly, a circular defect, 2-3 cm in diameter,
was made in the infarcted region 6—-8 weeks after ischemic injury (NCBI 40).
Either a UBM or ePTFE patch was sutured over the defect on the endocardial
surface, and either a UBM or latex patch was sutured over the epicardial surface
[58]. After 3 months, the UBM patches had been replaced by a vascularized,
collagen-rich tissue with numerous myofibroblasts. After 3 months, the ePTFE
patch was found to have stimulated an intense foreign body reaction, necrosis,
and calcification [58].

In 2013, Remlinger et al. compared the efficacy of a UBM patch to a patch made
from decellularized cardiac tissue for closure of a defect in the right ventricle of rats
[39]. Both patches preserved cardiac function, promoted cellular infiltration, and
developed a continuous lining of endothelium on their endocardial surface [39].
Neither patch resulted in fibrotic encapsulation [39]. The authors concluded, how-
ever, that UBM may be a better material for cardiac applications for the following
reasons: cellular infiltration occurred faster in the UBM patch than the decellular-
ized cardiac tissue patch; the UBM demonstrated the presence of cardiomyocytes
with appropriate sarcomeric development, the decellularized cardiac tissue patch
did not; and, by the end of the study, the UBM patch had been completely replaced
by host tissue, whereas the decellularized cardiac patch persisted and had been
incorporated into the host tissue [39].
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6.4 Pericardium

Pericardial tissue has also been investigated as a potential source of ECM for cardiac
tissue engineering. The pericardium is a fibrous sac, composed primarily of collagen
and elastin, that encloses the heart and is not essential for life [9]. Although FDA
approval has been granted for the use of bovine pericardium in artificial valves [59]
and dural grafts [60], a distinct advantage of using pericardium-derived ECM is that
the donor tissue could be autologous, that is, a piece of pericardium could be har-
vested from a patient, processed, and then used in the same patient, thus avoiding
problems associated with using xenogeneic or allogenic tissues [9].

In a 2010 study, Seif-Naraghi et al. demonstrated that both porcine and human
pericardial tissue could be processed into an injectable matrix that gels shortly after
injection into the myocardium [9]. The pericardial tissues were decellularized, char-
acterized by electrophoresis and mass spectrometry, and then tested in mice. The
composition of human pericardial ECM differed from porcine pericardium, but sta-
tistically equivalent results were obtained from in vivo experiments that looked at
arteriole formation after 2 weeks [9]. In vitro migration assays, however, found that
the porcine pericardial matrix was a significantly stronger chemoattractant for rat
epicardial cells, human coronary artery endothelial cells, and rat aortic smooth mus-
cle cells [9]. These two findings suggest that the porous structure of the ECM may
mediate the observed in vivo effects of the pericardial matrix injections [9]. A fol-
low-up study by Seif-Naraghi et al. found that variability in the composition of
pericardial ECM between individual patients did not prevent successful processing
of the ECM into an injectable scaffold [59].

A 2016 study conducted by Géalvez-Montén et al. used a pig model of MI to
assess a patch made from decellularized human pericardium seeded with porcine
adipose tissue-derived progenitor cells (pATPCs) [61]. Following ligation of the
first marginal branch of the circumflex artery, pigs received either the pericardial
patch seeded with pATPCs or acellular pericardial patches [61]. Both patches were
fitted with an electrical impedance spectroscopy monitoring system that allowed
for noninvasive assessment of scar formation, while cardiac function was mea-
sured using magnetic resonance imaging (MRI) [61]. After 1 month, the pigs that
received the patch with pATPCs had larger left ventricular ejection fractions
(7.5% +4.9% vs. 1.4% £ 3.7%; P = 0.038), larger stroke volumes (11.5 mL £5.9 mL.
vs.3.0x4.5mL; P = 0.019), and smaller infarct size (3.4% = 0.6% vs. 6.5% = 1%;
P =0.015). Electrical impedance data showed statistically significant differences
in both impendence magnitude ratio (P = 0.002) and phase angle slope (P = 0.004),
which correlated with altered scar formation and inflammation between the two
treatments [61]. When compared to the acellular patch, histological examination
showed less CD25+ lymphocytes in the pATPCs treatment (P = 0.006) and a lower
collagen I/III ratio (0.49 + 0.06 vs. 1.66 = 0.5; P = 0.019), demonstrating less
inflammation in the pigs treated with the pATPC-seeded pericardial patch [61].
There was no difference between the patches in terms of blood vessel formation
and density [61].
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6.5 Myocardium

As highlighted in the previous sections, a variety of tissue types have been decel-
lularized and processed into patches or injectable hydrogels and tested for their
efficacy in repairing the damage caused by ischemic injury to the myocardium. It
has been postulated, however, that because the composition and spatial organization
of ECM components are tissue-specific, using ECM from non-cardiac tissues may
fail to provide adequate or appropriate signaling to cells in the myocardium [62—
64]. Characteristically, mammalian myocardial ECM is composed primarily of col-
lagen type I (~80%) with lesser amounts of collagen type III (~10%), collagen type
V (<5%), and small amounts of fibronectin, laminin, and elastin. These proteins are
arranged into distinct tissue structures—i.e., endomysial, perimysial, and epimysial
layers—that, in part, confer their biological function [65, 66]. Thus, in order to pro-
vide cardiac-specific biological and mechanical signals, some investigators have
used decellularized myocardial tissue as the source of ECM for potential regenera-
tive therapies.

In 2009, Singelyn et al. demonstrated that tissue harvested from the ventricles of
pig hearts could be decellularized with detergents, lyophilized, and solubilized with
pepsin in order to produce an injectable matrix that forms a fibrous gel at 37° C [64].
In vitro assays found that rat cardiomyocytes could be cultured on the matrix and
that the matrix possessed chemoattractant properties that caused both human coro-
nary artery endothelial cells and rat aortic smooth muscle cells to migrate toward the
matrix [64]. In vivo studies determined that it took as little as 30 min for the matrix
to form a gel after injection into the left ventricle free wall of rats [64]. Histological
examination at 4 h and 11 days postinjection did not show signs of foreign body
reactions, tissue necrosis, fibrosis, or chronic inflammation (Fig. 6.2) [64].

In 2013, Seif-Naraghi et al. published a study looking at the efficacy, biocompat-
ibility, and safety of using an injectable matrix derived from decellularized porcine
myocardium [67]. A pig model was used to assess potential therapeutic effects of
the matrix: 2 weeks following an MI, the pigs received either an injection of the
matrix, saline, or no injection. After 3 months, the group treated with the myocardial
matrix had larger ejection fractions (73.7% =+ 5.3% vs. 43.3% + 7.6%; P < 0.01),
smaller end-systolic volumes (8.1 mL + 1.6 mL vs. 31.9 mL = 5.0 mL; P < 0.01),
and smaller end-diastolic volumes (33.5 mL + 6.2 mL vs. 55.8 mL = 2.8 mL;
P < 0.05) [67]. However, the group treated with the myocardial matrix also had
lower (i.e., better) global wall motion index scores and smaller fractional increases
in infarct size compared to the control group [67]. To demonstrate biocompatibility,
rats were given an intramyocardial injection of either the decellularized porcine
myocardial matrix, a non-decellularized myocardial matrix, or saline. Histological
examination of rat hearts took place at regular intervals from 1 to 112 days and
showed that the decellularized hydrogel was completely degraded by day 28 and
that inflammation had resolved by day 56 [67]. Tissue samples from the groups
treated with saline and decellularized hydrogel both exhibited populations of fibro-
blasts, myofibroblasts, and cardiomyocytes at the site of injection, indicating a
reparative response was taking place [67]. To demonstrate safety, the decellularized
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Fig. 6.2 Myocardial matrix gelation and characterization. (a) At room temperature, the solubi-
lized matrix was a liquid. (b) At 37° C, the myocardial matrix self-assembled into a hydrogel, as
indicated by arrow. Pink media is shown on top as a contrast to the solidified gel. (¢) Scanning
electron micrograph of a cross section of the myocardial matrix gel with nanofibers approximately
40-100 nm. Scale bar is 1 pm. (Figure by Singelyn et al. and reproduced with publisher
permission)

hydrogel was injected directly into the lumen of the left ventricle in rats. Histological
examination of various organs and tissues after 6 h failed to demonstrate signs of
embolization or ischemia [67]. Finally, this study looked at the effects of mixing the
myocardial matrix with human blood and platelet-rich plasma and found no effects
on clotting times or platelet activation [67].

To identify potential mechanisms that underlie the observed therapeutic effects of
myocardial matrix gels, Wassenaar et al. used a rat model of MI and transcriptome
analysis to find cellular processes that are altered by matrix injections [68]. One
week after ischemic injury, rats received injections of either saline or decellularized
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porcine myocardial matrix. Whole transcriptome analysis of the infarcted region and
border zone was then performed at 3 days and 1 week postinjection, with quantita-
tive polymerase chain reaction and immunohistochemistry used to confirm findings
[68]. At 3 days, the myocardial matrix injection was associated with downregulated
apoptosis, upregulated blood vessel formation, and increased cell movement when
compared to the saline treatment [68]. At 1 week, the myocardial matrix injection
was associated with decreased apoptosis, decreased hypertrophy, and increased tran-
scription of genes involved with fatty acid metabolism and mitochondrial biogenesis
[68]. This study included an assessment of cardiac function at 6 weeks post-MI:
hearts injected with the matrix had smaller percent changes in ejection fraction
(P = 0.028) and end-diastolic volume (P = 0.004), higher peak left ventricular sys-
tolic pressure (P = 0.002), and better myocardial relaxation (P = 0.003) and contrac-
tility (P = 0.002) [68].

Another potential application of decellularized myocardium was demonstrated
by Wang et al. in a study published in 2016. Instead of processing myocardial tissue
into an injectable gel, whole rat hearts were decellularized and then cut into sheets
with intact endocardial and epicardial surfaces [69]. The endocardial surface of
each sheet was then seeded with human cardiomyocytes and CD90+ nonmyocytes,
both of which were derived from induced pluripotent stem cells (iPSCs) [69]. Using
a rat model of MI, the myocardial matrix sheets with cells were compared with
myocardial matrix sheets that did not contain cells and with a control group that
didn’t receive treatment. Immediately following LAD ligation, the patches were
applied to the infarcted region, with the cells facing the heart, using a fibrin-based
glue [69]. After 2 weeks, rats treated with the cell-containing patch had significantly
larger left ventricular ejection fractions, higher fractional shortening, and smaller
left ventricular inner diameters in systole and diastole when compared to the acel-
lular patch and no treatment groups [69]. Histological examination after 4 weeks
demonstrated that the infract size was significantly smaller and vascular density
significantly higher in the hearts treated with cell-seeded patch when compared to
the other treatments (Fig. 6.3) [69].

A similar study published in 2016 by Sarig et al. looked at the efficacy of an acel-
lular patch derived from porcine myocardium in both acute and chronic models of
MI in rats [70]. In the acute model, the patches were either sutured or glued onto the
infarcted surface immediately following ligation of the LAD. In the chronic model,
the patches were applied 30 days post-MI, after scar tissue had formed. In both
models, 30 days posttreatment, the patch reduced infarct size, decreased left ven-
tricular internal diameter, and increased cardiac function as measured by fractional
area change, ejection fraction, and fractional shortening [70]. Pathological evalua-
tion of patches demonstrated a time-dependent increase in cells that stained positive
for GATAA4, c-kit, MYLC, and/or Trpl, suggesting that the patches were recruiting
cardiac progenitor and muscle cells [70].

In addition to delivery modality (e.g., patch or injection) and cell content (e.g.,
used as a stand-alone therapy or in conjunction with therapeutic cells), the animal
source of myocardial matrix appears to influence the therapeutic effects of myocardial
matrix-based devices. In a study by Chen et al. published in 2016, myocardial tissue
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Fig. 6.3 Transplantation of the engineered human cardiac patches alleviated left ventricular
remodeling in rat MI model. Representative Masson’s trichrome staining (a) and H&E staining (b)
graphs of dissected hearts in the MI, ECM, and patch group 4 weeks after MI and treatment. (c)
Animals treated with the engineered human cardiac patches showed a significantly reduced infarct
area at 4 weeks after MI (MI: 40.58%, n = 7; MI + ECM: 38.09%, n = 9; MI + Patch: 25.87%,
n = 9). (d) Quantification of left ventricular wall thickness. Data represents mean + SEM.
*P < 0.05, **P < 0.01 versus the MI group; #P < 0.001, *P < 0.05 versus the ECM group. (Figure
by Wang et al. reproduced with publisher permission)

was harvested from zebrafish, an animal whose heart possesses a high regenerative
capacity [4]. Using a mouse model of MI, the efficacy of an injectable gel made from
decellularized mouse myocardium was compared against an injectable gel made from
either decellularized myocardium from injured zebrafish hearts (these hearts under-
went ventricular resection and were thus in the process of regenerating) or non-injured
zebrafish hearts; a saline injection was used as a control [4]. The mice received one of
the injections immediately following an induced MI and were followed for 42 days.
The matrix derived from injured zebrafish hearts demonstrated the greatest therapeu-
tic efficacy as measured by left ventricular fractional area change and ejection fraction
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(P < 0.001); the matrix derived from non-injured zebrafish hearts was more effica-
cious than the matrix derived from mouse myocardium (P < 0.005); and the mouse
myocardium matrix was more effective than the saline control (P < 0.05) [4]. Both
zebrafish-derived matrices were more effective than the mouse-derived matrix in
reducing left ventricle end-diastolic area and end-systolic area (P < 0.005) [4].
Pathological examination demonstrated that the zebrafish myocardial matrix, which
contains neuregulin-1, increased proliferation of cardiac precursor cells and aug-
mented the proliferation of cardiomyocytes, most likely through neuregulin-1-medi-
ated activation of the ErbB2 signaling pathway [4].

6.6 Conclusion and Future Directions

As the field of tissue engineering and regenerative medicine continues to mature so
does the understanding of the role of extracellular matrix in healing and regenera-
tion. It has become clear that extracellular matrix is a key regulator of regeneration
by modulating the immune system, directing stem/progenitor cell homing and dif-
ferentiation, and modulating fibrosis. The use of extracellular matrix as a stand-
alone therapy in cardiac regeneration is currently in clinical trials (NCT02305602),
and one would expect that more will be soon to follow. In addition, exiting new and
evolving technologies continue to grow the available ECM bioscaffolds for cardiac
regeneration applications. These exciting technologies include cell-derived extra-
cellular matrix scaffolds [71], three-dimensional bioprinting using decellularized
ECM [72], and even using plant material such as the spinach leaf as a perfusable
scaffold for tissue engineering [73]. While this review has largely focused on natu-
rally sourced biomaterials for cardiac repair, there are a host of synthetic materials,
many of which can be further functionalized with cytokines and growth factors to
direct healing in the damaged myocardium. While tissue engineering and regenera-
tive medicine have made great progress in the past decade, much work remains to
deliver meaningful and durable solutions to repair damaged hearts. It seems highly
likely that ECM, in some form, will be required to make regenerative therapies for
the heart and other tissues a reality.
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Chapter 7
Cardiac Extracellular Matrix Modification
as a Therapeutic Approach
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Abstract The cardiac extracellular matrix (cECM) is comprised of proteins and
polysaccharides secreted by cardiac cell types, which provide structural and bio-
chemical support to cardiovascular tissue. The roles of cECM proteins and the asso-
ciated family of cell surface receptor, integrins, have been explored in vivo via the
generation of knockout experimental animal models. However, the complexity of
tissues makes it difficult to isolate the effects of individual cECM proteins on a
particular cell process or disease state. The desire to further dissect the role of cECM
has led to the development of a variety of in vitro model systems, which are now
being used not only for basic studies but also for testing drug efficacy and toxicity
and for generating therapeutic scaffolds. These systems began with 2D coatings of
cECM derived from tissue and have developed to include recombinant ECM pro-
teins, ECM fragments, and ECM mimics. Most recently 3D model systems have
emerged, made possible by several developing technologies including, and most
notably, 3D bioprinting. This chapter will attempt to track the evolution of our
understanding of the relationship between cECM and cell behavior from in vivo
model to in vitro control systems. We end the chapter with a summary of how basic
studies such as these have informed the use of cECM as a direct therapy.
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7.1 In Vivo Models to Evaluate Macroscale Function
of cECM

Collagen type I (Col I) is a fibril-forming collagen and the most abundant compo-
nent of cECM with well-described composition-function relationships. Col I is
secreted from cells as procollagen, which contains a triple-helical domain flanked
by non-collagenous propeptides. When the propeptides are removed, the triple-
helical domain can self-assemble into fibrils which are further stabilized by lysyl
oxidase-mediated covalent cross-links between and within the triple helix [1]. The
structure of Col I is the primary means by which strength and stiffness are conferred
to the heart and vascular tissues. If one tracks the density and organization of Col I
in the developing mouse embryo, it increases over time and reaches a peak at day
12.5 in all layers of heart tissue (i.e., epicardium, myocardium, and endocardium)
[2]. The amount of Col I relative to other proteins then drops, allowing the heart to
become more compliant and thus better able to respond to the contractile apparatus
of maturing cardiomyocytes of cardiac muscle [3]. Col I is also important for repair
of heart tissue following disease or injury especially when such a state is accompa-
nied by loss of cardiomyocytes. Cardiac fibroblasts are recruited to compensate for
lost muscle, and they do so primarily by secreting large amounts of Col I. It is not
surprising therefore that mutations in the a2(I) chain impair cardiac development
[4] and also restrict cardiac repair following myocardial infarction [5]. In the vascu-
lature, changes in Col I synthesis can cause vascular abnormalities leading to aneu-
rysms and cerebral artery dissections in patients with abnormal procollagen genes
and to varicose veins where Col I synthesis is upregulated [6, 7].

Collagen type III (Col III) is another fibrillar collagen of cECM which is preva-
lent in tissues which require compliance [8]. Col III forms a more compliant net-
work composed of finer fibers than fibers formed from Col I [9]. Col III is necessary
for normal cardiovascular development, as it colocalizes with Col I and regulates
Col I fibrillogenesis [10]. Knockout mice have shortened lifespans due to rupture of
major blood vessels and abnormal formation of Col I fibrils in the blood vessels and
heart [11]. Mutations on Col III have also been linked to the vascular phenotype of
Ehlers-Danlos syndrome which causes spontaneous arterial dissections, primarily
of medium-sized vessels [12]. The ratio of Col I to Col III is often referenced as a
means to gauge the relative stiffness of cardiovascular tissue with age or disease.
The ratio of Col I to Col III is high in comparably stiff neonatal hearts. The ratio
then decreases for some time after birth until stabilization in adulthood, contributing
to the relative compliance of the adult heart [3]. This ratio is also affected by blood
volume overload as seen during pregnancy where the Col I/Col III ratio decreases to
accommodate the movement of increased blood volume. The decreased Col I/Col
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IIT ratio with pregnancy is reversible postpartum [13]. The reversibility of this
change indicates that ECM homeostasis in the heart is active throughout the lifespan
and that a healthy heart can repeatedly remodel to accommodate major changes in
cardiovascular load.

Col IV is the most abundant component of arterial basement membranes of
cECM [14] and plays a role in both cardiac tissue stabilization and angiogenesis. In
contrast to Col I and Col III, Col IV is a non-fibrillar collagen composed of six dis-
tinct a-chains which assemble to form three heterotrimers alaloa2, a3adas, and
oSa506 [15]. The alala2 and a3adad heterotrimers are essential to cardiac devel-
opment and angiogenesis and dominate in vascular basement membranes. However,
Col IV is not essential to the deposition of proteins in the basement membrane, only
to its integrity. Col IV knockout mice develop until embryonic day 9.5, and base-
ment membrane proteins deposit appropriately in the developing embryos, and the
embryos showed normal organ development and beating hearts. However, the
knockout is lethal in the following days due to structural defects of the basement
membrane, primarily in the vasculature. At embryonic days 10.5-11.5, the Col
IV-deficient mice developed pericardial bleeding and dilated blood vessels, indicat-
ing that although development of the major organs and vasculature appeared normal
at early stages, subtle, likely subcellular differences in the organization of the base-
ment membrane are eventually lethal [16].

Fibronectin is a glycoprotein involved in the regulation of cell adhesion and
which provides tissue mechanical properties by binding of cells to cECM compo-
nents. It is composed of two subunits connected by disulfide bonds. The subunits
contain repeating modules I, II, and III which comprise the functional domains of
the protein [17]. Fibronectin is essential for development and repair of cardiac tis-
sue. Mice that lack the fibronectin gene die in early embryonic development and
exhibit a variety of defects of cardiac and vascular tissues [18]. Mice that lack fibro-
nectin also respond less favorably to cardiac injury due, at least in part, to decreased
proliferation and survival of cardiac progenitor cells relative to wild type [19].
Cardiac progenitors that do survive in this model tend to localize to fibronectin
synthesized prior to induction of the knockout [19]. In vivo studies have also led to
an understanding of fibronectin interactions with integrins. Knockouts of the main
fibronectin receptor, integrin a5p1, led to defects similar to those of fibronectin
knockouts, whereas other integrins which can bind fibronectin, a3p1, a4p1, a8f1,
avpl, avp3, avpo6, and allbp3, lead to less severe defects, which indicates indepen-
dent functions of the fibronectin receptor integrins during development as well as
functional redundancy between fibronectin receptors other than a5p1 integrin [20].
While global knockdown of the oS integrin subunit was embryonic lethal and
showed severe cardiovascular defects, it was difficult to discern the exact implica-
tions for specific cell types. Chen et al. [21] addressed this difficulty by generating
conditional fibronectin knockouts specific to endothelial, smooth muscle, and pha-
ryngeal mesodermal cells. Interestingly, they did not observe defects in vascular
morphogenesis, suggesting that either there is redundancy of production of fibro-
nectin by the cardiovascular cell types tested here or that an alternative cell type is
a potent synthesizer of fibronectin. Indeed, cardiac fibroblasts are a major producer
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of fibronectin in the heart [22] and a likely source of the observed production redun-
dancy of fibronectin in cardiac tissues. Further; the study by Chen et al. [21] did not
examine the effects of conditional knockouts on the development of cardiac muscle,
though the results in the vasculature suggest multiple cell types are capable of con-
tributing fibronectin to the cECM to thereby to support cardiac muscle.

Elastin is the major component in elastic fibers of cECM, which provide elastic
recoil to tissues subject to repetitive stress. It is assembled from its soluble, mono-
meric form, tropoelastin, which consists of alternating hydrophobic and hydrophilic
regions. Elastin has been shown to be essential to proper development of the heart
and vasculature [23]. Mice lacking the elastin gene die a few days after birth due to
aortic stenosis, suggesting elastin in the heart is important not only for chamber and
vessel recoil but also for regulating arterial smooth muscle growth. Artery sections
from patients with supravalvular aortic stenosis caused by mutations in the elastin
gene show an increased number of lamellar units and significant fibrosis, indicating
that the role of elastin includes regulation of ECM synthesis in vessel lamellae [24].
Levels of elastin in the developing mouse heart are low early in development and
peak at embryonic day 16.5 in the myocardium and endocardium, while elastin lev-
els peak later in the epicardium [2]. The dynamic nature of elastin synthesis with
development is likely essential to the changing elasticity of cardiac tissue, which
changes to accommodate additional stresses as the heart grows and develops.
Heterozygous mice which are deficient in elastin exhibit altered arterial morphol-
ogy and cardiac hypertrophy [25]. Further studies in these heterozygous mice have
shown that cardiovascular developmental defects begin to appear at embryonic day
18. The late appearance of cardiovascular defects in these heterozygous mice indi-
cates that elastin is not essential until late in embryonic development, likely due to
an increase in cardiac stresses near birth [23].

Laminins are a family of proteins, which are found in the basement membranes
of vasculature and cardiac tissue. They are composed of one a, one 3, and one y
chain that form a T-shaped heterotrimer. Laminins are named based on the subunits
they contain. For example, laminin 511 contains the o5, B1, and y1 subunits. These
subunits share a common domain structure which contains rod-like domains but
differ in their globular domains [26]. The laminins most commonly associated with
cardiac and vascular tissue are 111,411, and 511. Deletions of the ol chain present
in Laminin 111 are lethal at early embryonic stages, which have made discerning its
exact functions in development difficult [27]. Laminins 411 and 511 are predomi-
nant in vascular basement membranes. Laminin 411 expression is essential to
microvessel maturation and affects deposition of other basement membrane compo-
nents, including Col IV [28]. Laminin 511 expression in vascular basement mem-
branes begins later, about 3—4 weeks after birth, and likely has a role in vessel
maturation [29].

In vivo experiments, primarily via the generation of transgenic mice, have estab-
lished the critical utility of cECM proteins during development and with disease and
their significance for the structural integrity of the heart and vasculature. In particu-
lar, it is clear that each of the primary ECM proteins of the cardiovascular system is
unique in its function in terms of tissue type and developmental time point.
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Conditional knockout experiments have added to that with information to further
delineate cell types involved in matrix synthesis and have revealed details about the
roles of ECM in cardiac development even when global mutations are lethal early in
the embryonic period. These studies have led to a greater understanding of the major
players in the cECM and have established motive for the use of cECM proteins as
therapeutics for cardiovascular disease. However, in vivo studies face the unavoid-
able limitation that one must study the whole organism, which precludes isolation
of the effects of a given ECM component on one organ, cell type, or process which
is essential to understanding the mechanisms by which cECM affects cell behavior
during development, health, disease, and therapy. Understanding these mechanisms
is necessary to the development of more advanced cECM-based therapeutics for
cardiac diseases and for improving patient outcomes. This has led to the advent of
in vitro systems to study the cECM. The central advantage of in vitro studies is the
ability to better distill the interplay of specific cell types with particular matrices to
discern signaling pathways elicited and functional behaviors attained. In vitro stud-
ies allow uncoupling of competing or compensatory factors, which can mask criti-
cal interactions missed in in vivo studies.

7.2 In Vitro Control Systems to Evaluate Cell-cECM
Interplay at the Microscale

First, efforts to break down the interplay between specific ECM proteins and indi-
vidual cardiac cell types involved electrostatic adsorption of ECM proteins to cell
culture plates. Plates coated with individual cECM were used to determine the
attachment of adult and neonatal cardiomyocytes to several ECM proteins. Adult
cardiomyocytes attached most efficiently to laminin and Col IV and bound weakly
to fibronectin. Neonatal cardiomyocytes attached well to Cols I, II, III, IV, and V as
well as to fibronectin and laminin [30]. The difference in adhesion with age is
thought to reflect developmental regulation of extracellular matrix binding via
changes in the affinity of cell surface receptor integrins for the ECM and through
changes in the expression of Col I receptors during development. Fibronectin, lam-
inin 111, and Col I were compared as substrates for the proliferation, attachment,
and differentiation of late endothelial progenitor cells. They were found to attach
more strongly to fibronectin and Col I than to laminin and had higher proliferation
rates on these surfaces. However, significant differences in endothelial differentia-
tion of the cells on different surfaces were not observed, indicating that either these
ECM proteins are not essential for differentiation or that ECM is more important for
differentiation that precedes the endothelial progenitor state or that multiple ECM-
based signals are required in concert [31]. These simplistic studies of single ECM
components led to the study of combinations of cECM proteins in 2D in order to
discern how interactions between proteins influence cardiac cell behavior. When
human pluripotent stem cells were seeded on combinatorial ECMs composed of Col
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IV, Lam 111, and heparan sulfate or Col IV, gelatin, and heparan sulfate, a signifi-
cant increase in CD31 expression was observed over single-factor ECMs [32]. The
study implies that cell behavior is guided through a combination of signals from the
ECM, several of which are required in order to enhance differentiation. Even greater
complexity can be achieved in 2D tissue culture format via the use of cardiac tissue-
derived ECM. A biomaterial sheet prepared from decellularized rat hearts spurred
enhanced cardiac gene expression when compared to cells cultured without the
ECM sheets. However, because the biomaterial was not compared to single ECM
proteins, it is unclear whether the added complexity significantly affects cell behav-
ior. The cardiomyocytes also had higher rates of proliferation and viability on the
naturally derived cECM sheets compared to cells cultured without ECM [33].
Though intriguing, these types of studies need to be coupled to additional experi-
ments designed to determine which element(s) of the ECM are most critical to trig-
ger a desired cellular effect.

As a whole, 2D experiments have provided beneficial insight into the appropriate
culture conditions for cardiac cell types. However, a 2D environment is not physi-
ologically relevant, and in recent years, accumulating evidence has shown that
three-dimensional engagement of ECM in vitro, akin to that experienced in vivo,
gives rise to augmented and sometimes different cellular behaviors than in 2D [34—
36]. Thus, to better recapitulate ECM exposure in tissues, both single and combina-
torial protein approaches have been applied in three dimensions. A polymer
platform, wherein 3D poly(ethylene glycol) hydrogels cross-linked via native
chemical ligation, was used to entrap individual ECM and known combinations of
ECM with induced pluripotent stem cells. The hydrogels formed were compatible
with multiwell plate formats, and so the number of conditions (i.e., different combi-
nations and concentrations of ECM) could be scaled. Then by applying a “design of
experiments” statistical approach to the platform, systematic optimization of the
ECM ratios led to the identification of a formulation of cECM proteins optimized
for cardiomyocyte differentiation. The theoretical formulation was confirmed
experimentally via immunophenotyping and functional analyses [37]. Natural mul-
ticomponent ECMs derived from tissues have also been used in 3D to influence cell
differentiation toward cardiomyocytes. Cardiogel, which is derived from cardiac
fibroblasts, has been shown to control differentiation of bone marrow-derived stem
cells toward a cardiomyocyte phenotype [38]. The components of cardiogel have
been characterized and contain laminins, fibronectin, Col I, Col III, and a variety of
proteoglycans [39]. However, while multicomponent ECM extracted from tissue
can effectively control cell behavior, it is important to note that the composition of
these materials is not well defined and batch-to-batch variability can be difficult to
resolve. Thus, there are plenty of advantages of using natural ECM extracted from
tissue to generate 2D and 3D in vitro models of cardiac tissue, and these include (1)
the inclusion of complex biologic functionalities, even when those functionalities
are not fully understood, and (2) evolutionarily guided periodicity and coordinated
interplay of multiple ECM domains and multiple cellular domains, with (3) resul-
tant sophisticated intracellular signaling that guides remodeling of the ECM and
associated cell behavior. However, it can be difficult to study natural ECM proteins
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because they are difficult to reliably source and they do not all form hydrogels spon-
taneously in 3D necessitating inclusion of gelation platforms.

Advances of the last several decades have led to the identification of some of the
critical motifs of cECM that affect cell behavior. For example, studies utilizing
recombinant ECM have shown that the arginine-glycine-aspartic acid (RGD) bind-
ing domain on fibronectin is highly sensitive to the surrounding synergy residues
and that the GFOGER and GLOGER sites on fibrillar collagens are selective for the
a2p1 and a1P1 integrins, respectively [40, 41]. With this improved understanding of
ECM activity in mind, we are now moving toward the development of artificial
ECM that affects cell behavior. These artificial ECMs typically fall into three cate-
gories: “blank” polymer backbones with added functionality, ECM mimetics, and
modified natural proteins.

Synthetic polymers, often referred to as “blank slates,” can be modified to include
ECM-like domains which add functionality such as cell-binding motifs and matrix
metalloproteinase-binding motifs. One commonly used synthetic polymer is poly
(ethylene glycol) (PEG). PEG hydrogels functionalized with RGD have been used
to direct differentiation of embryoid bodies toward endothelial cells and cardiomyo-
cytes. The addition of the RGD peptides to the PEG hydrogels decreased cell aggre-
gation in the gels and also drove the cells toward endothelium. A reduction in RGD
led to an increase in both cell aggregation and cardiomyocyte differentiation [42]. A
polyurethane elastomer functionalized with RGD, another cell binding domain
YIGSR, and heparin has been shown to reduce platelet adhesion and enhance
attachment of endothelial cells to the surface [43]. An E8 fragment of laminin 411
which represents the C-terminal region of the protein has also been shown to
increase differentiation of human iPSCs toward endothelial cells and could be com-
bined with a blank slate to study endothelial differentiation [44]. The fragment
improves endothelial differentiation over the entire laminin 411 protein, and endo-
thelial cells created this way showed higher expression of genes associated with
vascular development and angiogenesis. Studies using blank slates with added func-
tionality allow for the isolation of the effects of specific domains within either a 2D
or 3D system, which addresses several of the problems with using whole, natural
ECM proteins by creating platforms which allow for gelation to form 3D structures
containing well-defined protein domains. However, creation of these systems
requires an understanding of which protein domains influence cell behavior in the
desired way and can be limited in the inclusion of synergy sites and lack often nec-
essary secondary, tertiary, and quaternary protein structures.

In an attempt to include synergy sequences or molecular structures of cECM,
other groups have attempted to mimic a larger portion of or the entire protein struc-
ture with a peptide-based self-assembly approach. These polymers are intended to
recreate the structural, and sometimes biochemical, complexity of ECM and are
often termed “ECM mimetics.” An elastin-like polypeptide hydrogel was designed
by combining RGD domains with structural, elastin-like domains that contain
repeating hydrophobic residues. A QK peptide that mimics the activity of vascular
endothelial growth factor (VEGF) was grafted to the elastin-like polypeptide to
enhance endothelial cell proliferation. The material also showed outgrowth of the
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endothelial cells from their original colonies, indicating the cells are able to remodel
the material to begin forming 3D structures [45]. Heparin mimetics have also been
used to include VEGF binding ability reflective of the functionality of heparan sul-
fate in the basement membrane [46, 47]. An electrospun poly(E-caprolactone)
material with fiber diameters and arrangement designed to mimic the organization
of healthy cECM was found to promote arrangement of cardiomyocytes and forma-
tion of organized actin/myosin bands compared to fibers arranged to mimic the
ECM of a failing heart [48]. A Col I mimic which forms fibril-like structures and
ultimately a hydrogel have also been created; however, to this point, the mimetic
lacks cell-binding motifs and therefore is unlikely to be of much therapeutic benefit
beyond a structural Band-Aid [49]. ECM mimetics provide well-defined materials
with specific properties and functionalities. However, the majority of cECM mimet-
ics replicate either specific functional domains (heparin-mimetic polymers) or
the microscale structure and arrangement of the cECM (electrospun poly(E-
caprolactone) and collagen mimetic). The elastin-like polypeptide goes one step
further by replicating the structure of elastin and including functional domains.
However, the domains included are nonnative to elastin. The creation of more com-
plex ECM mimetics which incorporate native functional domains, with microscale
structural motifs and associated mechanical attributes that match that of the native
protein complex, is essential to the use of ECM mimetics to study ECM interactions
and for moving these materials toward clinical therapies.

To this point we have discussed the impact of purified cECM components or
synthetic mimics of cECM, but it can also be useful from a basic science and appli-
cations standpoint to couple cECM with synthetic modifications. cECM can be
altered using synthetic components to alter cell or growth factor binding or change
mechanical properties of a scaffold or tissue. Col I can be modified to add nonnative
cysteines, which can interact with a PEG cross-linker to immobilize growth factors.
When the growth factor TGF-f1 was immobilized within a Col I gel in this manner,
the gel induced myofibroblast differentiation [50]. The growth factor immobiliza-
tion is a synthetic way to replicate the natural growth factor binding of the
ECM. These modifications can allow a single component system to harbor multiple
functionalities of the ECM. Synthetic modifications to cECM can also be made to
tune mechanical properties. A cell-derived ECM has been cross-linked with tunable
density using the naturally derived cross-linker, genipin. The material could be
tuned to have an elastic modulus between approximately 1 and 10 kPa, which brings
the stiffness of the material into the range for the neonatal rat heart (4—11.4 kPa).
This cross-linked ECM substrate was supportive of cardiomyocyte differentiation
compared to the uncross-linked ECM [51]. The ability to tune the mechanical prop-
erties of ECM with synthetic modifications addresses one of the major concerns for
the use of natural ECM to study cell-ECM interactions because these modifications
could allow creation of 3D structures with appropriate mechanical properties from
ECM which does not form a hydrogel on its own. This can aid in decoupling of
mechanical stiffness from ECM interactions in ECM studies and provide a platform
for the study of a larger number of natural ECM components.
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The culmination of the basic in vitro studies described above lays the ground-
work for developing ECM-based biomaterials for cardiac tissue engineering appli-
cations on the road to therapeutic tissue replacement. The earliest studies using
ECM for cardiac regeneration in vivo involved the injection of ECM at the site of
injury. Col I injected at the site of myocardial infarction has been shown to improve
ejection fraction following treatment and to reduce scar tissue formation when com-
pared to control animals [52]. A bone marrow-derived ECM has also been injected
into the heart following myocardial infarction. The rationale for the use of bone
marrow-derived ECM was that hematopoietic-derived progenitor cells contribute to
angiogenesis following injury. The injection led to decreased apoptosis and lower
macrophage counts at the infarct border after 7 days. A decrease in the fibrotic area
and increased angiogenesis were also observed [53]. Additionally, several studies
have used cECM as an injectable therapy following myocardial infarction. An
injectable porcine pericardial matrix gel used as a therapeutic was analyzed by mass
spectroscopy to determine the major matrix components in the material. The mate-
rial contained a large number of ECM components, including Col I, Col 1V, and
elastin, as well as a variety of other proteins, primarily collagens. Interestingly, the
matrix did not contain laminin or Col III, both of which are important components
of the cECM. The material increased formation of vasculature and caused infiltra-
tion of c-kit+ stem cells into the infarct region [54]. Intramyocardial injection of
decellularized cardiac ECM has also been shown to increase left ventricular wall
thickness and improve heart function following myocardial infarction [55]. Injection
of ECM for cardiac repair following myocardial infarction has shown the power of
the ECM in cardiac regeneration. However, injection of ECM does not allow for the
creation of organized ECM structures, and these therapies did not demonstrate
recovery of cardiac muscle mass, which will be essential for full recovery following
cardiac muscle damage.

One potential means to recover cardiac muscle mass is to incorporate cells into
materials used for cardiac repair as a means to engineer new tissue. A decellularized
cardiac ECM has been used as a scaffold for cardiac tissue repair. The scaffold was
seeded with cardiomyocytes, fibroblasts, and mesenchymal stem cells in separate
studies with good cell viability. Cells also showed elongated morphologies, and
scaffolds seeded with cardiomyocytes began to beat synchronously after a few days
of culture on the scaffold [56]. There can also be difficulties using only native ECM
as a scaffold for tissue repair because natural cECM forms a soft hydrogel (storage
modulus around 100 Pa) in comparison to native myocardium [57]. This mismatch
in mechanical properties can mean cells seeded in the material are receiving mixed
signals from the ECM and material mechanics, which can alter cell behavior. The
softness of the gel can also make it difficult to secure to the epicardial surface, and
it is likely to break down under the stresses of cardiac muscle contraction or blood
flow. The native ECM has also been combined with fibrin to enhance stiffness and
associated manipulation of the scaffold for therapy. The resulting gel was shown to
have mechanical stiffness spanning the range of native myocardium (32—46 kPa)
with the capacity to promote differentiation of cardiac progenitor cells isolated from
pediatric patients with heart defects toward cardiomyocytes [58, 59].
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Organization of cardiomyocytes prior to therapeutic transplantation might also
be facilitated by cECM. One method, which has been used to attain this goal, is 3D
bioprinting. Bioprinting allows for the controlled deposition of materials and has
the potential to create more organized ECM-based structures. A decellularized
ECM bioink has been used to print a cell-laden structure which supports cell viabil-
ity and improves cardiac differentiation over a Col I control scaffold using an extru-
sion printer [60]. The viscosity and associated printability of decellularized cECM
have been improved through vitamin B12-based photocross-linking. This approach
allowed for the decellularized ECM to be printed with high fidelity using an extru-
sion bioprinter and for the final mechanical stiffness of the construct to match those
of native myocardium. The final construct supported cardiac progenitor cell prolif-
eration and improved cardiomyocyte differentiation [61]. However, most extrusion
printers are not capable of creating structures with features at a scale that can be
discriminated by cells (i.e., I-100 microns). A multiphoton-based 3D printing sys-
tem has been developed to print an ECM-based tissue patch for cardiac regeneration
with submicron patterning. The scaffold was then seeded with cardiomyocytes,
endothelial cells, and smooth muscle cells in a 2:1:1 ratio. The submicron scale pat-
terning of the patch replicated the pattern of fibronectin expression in the native
heart and created channels into which the cells quickly settled, providing organiza-
tion for the tissue and smooth propagation of electromechanical signals across the
patch. The patches were implanted in mice following myocardial infarction, and the
treated mice showed improved cardiac function, smaller infarct size, and vascular-
ization of the infarct region [62]. These bioprinted structures for myocardial repair
show the potential of the method to create structures with improved organization of
ECM-based materials and to improve outcomes following myocardial infarction.
However, the majority of these structures are thin patches, which limit the efficacy
of the structures in promoting full thickness repair of tissue.

Vascularization of tissue grafts for myocardial repair is a major challenge for
moving from the creation of thin patches to larger structures. For the creation of
large vascularized structures, acellular vessels have been used to create vascular
grafts. These include a decellularized fibrin graft which has been implanted into
sheep and showed graft endothelialization [63] and a decellularized vessel created
by culturing human vascular smooth muscle cells on a biodegradable polymer
which has reached clinical trials [64]. However, ECM- based vascular grafts con-
tinue to face challenges, particularly balancing the need for cross-linking with cal-
cification in vivo. This calcification occurs partially due to the use of chemical
cross-linkers like glutaraldehyde, which can have toxic effects. However, the use of
natural cross-linking agents including genipin and procyanides has been shown to
inhibit calcification of vascular grafts [65]. The creation of larger-scale vascular
grafts using ECM has proven the potential of ECM as a material for the creation of
vascular channels. However, it is important to note that the creation of thicker engi-
neered cardiac tissues will not only require creation of larger channels for perfusion
but also the creation of complex vascular networks. This subject is under develop-
ment by several groups globally and has been well-reviewed [66-68]. Successful
creation of vascularized thick tissues will promote the development of even larger
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cardiac tissue structures, perhaps even a cardiac graft in the distant future. Though
far off, efforts have already been initiated to use 3D printing to create complex bio-
logical tissues including cardiac tissues. An embryonic chick heart has been printed
using a soft bioink (alginate) with the support of a gelatin slurry. The structure
showed open internal chambers with complex architecture, an advantage of this
printing method [69]. However, while the material used to print this structure is a
soft material with a modulus of <100 kPa, the material is not able to support cell
growth or differentiation and cannot be remodeled by cells. So, while the ability to
print soft materials in complex structures is a major advance toward printing viable
cardiac tissues, modifications will be required in order to incorporate cells into these
complex structures.

7.3 Concluding Remarks

The essential role of cECM in supporting tissue structure and dictating cardiac cell
behavior creates opportunities for a wide range of engineered ECMs, which might
ultimately be used to therapeutic effect. Indeed the development of cECM-based
clinical therapeutics for the treatment of cardiac and vascular disease is well under-
way. Proposed therapeutics range in complexity from cell-free scaffolds to thick,
vascularized structures. Whether and to which extent these approaches will see sig-
nificant clinical impact is yet unknown. There are many critical factors that, if not
addressed, will limit clinical success, and most of these — including batch variation
of natural cECM, compliance mismatch of engineered cECM with cardiovascular
tissue, cellular disorganization in engineered cECM, and poor vascularization of
thicker cECM-based tissues — have been addressed in this review. Many of these
critical factors might be surmounted with a better understanding of the signaling
pathways that link integrin engagement of cECM to effector outcomes. We know
that focal adhesions or costameres (in the case of cardiomyocytes) are formed with
integrin engagement and that these are primarily linked to functions of the cytoskel-
eton. But the mechanisms by which engagement of different integrins yields varied
behavioral outcomes linked to the action of the cytoskeleton (e.g., adhesion, prolif-
eration, migration) are underexplored. Also underexplored are cECM-triggered sig-
naling pathways that may begin with integrin engagement but bypass cytoskeletal
components; chief among these is stem cell differentiation.

There is now clear evidence from our group and the work of others that stem cell
maturation and differentiation and their respective normal function are critically
dependent on the temporal and spatial specification of cECM during developmental
[70] and with ex vivo stem cell culture [71-77]. As one of many examples, meso-
derm specification has been linked to a581 integrin activation. Engagement of this
integrin by ECM (especially laminin 511/laminin 111 and fibronectin) modulates
BMP4 expression, which together with Wnt, fibroblast growth factor, and trans-
forming growth factor-f/nodal/activin signaling mediates this differentiation [77]. It
has also been shown that peptide activation of this integrin can drive osteogenic
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differentiation of mesenchymal stem cells via the Wnt/p-catenin pathway activated
via PI3K/Akt signaling [78]. In addition, engagement of fibroblast-derived ECM
via f1, o2, and o3 integrins in human embryonic stem cells has been shown to
activate the Wnt/p-catenin pathway via the MEK-ERK pathway, which drives endo-
derm differentiation [79]. Finally, fibronectin/integrin B1/ beta-catenin signaling
was shown to promote the emergence of mesoderm from induced pluripotent stem
cells. This study was the first to establish a direct link between elements of the focal
adhesion, namely, integrin-linked kinase (ILK), with GSK3f [80], the primary
antagonist of f-catenin, and all of this seemingly untethered to cytoskeletal dynam-
ics. We predict that cECM-based therapeutics that tap our growing understanding of
cECM-linked signaling pathways will better control cell behavioral outcomes and
lead to significant clinical benefit (Figs. 7.1, 7.2, and 7.3).
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Embryo resomtion Variety of cardiac LN < tered arterial morphol
due to basement and vascular Hecnatel lethally and cardisc hypertrophy
membrane defects defects due to aortic stenosis
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Age
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defects of major blood aneurysm, altered
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Fig. 7.1 Timeline showing the lethal age of cECM and integrin mutations. Laminin al —/— is
lethal at embryonic day 7.5, and the embryo is resorbed due to defects of the basement membrane
[81]. a5p1 integrin —/— is lethal at embryonic day 8, and embryos show a variety of cardiac and
vascular defects. The image compares a wild-type embryo to a knockout embryo at embryonic day
8 [20]. Fibronectin —/— shows similar defects to the a5p1 integrin —/— and is lethal at embryonic
day 8.5 [18]. Col IV —/— is lethal at embryonic day 10.5-11.5 due to pericardial bleeding (shown
in the image) and rupture of major blood vessels [16]. Elastin —/— is lethal in the neonatal period
due to aortic stenosis, which is shown in the image [24]. Col III —/— leads to abnormal cardiac
development and the rupture of major blood vessels after birth [11]. The image shows a dissecting
aortic aneurysm due to the defect. Elastin —/+ heterozygotes show less severe defects than the
knockouts but still have altered arterial morphology and show an increased number of elastic
lamellae compared to normal animals [82]. Defects in Col I lead to a variety of vascular abnormali-
ties and can affect cardiac repair following injury [83]. (Image components from Servier Medical
Art [84])
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3D Critical Insights

ECM proteins can guide differentiation toward
cardiac cell types
Appropriate culture conditions for cardiac cell types
in 2D and 3D
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Fig. 7.2 Schematic of in vitro systems for studying the effects of cECM on cell behavior. 2D
systems include coating with natural ECM, tissue-derived ECM, isolated ECM functional domains,
and synthetic ECM. 3D systems have incorporated natural and tissue-derived ECM as well as
functional domains and synthetic ECMs. Each of these systems has provided distinct insights into
the functions of the cECM. (Image components from Servier Medical Art [84])
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Improvement of cardiac function

Lack organization of ECM and recovery of
cardiac muscle mass.

(Neutaetal, Raviet al, Seif-Naraghietal &
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(Singelyn & Christman)
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Fig. 7.3 Schematic of cECM used for cardiac therapy. Injected ECM has shown improvements in
cardiac function but lacks organization and recovery of cardiac muscle mass [52-55, 85]. cECM-
based cardiac patches incorporating cells have been shown to create synchronously beating struc-
tures [56]. However, modifications to natural ECM are typically required in order to match native
tissue mechanical properties [57], and these structures still lack the organization of native tissue.
Organized ECM structures have been created through 3D printing modalities and have led to
improved cardiac differentiation [60] and mechanical properties [61]. 3D-printed tissues have also
been created with micron-scale resolution and tissue organization [62]. Thickness of these tissues,
as well as of more complex heart structures is limited by vascularization. However, a whole 3D
printed embryonic chick heart has been printed with a soft biomaterial but is not yet able to support
cells [69]. (Image components from Servier Medical Art [84])
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Chapter 8
Extracellular Matrix for Myocardial
Repair

Check for
updates

Jenna L. Dziki and Stephen F. Badylak

Abstract Multiple strategies have been investigated to restore functional myocar-
dium following injury or disease including the local administration of cytokines or
chemokines, stem/progenitor cell therapy, mechanical circulatory support, pharma-
cologic use, and the use of inductive biomaterials. The use of xenogeneic biologic
scaffolds composed of extracellular matrix (ECM) has been shown to facilitate
functional restoration of several tissues and organs including the esophagus, skele-
tal muscle, skin, and myocardium, among others. The present chapter describes the
current understanding of specific components of biologic scaffolds composed of
ECM, the mechanisms by which ECM bioscaffolds promote constructive cardiac
remodeling after injury, determinants of remodeling outcome, and the versatility of
ECM as a potential cardiac therapeutic.

Keywords Extracellular matrix - Decellularization - Macrophage - Heart valves -
Cardiac patch - Whole-organ engineering - Hydrogels

8.1 ECM Bioscaffolds: Mother Nature’s Template

The heart has minimal inherent regenerative capacity after injury, making its func-
tional replacement after damage a challenging task. Though the field of transplant
surgery and the development of pharmacologic and mechanical treatments for heart
disease have made significant strides, a critical need remains for effective strategies
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to reconstruct or replace functional myocardium following injury. The fields of
developmental biology, immunology, and tissue engineering/regenerative medicine
have identified the extracellular matrix (ECM) as a powerful regulator of cell behav-
ior, tissue homeostasis, and tissue and organ replacement in times of need [1-3].
The ECM consists of the structural and functional molecules secreted by resident
cells, forming the ultrastructure and microenvironmental milieu of each tissue and
organ. Logically therefore, biomaterials composed of the ECM represent a favor-
able inductive template to facilitate functional and constructive tissue remodeling
following disease or injury by providing the appropriate microenvironmental milieu
within which cells can maintain normal function. When appropriately decellular-
ized and processed, ECM bioscaffolds retain the necessary structural and bioinduc-
tive cues to guide appropriately timed innate immune activation and phenotype
transition [1-3], endogenous stem/progenitor cell chemotaxis [4—6], proliferation
[7], differentiation [8, 9], innervation [4, 10, 11], and ultimately functional and con-
structive remodeling in multiple preclinical and clinical applications (Table 8.1,
noninclusive list).

8.2 Mechanisms of Constructive Remodeling Mediated
by ECM Bioscaffolds

8.2.1 Degradation and Release of Bioactive Constituents

The matrisome consists of a diverse and extensive inventory of structural and func-
tional molecules. With current advances in genomic and proteomic technology and
accumulated knowledge of the components of the ECM, a comprehensive molecu-
lar profile with associated functional attributes is within reach [12]. The ECM con-
tains hundreds of constituents including collagens, glycoproteins, proteoglycans,
ECM-modifying enzymes, ECM-binding growth factors, matrix-bound nanovesi-
cles, and other ECM-associated proteins, most of which have a necessary or sur-
vival function [13]. The specific functions mediated by each ECM component are
almost certainly dependent upon factors such as anatomic location and physiologic
status (e.g., homeostasis vs. injury response) and are dependent upon release or
exposure during matrix degradation. During normal physiologic processes, ECM is
constantly degraded and replaced by the resident cells. Importantly, when the ECM
is isolated and used as a biomaterial, it will rapidly degrade upon implantation and
release these bioactive constituents. The degradation process is initiated immedi-
ately after in vivo implantation and is a necessary process to influence cell behavior
and the downstream remodeling outcome [14, 15]. Degradation is mediated primar-
ily by macrophages, one of the first responding innate immune cells to an implanted
ECM biomaterial.

When properly prepared (i.e., when thoroughly decellularized and when chemi-
cal crosslinking agents are not utilized), the mechanical strength of the ECM
bioscaffold diminishes as it degrades but is quickly followed by an increase in
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Table 8.1 Preclinical and clinical applications of extracellular matrix bioscaffolds

Preclinical applications

Clinical applications

Application Report Application Report
Stroke Ghuman et al. ECM Gingival Gholami et al. Comparison
hydrogel for the treatment | recession of the clinical outcomes of
of stroke: characterization connective tissue and
of the host cell infiltrate. acellular dermal matrix in
Biomaterials. 2016 combination with double
papillary flap for root
coverage: A 6-month trial.
Dent Res J. 2013
Temporomandibular | Brown et al. Inductive, Facial Leventhal et al. Static
joint disk scaffold-based regenerative | reconstruction | facial suspension with
degeneration medicine approach to Surgisis ES (enhanced
reconstruction of the strength) sling.
temporomandibular joint Laryngoscope. 2008
disk. J Oral Maxillofac
Surg. 2012
Spinal cord injury Tukmachev et al. Injectable | Rotator cuff Dopirak et al. Arthroscopic
extracellular matrix repair total rotator cuff
hydrogels as scaffolds for replacement with an
spinal cord injury repair. acellular human dermal
Tissue Eng Part A. 2016 allograft matrix. Int J
Shoulder Surg. 2007
Ventricular wall D’Amore et al. Bilayered | Esophageal Badylak et al. Esophageal
cardiac patch polyurethane — neoplasia preservation in five male
extracellular matrix cardiac | resection patients after endoscopic
patch improves ischemic inner-layer circumferential
ventricular wall remodeling resection in the setting of
in a rat model. superficial cancer: a
Biomaterials. 2016 regenerative medicine
approach with a biologic
scaffold. Tissue Eng Part
A. 2011
Small intestine Shaffiey S et al. Intestinal | Breast Butterfield et al. 440
replacement stem cell growth and reconstruction | consecutive immediate,

differentiation on a tubular
scaffold with evaluation in
small and large animals.
Regen Med. 2016

implant-based, single-
surgeon breast
reconstructions in 281
patients: a comparison of
early outcomes and costs
between SurgiMend fetal
bovine and AlloDerm
human cadaveric acellular
dermal matrices. Plast
Reconstr Surg. 2013

(continued)
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Preclinical applications

Clinical applications

Liver regeneration

Hammond et al. Scaffolds
containing growth factors
and extracellular matrix

Mitral valve
replacement

Gerdisch MW et al.
Clinical experience with
CorMatrix extracellular
matrix in the surgical
treatment of mitral valve
disease. J Thorac
Cardiovasc Surg. 2014

Inflammatory bowel
disease

Keane et al. Restoring
mucosal barrier function
and modifying macrophage
phenotype with an
extracellular matrix
hydrogel: potential therapy
for ulcerative colitis. J
Crohn’s and Colitis. 2017

Cardiac patch

Dharmapuram et al.
Preliminary experience
with the use of
extracellular matrix to
augment the native
pulmonary valve during
repair of tetralogy of
Fallot. World J Pediatr
Congenit Heart Surg. 2017

Digit tip injury

Agrawal et al. Epimorphic
regeneration approach to
tissue replacement in adult
mammals. Proc Natl Acad
Sci U S A. 2010

Volumetric
muscle loss

Dziki et al. An acellular
biologic scaffold treatment
for volumetric muscle loss:
results of a 13-patient
cohort study. Nat Regen
Med. 2015

Cartilage

Benders et al. Extracellular
matrix scaffolds for
cartilage and bone
regeneration. Trends
Biotechnol. 2013

Ventral hernia
repair

Kissane et al. A decade of
ventral incisional hernia
repairs with biologic
acellular dermal matrix:
What have we learned?
Plast Reconstr Surg. 2012

Ligament-bone

Liu et al. Biomimetic
tendon extracellular matrix
composite gradient
scaffold enhances
ligament-to-bone junction
reconstruction. Acta
Biomater. 2017

Vascular patch

Ladowski et al. Ann Vasc
Surg. Retrospective
analysis of bovine
pericardium (Vascu-Guard)
for patch closure in carotid
endarterectomies. Ann Vasc
Surg. 2011

Compartment
syndrome

Daly et al. A rabbit model
of peripheral compartment
syndrome with associated
rhabdomyolysis and
regenerative medicine
approach for treatment.
Tissue Eng Part C
Methods. 2011

Diabetic ulcers

Lecheminant J. Porcine
urinary bladder matrix: a
retrospective study and
establishment of protocol.
J Wound Care. 2012




8 Extracellular Matrix for Myocardial Repair 155

strength as a result of deposition of site-appropriate tissue [16]. Rapid in vivo deg-
radation of these bioscaffolds also minimizes a foreign body reaction, a common
host immune response to many nondegradable synthetic biomaterials and chemically
crosslinked ECM biomaterials. Lack of ECM degradation may result in fibrous
encapsulation and lack of integration with surrounding tissues [14, 17, 18].
Commonly used xenogeneic tissue heart valves, for example, are often crosslinked
with glutaraldehyde, purportedly to mask antigenicity and obviate the need for
decellularization. However, glutaraldehyde crosslinking is associated with structural
alterations and calcification that are detrimental in the long term [19]. In contrast,
ECM bioscaffolds that are not chemically crosslinked avoid the foreign body
response and promote a favorable activation state of the immune system and
constructive downstream remodeling [2, 14, 20-25]. As the ECM degrades, the
bioactive constituents are gradually released and promote stem cell migration,
proliferation, and differentiation [4, 5, 26, 27] and formation and/or release of
antimicrobial peptides [28] and influence the host immune response toward a
constructive and healing phenotype [2].

8.2.2 Activation and Phenotypic Transition of Macrophages

ECM scaffold degradation is mediated primarily by macrophages [14]. Historically,
much effort has been focused upon evading or suppressing the immune system,
particularly in the case of xenogeneic implants, for fear of immune-mediated
rejection [29-31]. It is now apparent however that the benefits of immunosuppressive
drugs barely outweigh the negative side effects, if at all [32].

Interaction of an ECM biomaterial with the host innate immune system is not
only important but necessary for favorable tissue remodeling. The immune system
is now recognized as a driver of normal cardiac repair after both transplant and
ischemic events [33-36]. In fact, an active and robust immune system is necessary
for normal tissue development, homeostasis, and wound healing [24, 37, 38].
Biologic scaffolds composed of ECM have the distinctive ability to modulate
responding immune cells and activate them in an appropriate temporal sequence
toward a pro-remodeling phenotype [6, 39]. For example, cardiac fibroblasts are
profoundly influenced by the host macrophage signaling after myocardial infarction,
a process regulated by the surrounding matrix, subsequently promoting or inhibiting
cardiac remodeling [40]. Regulation of cardiac matrix synthesis and degradation by
immune cell-secreted effector molecules such as TGF-B and matrix
metalloproteinases (MMPs) exemplify the dependence of efficient cardiac repair
upon the immune response [41]. Pharmacologic inhibition or depletion of
macrophages results in poor biomaterial-mediated tissue remodeling outcomes and
altered normal regenerative processes [21, 42]. In fact, the early-responding immune
cell phenotypic profile has been shown to be a predictor of downstream constructive
remodeling outcome after implantation of many types of biomaterials, including
ECM bioscaffolds [43]. In short summary, ECM bioscaffold degradation products
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have been shown to both directly and indirectly (through stem cell-mediated
signaling) activate macrophages and T cells toward a phenotype conducive to tissue
repair and regeneration [44, 45]. The implications for cardiac remodeling are
obvious.

8.3 Methods of ECM Bioscaffold Preparation
and the Impact upon Remodeling Outcomes

The in vivo response to an implanted ECM bioscaffold is dependent upon the
method by which it is prepared. Preferred preparation criteria include but are not
limited to minimal cell remnants after decellularization, maintenance of the native
tissue ECM composition and ultrastructure, avoidance of chemical crosslinking,
and use of appropriate terminal sterilization methods.

8.3.1 Method of Decellularization

The differential ability of ECM derived from diverse source tissues to promote
immune cell activation has been investigated [46] and is, in part, dependent upon the
decellularization method utilized to prepare each ECM bioscaffold. Decellularization
involves a balance of removing associated antigenic components that elicit an
adverse immune response while retaining matrix ultrastructure and embedded
bioactive molecules that support cell attachment, viability, proliferation, and
differentiation. Decellularization protocols vary widely and have numerous
adjustable parameters including use of freeze-thaw cycles, perfusion vs. immersion/
agitation techniques, exposure time, and concentration of detergents and enzymes,
among others. Optimization of decellularization protocols involves the fine-tuning
of these and other parameters to achieve efficient decellularization while maintaining
matrix integrity. Previous work has shown that decellularization of heart valves
supplemented with granulocyte fractions influences the host response and rate of
endogenous recellularization [47]. These findings directly implicate the efficiency
of the decellularization process (i.e., presence of antigenic cellular components) as
a critical step in the manufacturing of these tissue-derived scaffold materials. A
recent study by Londono et al. further showed that cell remnants can negatively
impact the early macrophage response [48]. A separate study by Keane also
implicated decellularization efficacy as a strong determinant of downstream
outcome [1, 48]. Standardization of criteria for determining the extent of
decellularization has not been regulated by the FDA. At the present time, there is no
consensus on the minimum acceptable criteria for residual cell products within
ECM biomaterials that are commercially available; however, preclinical studies
have suggested some guidelines [49]. The use of bovine and porcine source tissues
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for preparing ECM bioscaffolds is common because of the compositional similarity
of the matrix to human matrix and their relative availability. In summary, the
problems associated with the lack of uniform decellularization standards have
limited progress and accounted for variability in clinical outcomes.

An ambitious goal of the tissue engineering field is the decellularization of whole
organs, including hearts, followed by recellularization of the resultant three-
dimensional ECM bioscaffold to produce a substitute for donor organs in heart
transplantation (i.e., whole-organ engineering). Typically, whole-organ decellular-
ization is performed utilizing a perfusion method to maintain the resident vascula-
ture and allow for ex vivo reperfusion with stem/progenitor cells. A recent study by
Lee et al. showed that even orientation of the heart during perfusion can impact
decellularization outcomes, indicating that flow dynamics is yet another variable to
consider in optimizing decellularization of whole hearts [50]. Studies that attempt
to use detergent-free, non-proteolytic, actin-disassembling methods for decellular-
ization have shown preclinical success in achieving efficient decellularization [51].
As previously stated, the ultimate objective of decellularization is to avoid an
adverse immune response due to antigens retained within the scaffold material.

8.3.2 Source Tissue

The impact of source tissue from which an acellular, ECM bioscaffold is derived
(source age, species, and the use of heterologous vs. homologous tissue) upon a
functional remodeling outcome is controversial. A study by Chen et al. showed that
mammalian cardiac ECM may not be the optimal source tissue for cardiac
applications. For example, zebra fish cardiac ECM harvested from healing hearts
can promote functional cardiac recovery and regeneration of adult mouse heart
tissue after acute myocardial infarction and induce proliferative and chemotactic
effects upon human cardiac progenitor cells [52].

An additional factor to consider in ECM-based biomaterial design is the age of the
source animal from which the ECM is derived. ECM derived from younger pigs vs.
aged (>1 year) pigs, for example, is associated with less collagen deposition, more
site-appropriate tissue formation, and an improved macrophage response [53]. A
study by Li et al. suggests that cross talk between cardiac fibroblasts and the surround-
ing matrix is also age-dependent. In this example, the age of cardiac fibroblasts seeded
within a 3D-engineered construct is a strong determinant of the structure, function,
and bioactive milieu within the cardiac matrix which ultimately impacts cardiac func-
tion and maturation [54]. Brown et al. have recently provided a review of age-related
effects upon cell-matrix interactions with respect to ECM biomaterials [55].

A study by Johnson et al. compared extracellular matrix hydrogels derived from
both human and porcine myocardium. While extensive similarities were found
between species’ matrices, there were differences in sulfated glycosaminoglycan
(sGAG) content, the ability to promote aortic smooth muscle and coronary artery
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endothelial cell proliferation, and early induction of differentiation of human
cardiomyocyte progenitor cells, with human-derived myocardial matrix performing
slightly better. However, porcine matrix did not differ enough in performance
compared to human matrix to warrant a switch to human tissue sourcing when
pursuing clinical applications [56]. Sadtler et al. showed that cardiac ECM harbors
advantageous immunomodulatory properties, inducing a higher expression of 1L-4
after a volumetric muscle loss injury and promoting functional remodeling that is
similar to that of the healthy control animals [45].

8.3.3 Terminal Sterilization

A frequently overlooked processing parameter when developing a biomaterial, and
especially biologic scaffold-based materials, is the terminal sterilization method.
Biologic scaffolds have been typically regulated as a medical device by the Food and
Drug Administration (FDA), which requires validation of sterility prior to clinical
use. However, many of the commonly used sterilization methods result in destruction
of the matrix ultrastructure and bioactivity. Dearth et al. investigated the effects of
ethylene oxide, gamma irradiation, and electron beam (e-beam) irradiation on
structural, mechanical, biochemical properties, cytocompatibility, and the host
response to ECM bioscaffold sheet materials and showed clear differential effects of
sterilization methods on bioscaffold properties [57]. Alternative methods to sterilize
acellular biologic scaffolds composed of cardiac ECM include ethanol and UV light
sterilization [58] and simple peracetic acid (PAA) washes [59], though the efficacy of
these methods to achieve clinically acceptable sterilization has yet to be determined.

Decellularized heart valves have proven to be a challenge for sterilization due to
the delicacy and variability in thickness and structure across the cusps, root, and
aortic wall. Hennessy et al. conducted a head-to-head comparison of the use of
electrolyzed water, gamma radiation, ethanol and PAA, hydrogen peroxide, and
supercritical CO, (scCO,) to sterilize decellularized porcine aortic valves. Results
showed only ethanol and PAA and supercritical CO, to achieve effective sterilization
and still retain the tensile strength of the valve. Only the supercritical CO, method
avoided extensive ECM crosslinking/denaturation of the ultrastructure according to
calorimetric testing [60], making it a promising approach to pursue for terminal
sterilization of ECM-based materials. Sterilization of other forms of ECM
biomaterials such as powders (particulate forms), hydrogels, and soluble fractions
is an important area of future investigation to expedite clinical translation.

8.3.4 Chemical Crosslinking

The use of chemical crosslinking for biologic scaffolds has relied on the rationale
of (1) preventing scaffold degradation and thereby conferring preserved or
increased mechanical strength and (2) preventing an adverse immune reaction.
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Although cardiac tissue engineering and regenerative medicine research has
focused on the replacement of cardiac tissue after myocardial infarction and isch-
emic injury, the use of xenogeneic, “fixed” (i.e., chemically crosslinked) porcine
and bovine valves has a long history and is a commonly used approach to replace
human valves. These porcine and bovine valves are often crosslinked with glutar-
aldehyde to increase the strength and durability of the valve while purportedly
limiting the immunogenicity of the xenogeneic material. One reported source of
immunogenic epitopes is the oligosaccharide galactose (galactosyl-a (1,3)-galac-
tose (a-Gal) epitope), a xeno-antigen that is present in all mammals with the
exception of humans and Old World monkeys. However, a study by Daly et al.
showed that although remnants of the alpha-Gal epitope existed within decellular-
ized ECM materials from porcine sources, implantation of these materials resulted
in an increase in serum anti-Gal antibodies but had no adverse effect upon the
remodeling response [61].

Glutaraldehyde crosslinking of heart valves, although common, causes a reduc-
tion in valve durability and increases the susceptibility to calcification [62, 63].
Other attempts to stabilize or strengthen valves, including quercetin crosslinking
[64], have been successful, yet the rationale behind crosslinking remains only partly
justified. In fact, studies have shown that chemical crosslinking promotes an adverse
innate immune response to biologic scaffold materials, whereas non-crosslinked
ECM materials are actually immune-friendly and stimulate endogenous tissue
ingrowth.

8.3.5 Mechanical Properties of ECM Bioscaffolds Intended
Jor Cardiac Applications

In addition to bioactive soluble and insoluble effector molecules within the
ECM, mechanical stresses have a notable influence upon cell behavior. Cells
sense deformation and mechanical forces from the surrounding matrix via
actomyosin and cytosolic components. These signals are transmitted via focal
adhesions, and in response these cells remodel the matrix by altering their
secretome (i.e., an example of dynamic reciprocity) [65, 66]. One example of
this reciprocal relationship is the rate and force of cardiomyocyte beating.
Cardiomyocytes prefer a substrate with the same mechanical properties as native
cardiac matrix [67]. Native ECM mechanics has also been shown to regulate
migration and collective motion of cells and multicellular organization, and
these forces can have direct effects upon gene expression [68]. Further, the
dysregulation of mechanical properties of the matrix and/or mechanosensing of
the cells affects disease progress including cancer progression [69], muscular
dystrophy [70], inflammatory diseases [71], hypertension, atherosclerosis, and
mitral valve disease, among others [72].

The design and successful implementation of ECM-based biomaterials for car-
diac applications therefore is highly dependent upon mechanical properties of the
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matrix itself and the applied physiologic loads imposed upon the matrix either
ex vivo or in vivo. A study by Converse et al. evaluated the effect of decellular-
ization and conditioning upon the mechanical properties of ovine leaflets showing
the destruction and restoration of circumferential relaxation behavior with decellu-
larization and reconditioning, respectively [73]. Cardiovascular cells and matrix are
continually exposed to a variety of pulsatile, complex compressive and tensile
strains and shear forces. Whether utilizing a whole-organ replacement ECM scaf-
fold, a cardiac patch, a decellularized heart valve, or an ECM-based hydrogel,
mechanical and rheologic properties of each scaffold material must provide the
appropriate physical and biochemical environment to facilitate site-appropriate
remodeling and withstand the mechanical forces exerted by the circulatory system.
Both translational science and basic science would benefit from continued research
to determine the precise effects of static and cyclic mechanical deformations upon
cardiac ECM and remodeling.

8.4 Forms of ECM as a Cardiac Therapeutic

A trend toward utilizing biomaterial-based approaches for cardiac repair as opposed
to cell-based, gene-based, or protein-based therapies has sparked the development
of novel treatments for a wide range of cardiovascular diseases including valve
degeneration, myocardial infarction, end-stage organ failure, and vascular
insufficiency, among others. Regulatory hurdles, shelf life, delivery methods, and
manufacturing challenges have prevented timely translation to widespread clinical
use of many tissue engineering and regenerative medicine-based therapies; however,
the pursuit of utilizing ECM-based biomaterials for cardiac therapy has significant
translatable potential and will ultimately impact a large number of patients (Fig. 8.1).

8.4.1 Decellularized Heart Valves

Valvular heart disease is a major healthcare issue worldwide and is mainly addressed
by replacement with mechanical or biologic prostheses. Mechanical valves have
been in use since the mid-1950s including caged-ball, tilting-disk, and bi-leaflet
valves (among other iterations). These mechanical valves are made from synthetic
materials including titanium, pyrolytic carbon, polyester, Dacron, or polytetrafluo-
rethylene (PTFE). While durable, these materials have limited hemocompatibility
and require simultaneous and lifelong anticoagulation therapy to minimize the risk
of thromboembolism [74]. Xenogeneic bioprosthetic heart valves are also widely
used to treat valvular disease. As mentioned above, such valves are typically bovine
or porcine sourced and are crosslinked with glutaraldehyde. While bioprosthetic
heart valves have superior hemodynamic properties compared to mechanical valves,
glutaraldehyde crosslinking increases susceptibility to calcification. These valves
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Fig. 8.1 Cardiovascular applications and formulations of ECM bioscaffolds and xenogeneic
materials to treat disease

are also subject to premature degeneration and lack the ability to grow and remodel
along with the patient for pediatric applications, contributing to the need for mul-
tiple reoperations. Since no suitable valve replacement exists as a long-term and/
or pediatric solution, the field of tissue engineering and regenerative medicine has
pursued the use of decellularized heart valves as an alternative treatment option
that provides superior hemodynamics without the need for anticoagulation therapy,
promotes active tissue remodeling, and maintains the ability to grow with the
patient, thus minimizing the need for repeated operations.

Many methods for decellularization of heart valves have been proposed in pre-
clinical studies including the use of anionic detergents and/or nonionic detergents
[75], multi-detergents [76], enzymatic combinations [59], glycol radiation [77],
osmotic shock [78], sequential antigen removal [79], and supercritical CO, treat-
ment [80]. These methods have variable outcomes with respect to DNA removal
(ranging from 30% to 98% DNA removal) and also upon mechanical properties
of the ECM including an increased strain to stretch ratio [75], reduced glycos-
aminoglycan (GAG) and ECM protein content, misalignment of collagen fibers,
and stiffening/dehydration of the ECM. All of these methods and their subsequent
effects upon ECM properties will have implications in clinical and preclinical study
performance. The use of decellularized heart valves has been associated with mixed
clinical results ranging from catastrophic failure due to a severe immune response
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in children [81] to long-term success and 100% freedom for reoperation [82].
While attempts have been made to recellularize and precondition tissue-engineered
heart valves to create a non-thrombotic, durable, and living valve, cellular reseed-
ing of valves is associated with its own issues including cell sourcing. However,
recent studies have shown promising clinical results; specifically, Dohmen et al.
showed 100% survival at 10 years and 3 months of biopsy point showing endothe-
lialization and partial recellularization by fibroblasts with excellent hemodynamic
performance [83].

Overall, the use of decellularized heart valves is an attractive alternative to the
currently used technologies for treating valvular disease and remains a point of
significant interest. Regulatory scrutiny for these valves is evolving, emphasizing
valve functional safety. Development of performance markers in addition to
traditional monitoring via MRI and echocardiography will be important in the
successful development of treatment options that challenge existing paradigms.

8.4.2 Cardiac Patch

The use of ECM-based patch materials for cardiovascular applications has received
widespread attention in preclinical animal studies including carotid artery grafts,
aortic grafts, venous grafts, myocardial repair, pulmonary artery grafts, vascular
patches, and ischemic heart failure. The use of such materials has shown promising
results with respect to supporting endogenous cell infiltration and tissue growth and
ultimately reorganized, functional tissue formation.

A study by Kochupura et al. in 2005 showed that an ECM-based myocardial
patch can restore mechanical function in a canine full-thickness right ventricular
defect, promoting an increase in systolic function and increased infiltration of
cardiomyocytes [84]. ECM-based cardiac patch use in preclinical models has not
been limited to myocardial repair but has also been investigated for the replacement
of arteries and other vessels. A study by Fallon et al. in 2011 showed that an ECM-
based cardiac patch can promote carotid artery repair in a sheep model and was
associated with rapid endothelialization [85]. Cardiac patches have been particularly
attractive for treating congenital defects. For example, Wainwright et al. showed
that a cardiac ECM patch was superior to Dacron in promoting functional and
histomorphologic remodeling in a rat model of right ventricular outflow tract
reconstruction without causing rejection, stenosis, aneurysm, or calcification [86].
This response was evident not only with homologous ECM (i.e., cardiac ECM) but
also was shown to occur when utilizing heterologous ECM like urinary bladder
matrix (UBM) [87]. ECM-based materials have the added advantage of accommo-
dating growth of a pediatric patient due to their degradation rate.

The results from preclinical studies investigating the use of ECM as a cardiac
patch and vascular graft have been promising. While there are some reported
thrombosis occurrences in preclinical models, in general ECM-induced remodeling
has been shown to promote stronger arteries than that of native tissue [88], patent
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grafts [89], low leakage rates [90], host tissue integration [91], and complete remod-
eling by 6 months [92].

ECM-based products are commercially available for cardiovascular surgery indi-
cations. For example, CorMatrix® (CorMatrix Cardiovascular Inc., Roswell, GA,
USA) is FDA approved and has had the European CE mark for indications includ-
ing pericardial repair and reconstruction, cardiac tissue repair, carotid artery repair,
and enveloping implantable electronic devices to restrict their migration and impede
infection [93]. The CorMatrix® graft has been used clinically since 2010. Clinical
results have shown very few reports of complications when used as a venous repair
device; however, higher-pressure intracardiac sites such as valve replacement are
associated with increased risk of complications. Many of the complications have
implicated an inadequate decellularization of the ECM material with the associated
adverse immune response as the root cause [93]. However, the widespread use of
ECM materials in preclinical and clinical cardiovascular applications still warrants
further clinical studies to capitalize upon the favorable qualities including its ability
to promote site-appropriate, functional remodeling, its usability in the operating
room, its lack of calcification, the avoidance of thickening or retraction complica-
tions, and the potential use for pediatric applications.

8.4.3 Whole-Organ Replacement

Most commercially available ECM bioscaffolds that are utilized as cardiac thera-
peutics are prepared as thin sheets or hydrogels after decellularization of host tis-
sues that are not necessarily cardiac in origin. The pursuit of a whole-organ
replacement through whole-organ engineering requires different approaches of
decellularization due to the density, mass, and complexity of an intact heart’s 3D
architecture. Preclinical studies involving perfusion decellularization through the
vasculature have been successful when utilizing smaller rodent hearts [94]; however,
scale-up to larger hearts that would be required in the clinical setting, such as
porcine or bovine hearts, remains a challenge. In 2010, Wainwright et al. showed
that while a reproducible and time-efficient (e.g., under 10 h) decellularization
could be optimized for the porcine heart via retrograde aortic perfusion with
hypertonic, hypotonic, enzymatic, acid, and detergent solutions, the cellular
reseeding of large organs requires additional research [95]. Recently, Sdnchez et al.
showed that human hearts can be adequately decellularized while preserving its
ultrastructure, 3D architecture, and vascularity and can be reseeded using human
cardiac progenitor cells (hCPC), bone marrow-derived mesenchymal cells (hMSCs),
human endothelial cells (HUVECs), and cardiomyocytes [96]. Guyette et al. also
showed that the perfusion decellularization of rodent hearts could be scaled to
humans using human hearts repopulated with cardiomyocytes derived from
nontransgenic human iPS cells and the resulting heart, under biomimetic culture,
developed functional, contractile tissue [97].
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Repopulating the cardiac 3D ECM scaffold after decellularization has been the
main pursuit in the whole-organ engineering community since the original
description of perfusion decellularization. Ideally, reseeded cells would be
autologous to minimize an adverse immune response and the requirement for
immunosuppression. Should the eventual recipient have healthy cells remaining in
their native tissue, biopsy samples can be taken, and cells can be expanded in culture
to reseed the scaffold. Alternatively, other possibilities include the use of multipotent
or induced pluripotent stem (iPS) cells [98], though the cost of culture and expansion
techniques required to generate adequate numbers of cells provides an added
challenge. The structural and cytologic variability of the whole heart also introduces
challenges of reseeding techniques that can adequately cover the entire structure.
Considerations of unidirectional or bidirectional vascular reseeding, the use of static
or dynamic stretch, electrical stimulation, and different media components in the
bioreactor, age matching of donor hearts if of human source, and a better
understanding of the immune response to these materials are required prior to
efficient translation of a functional heart [97].

Not only do technical challenges represent a significant hurdle to the translation
of whole-organ engineered products, but regulatory and ethical concerns also slow
progress. The competition between the desire to expedite the use of these products
clinically due to demand, pursuit of prestige, and monetary gains must be balanced
by the cautious execution of clinical trials initiated only after sufficient preclinical
evidence is generated, cell source and surgical technique are explained with
transparency, appropriate patient consent and explanation (including the financial
burden) are obtained, and the ability to solve potential failures in clinical trials has
been established. The promise of engineered whole organs attracts many to the field
of tissue engineering and regenerative medicine; however, these barriers, among
others, must be addressed head-on to achieve the desired end point.

8.4.4 [ECM Hydrogels for Minimally Invasive Therapies

Scaffold biomaterials and whole-organ approaches to replacing damaged/diseased
cardiac tissue have stimulated significant research efforts into identifying a mini-
mally invasive approach. Patches require a thoracotomy, and most other injectable
approaches for repairing cardiac tissues are not compatible with catheterization
[99]. Because of this, an injectable ECM hydrogel has recently gained traction as
a potential therapy for treating myocardial infarction (MI) patients. The hydrogel
form of ECM can be injected directly into the infarct site and has been shown in pre-
clinical models to promote left ventricular remodeling and preserve ejection frac-
tion [100]. The cardiac ECM hydrogel is biocompatible (i.e., safe and effective) in a
porcine MI model. This study showed reduced fibrosis following MI and promoted
cardiac muscle infiltration while maintaining hemocompatibility. In addition, there
was no embolization, ischemia, or adverse effects upon peripheral tissues or cardiac
rhythm [101].
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ECM hydrogels have desirable material properties for injection. For example,
ECM hydrogels are shear thinning and possess gelation kinetics that allow them
to remain liquid within a syringe or catheter but forming a solid gel to support cell
infiltration and growth upon injection into myocardial tissue [102]. While synthetic
hydrogels have also been investigated for use as a cardiac therapeutic due to the
tunability of their properties, the advantage of utilizing an ECM hydrogel includes
the favorable immune response, increased endogenous progenitor cell chemotaxis,
proliferation, and differentiation, inclusion of inherent growth factors, and appropri-
ate ultrastructural constituents that support cell survival, among others [103].

8.4.5 Conclusion

The promise of biomaterials derived from the extracellular matrix for cardiac repair
including valve replacement, repair of functional myocardium, whole-organ
replacement, or vascular repair is exciting. The hope that the extracellular matrix
can provide a relevant strategy in multiple cardiac implications is not unfounded
and has already achieved clinical success in some cases. The widespread application
of ECM materials to treat patients with heart disease will hinge upon a
multidisciplinary approach that supports not only continued progress in the
laboratory but also progress with the regulatory and economic burdens associated
with clinical trials that must be conducted to achieve the necessary data to fully
evaluate this approach.

References

1. Keane TJ, Londono R, Turner NJ, Badylak SF. Consequences of ineffective decellularization
of biologic scaffolds on the host response. Biomaterials. 2012;33(6):1771-81.

2. Sicari BM, Dziki JL, Siu BF, Medberry CJ, Dearth CL, Badylak SF. The promotion of a
constructive macrophage phenotype by solubilized extracellular matrix. Biomaterials.
2014:35(30):8605-12.

3. Brown BN, Londono R, Tottey S, Zhang L, Kukla KA, Wolf MT, Daly KA, Reing JE, Badylak
SE. Macrophage phenotype as a predictor of constructive remodeling following the implanta-
tion of biologically derived surgical mesh materials. Acta Biomater. 2012;8(3):978-87.

4. Agrawal V, Johnson SA, Reing J, Zhang L, Tottey S, Wang G, Hirschi KK, Braunhut S,
Gudas LJ, Badylak SF. Epimorphic regeneration approach to tissue replacement in adult
mammals. Proc Natl Acad Sci U S A. 2010;107(8):3351-5.

5. Agrawal V, Kelly J, Tottey S, Daly KA, Johnson SA, Siu BF, Reing J, Badylak SF. An iso-
lated cryptic peptide influences osteogenesis and bone remodeling in an adult mammalian
model of digit amputation. Tissue Eng Part A. 2011;17(23-24):3033-44.

6. Dziki JL, Sicari BM, Wolf MT, Cramer MC, Badylak SF. Immunomodulation and mobiliza-
tion of progenitor cells by extracellular matrix bioscaffolds for volumetric muscle loss treat-
ment. Tissue Eng Part A. 2016;22(19-20):1129-39.



166

Nel

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

J. L. Dziki and S. F. Badylak

. Reing JE, Zhang L, Myers-Irvin J, Cordero KE, Freytes DO, Heber-Katz E, Bedelbaeva K,
Mclntosh D, Dewilde A, Braunhut SJ, Badylak SF. Degradation products of extracellular
matrix affect cell migration and proliferation. Tissue Eng Part A. 2009;15(3):605-14.

. Vorotnikova E, McIntosh D, Dewilde A, Zhang J, Reing JE, Zhang L, Cordero K, Bedelbaeva
K, Gourevitch D, Heber-Katz E, Badylak SF, Braunhut SJ. Extracellular matrix-derived prod-
ucts modulate endothelial and progenitor cell migration and proliferation in vitro and stimu-
late regenerative healing in vivo. Matrix Biol. 2010;29(8):690-700.

. Shaffiey SA, Jia H, Keane T, Costello C, Wasserman D, Quidgley M, Dziki J, Badylak S,

Sodhi CP, March JC, Hackam DJ. Intestinal stem cell growth and differentiation on a tubular

scaffold with evaluation in small and large animals. Regen Med. 2016;11(1):45-61.

Han N, Yabroudi MA, Stearns-Reider K, Helkowski W, Sicari BM, Rubin JP, Badylak SF,

Boninger ML, Ambrosio F. Electrodiagnostic evaluation of individuals implanted with

extracellular matrix for the treatment of volumetric muscle injury: case series. Phys Ther.

2016;96(4):540-9.

Turner NJ, Yates AJ Jr, Weber DJ, Qureshi IR, Stolz DB, Gilbert TW, Badylak SF. Xenogeneic

extracellular matrix as an inductive scaffold for regeneration of a functioning musculotendi-

nous junction. Tissue Eng Part A. 2010;16(11):3309-17.

Naba A, Clauser KR, Ding H, Whittaker CA, Carr SA, Hynes RO. The extracellular matrix:

tools and insights for the "omics" era. Matrix Biol. 2016;49:10-24.

Hynes RO, Naba A. Overview of the matrisome--an inventory of extracellular matrix con-

stituents and functions. Cold Spring Harb Perspect Biol. 2012;4(1):a004903.

Valentin JE, Stewart-Akers AM, Gilbert TW, Badylak SF. Macrophage participation in

the degradation and remodeling of extracellular matrix scaffolds. Tissue Eng Part A.

2009;15(7):1687-94.

Carey LE, Dearth CL, Johnson SA, Londono R, Medberry CJ, Daly KA, Badylak

SE. In vivo degradation of 14C-labeled porcine dermis biologic scaffold. Biomaterials.

2014:35(29):8297-304.

Costa A, Naranjo JD, Turner NJ, Swinehart IT, Kolich BD, Shaffiey SA, Londono R, Keane

TJ, Reing JE, Johnson SA, Badylak SF. Mechanical strength vs. degradation of a biolog-

ically-derived surgical mesh over time in a rodent full thickness abdominal wall defect.

Biomaterials. 2016;108:81-90.

. Brown BN, Badylak SF. Expanded applications, shifting paradigms and an improved under-

standing of host-biomaterial interactions. Acta Biomater. 2013;9(2):4948-55.

Brown BN, Valentin JE, Stewart-Akers AM, McCabe GP, Badylak SF. Macrophage pheno-

type and remodeling outcomes in response to biologic scaffolds with and without a cellular

component. Biomaterials. 2009;30(8):1482-91.

Ma B, Wang X, Wu C, Chang J. Crosslinking strategies for preparation of extracellular

matrix-derived cardiovascular scaffolds. Regen Biomater. 2014;1(1):81-9.

Allman AJ, McPherson TB, Badylak SF, Merrill LC, Kallakury B, Sheehan C, Raeder

RH, Metzger DW. Xenogeneic extracellular matrix grafts elicit a TH2-restricted immune

response. Transplantation. 2001;71(11):1631-40.

Dearth CL, Slivka PF, Stewart SA, Keane TJ, Tay JK, Londono R, Goh Q, Pizza FX, Badylak

SE. Inhibition of COX1/2 alters the host response and reduces ECM scaffold mediated

constructive tissue remodeling in a rodent model of skeletal muscle injury. Acta Biomater.

2016;31:50-60.

Faulk DM, Londono R, Wolf MT, Ranallo CA, Carruthers CA, Wildemann JD, Dearth CL,

Badylak SF. ECM hydrogel coating mitigates the chronic inflammatory response to polypro-

pylene mesh. Biomaterials. 2014;35(30):8585-95.

Hachim D, LoPresti ST, Yates CC, Brown BN. Shifts in macrophage phenotype at the bio-

material interface via IL-4 eluting coatings are associated with improved implant integration.

Biomaterials. 2016;112:95-107.

Lech M, Anders HJ. Macrophages and fibrosis: how resident and infiltrating mononu-

clear phagocytes orchestrate all phases of tissue injury and repair. Biochim Biophys Acta.

2013;1832(7):989-97.



8 Extracellular Matrix for Myocardial Repair 167

25

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

. Sorokin L. The impact of the extracellular matrix on inflammation. Nat Rev Immunol.
2010;10(10):712-23.

Brennan EP, Tang XH, Stewart-Akers AM, Gudas LJ, Badylak SF. Chemoattractant activity
of degradation products of fetal and adult skin extracellular matrix for keratinocyte progeni-
tor cells. J Tissue Eng Regen Med. 2008;2(8):491-8.

Agrawal V, Tottey S, Johnson SA, Freund JM, Siu BF, Badylak SF. Recruitment of progenitor
cells by an extracellular matrix cryptic peptide in a mouse model of digit amputation. Tissue
Eng Part A. 2011;17(19-20):2435-43.

Brennan EP, Reing J, Chew D, Myers-Irvin JM, Young EJ, Badylak SF. Antibacterial activity
within degradation products of biological scaffolds composed of extracellular matrix. Tissue
Eng. 2006;12(10):2949-55.

Ratner BD. New ideas in biomaterials science--a path to engineered biomaterials. J Biomed
Mater Res. 1993;27(7):837-50.

Williams DF. On the mechanisms of biocompatibility. Biomaterials. 2008;29(20):2941-53.
Kahan BD. Individuality: the barrier to optimal immunosuppression. Nat Rev Immunol.
2003;3(10):831-8.

Williams DF. There is no such thing as a biocompatible material. Biomaterials.
2014;35(38):10009-14.

Liu Q, Turnquist HR. Implications for Interleukin-33 in solid organ transplantation. Cytokine.
2013;62(2):183-94.

van den Bosch TP, Caliskan K, Kraaij MD, Constantinescu AA, Manintveld OC, Leenen PJ,
von der Thusen JH, Clahsen-van Groningen MC, Baan CC, Rowshani AT. CD16+ monocytes
and skewed macrophage polarization toward M2 type Hallmark heart transplant acute cellular
rejection. Front Immunol. 2017;8:346.

Fakoya AO. New delivery Systems of Stem Cells for vascular regeneration in ischemia. Front
Cardiovasc Med. 2017;4:7.

Kaplan A, Altara R, Eid A, Booz GW, Zouein FA. Update on the protective role of regula-
tory T cells in myocardial infarction: a promising therapy to repair the heart. J Cardiovasc
Pharmacol. 2016;68(6):401-13.

Tidball JG, Dorshkind K, Wehling-Henricks M. Shared signaling systems in myeloid cell-
mediated muscle regeneration. Development. 2014;141(6):1184-96.

Rogier EW, Frantz AL, Bruno ME, Wedlund L, Cohen DA, Stromberg AJ, Kaetzel
CS. Secretory antibodies in breast milk promote long-term intestinal homeostasis by regulating
the gut microbiota and host gene expression. Proc Natl Acad Sci U S A. 2014;111(8):3074-9.
Liu W, Zhang X, Zhao M, Zhang X, Chi J, Liu Y, Lin F, Fu Y, Ma D, Yin X. Activation in
M1 but not M2 macrophages contributes to cardiac remodeling after myocardial infarction
in rats: a critical role of the calcium sensing receptor/NRLP3 Inflammasome. Cell Physiol
Biochem. 2015;35(6):2483-500.

Howard CM, Baudino TA. Dynamic cell-cell and cell-ECM interactions in the heart. ] Mol
Cell Cardiol. 2014;70:19-26.

Jin YF, Han HC, Berger J, Dai Q, Lindsey ML. Combining experimental and mathematical
modeling to reveal mechanisms of macrophage-dependent left ventricular remodeling. BMC
Syst Biol. 2011;5:60.

Godwin JW, Pinto AR, Rosenthal NA. Macrophages are required for adult salamander limb
regeneration. Proc Natl Acad Sci U S A. 2013;110(23):9415-20.

Badylak SF, Valentin JE, Ravindra AK, McCabe GP, Stewart-Akers AM. Macrophage
phenotype as a determinant of biologic scaffold remodeling. Tissue Eng Part A.
2008;14(11):1835-42.

Dziki JL, Giglio RM, Sicari BM, Wang DS, Gandhi RM, Londono R, Dearth CL, Badylak
SFE. The effect of mechanical loading upon extracellular matrix bioscaffold-mediated skeletal
muscle remodeling. Tissue Eng Part A. 2017;24:34.

Sadtler K, Estrellas K, Allen BW, Wolf MT, Fan H, Tam AJ, Patel CH, Luber BS, Wang
H, Wagner KR, Powell JD, Housseau F, Pardoll DM, Elisseeff JH. Developing a pro-



168

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

J. L. Dziki and S. F. Badylak

regenerative biomaterial scaffold microenvironment requires T helper 2 cells. Science.
2016;352(6283):366-70.

Dziki JL, Wang DS, Pineda C, Sicari BM, Rausch T, Badylak SF. Solubilized extracellular
matrix bioscaffolds derived from diverse source tissues differentially influence macrophage
phenotype. J Biomed Mater Res A. 2017;105(1):138-47.

Sanders B, Driessen-Mol A, Bouten CVC, Baaijens FPT. The effects of scaffold remnants in
Decellularized tissue-engineered cardiovascular constructs on the recruitment of blood cells.
Tissue Eng Part A. 2017;23:1142.

Londono R, Dziki JL, Haljasmaa E, Turner NJ, Leifer CA, Badylak SF. The effect of cell
debris within biologic scaffolds upon the macrophage response. J] Biomed Mater Res A.
2017;105(8):2109-18.

Crapo PM, Gilbert TW, Badylak SF. An overview of tissue and whole organ decellularization
processes. Biomaterials. 2011;32(12):3233-43.

Lee PF, Chau E, Cabello R, Yeh AT, Sampaio LC, Gobin AS, Taylor DA. Inverted orientation
improves decellularization of whole porcine hearts. Acta Biomater. 2017;49:181-91.
Assmann A, Struss M, Schiffer F, Heidelberg F, Munakata H, Timchenko EV, Timchenko PE,
Kaufmann T, Huynh K, Sugimura Y, Leidl Q, Pinto A, Stoldt VR, Lichtenberg A, Akhyari
P. Improvement of the in vivo cellular repopulation of decellularized cardiovascular tissues
by a detergent-free, non-proteolytic, actin-disassembling regimen. J Tissue Eng Regen Med.
2017;11:3530.

Chen WC, Wang Z, Missinato MA, Park DW, Long DW, Liu HJ, Zeng X, Yates NA, Kim
K, Wang Y. Decellularized zebrafish cardiac extracellular matrix induces mammalian heart
regeneration. Sci Adv. 2016;2(11):e1600844.

Sicari BM, Johnson SA, Siu BE, Crapo PM, Daly KA, Jiang H, Medberry CJ, Tottey S,
Turner NJ, Badylak SF. The effect of source animal age upon the in vivo remodeling charac-
teristics of an extracellular matrix scaffold. Biomaterials. 2012;33(22):5524-33.

Li Y, Asfour H, Bursac N. Age-dependent functional crosstalk between cardiac
fibroblasts and cardiomyocytes in a 3D engineered cardiac tissue. Acta Biomater.
2017;55:120-30.

Brown BN, Haschak MJ, LoPresti ST, Stahl EC. Effects of age-related shifts in cellular
function and local microenvironment upon the innate immune response to implants. Semin
Immunol. 2017;29:24-32.

Johnson TD, Dequach JA, Gaetani R, Ungerleider J, Elhag D, Nigam V, Behfar A, Christman
KL. Human versus porcine tissue sourcing for an injectable myocardial matrix hydrogel.
Biomater Sci. 2014;2014:60283D.

Dearth CL, Keane TJ, Carruthers CA, Reing JE, Huleihel L, Ranallo CA, Kollar EW, Badylak
SF. The effect of terminal sterilization on the material properties and in vivo remodeling of a
porcine dermal biologic scaffold. Acta Biomater. 2016;33:78-87.

Wang B, Williams LN, de Jongh Curry AL, Liao J. Preparation of acellular myocardial scaf-
folds with well-preserved cardiomyocyte lacunae, and method for applying mechanical and
electrical simulation to tissue construct. Methods Mol Biol. 2014;1181:189-202.

Luo J, Korossis SA, Wilshaw SP, Jennings LM, Fisher J, Ingham E. Development and char-
acterization of acellular porcine pulmonary valve scaffolds for tissue engineering. Tissue Eng
Part A. 2014;20(21-22):2963-74.

Hennessy RS, Jana S, Tefft BJ, Helder MR, Young MD, Hennessy RR, Stoyles NJ, Lerman
A. Supercritical carbon dioxide-based sterilization of decellularized heart valves. JACC
Basic Transl Sci. 2017;2(1):71-84.

Daly KA, Stewart-Akers AM, Hara H, Ezzelarab M, Long C, Cordero K, Johnson SA,
Ayares D, Cooper DK, Badylak SF. Effect of the alphaGal epitope on the response to small
intestinal submucosa extracellular matrix in a nonhuman primate model. Tissue Eng Part A.
2009;15(12):3877-88.

Schmidt D, Stock UA, Hoerstrup SP. Tissue engineering of heart valves using decellular-
ized xenogeneic or polymeric starter matrices. Philos Trans R Soc Lond Ser B Biol Sci.
2007;362(1484):1505-12.



8 Extracellular Matrix for Myocardial Repair 169

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

Tam H, Zhang W, Feaver KR, Parchment N, Sacks MS, Vyavahare N. A novel crosslink-
ing method for improved tear resistance and biocompatibility of tissue based biomaterials.
Biomaterials. 2015;66:83-91.

Zhai W, Lu X, Chang J, Zhou Y, Zhang H. Quercetin-crosslinked porcine heart valve matrix:
mechanical properties, stability, anticalcification and cytocompatibility. Acta Biomater.
2010;6(2):389-95.

Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell lineage speci-
fication. Cell. 2006;126(4):677-89.

Chowdhury F, Na S, Li D, Poh YC, Tanaka TS, Wang F, Wang N. Material properties of the
cell dictate stress-induced spreading and differentiation in embryonic stem cells. Nat Mater.
2010;9(1):82-8.

Engler AJ, Carag-Krieger C, Johnson CP, Raab M, Tang HY, Speicher DW, Sanger JW,
Sanger JM, Discher DE. Embryonic cardiomyocytes beat best on a matrix with heart-like
elasticity: scar-like rigidity inhibits beating. J Cell Sci. 2008;121(Pt 22):3794-802.

Sapir L, Tzlil S. Talking over the extracellular matrix: how do cells communicate mechani-
cally? Semin Cell Dev Biol. 2017;71:99.

Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg GI, Gefen A, Reinhart-King CA,
Margulies SS, Dembo M, Boettiger D, Hammer DA, Weaver VM. Tensional homeostasis and
the malignant phenotype. Cancer Cell. 2005;8(3):241-54.

Holland A, Murphy S, Dowling P, Ohlendieck K. Pathoproteomic profiling of the skeletal mus-
cle matrisome in dystrophinopathy associated myofibrosis. Proteomics. 2016;16(2):345-66.
Zorzi F, Calabrese E, Monteleone G. Pathogenic aspects and therapeutic avenues of intestinal
fibrosis in Crohn's disease. Clin Sci (Lond). 2015;129(12):1107-13.

Gupta V, Grande-Allen KJ. Effects of static and cyclic loading in regulating extracellular
matrix synthesis by cardiovascular cells. Cardiovasc Res. 2006;72(3):375-83.

Converse GL, Armstrong M, Quinn RW, Buse EE, Cromwell ML, Moriarty SJ, Lofland GK,
Hilbert SL, Hopkins RA. Effects of cryopreservation, decellularization and novel extracel-
lular matrix conditioning on the quasi-static and time-dependent properties of the pulmonary
valve leaflet. Acta Biomater. 2012;8(7):2722-9.

Maganti K, Rigolin VH, Sarano ME, Bonow RO. Valvular heart disease: diagnosis and man-
agement. Mayo Clin Proc. 2010;85(5):483-500.

Liao J, Joyce EM, Sacks MS. Effects of decellularization on the mechanical and structural
properties of the porcine aortic valve leaflet. Biomaterials. 2008;29(8):1065-74.

Naso F, Gandaglia A, Formato M, Cigliano A, Lepedda AJ, Gerosa G, Spina M. Differential
distribution of structural components and hydration in aortic and pulmonary heart valve con-
duits: impact of detergent-based cell removal. Acta Biomater. 2010;6(12):4675-88.

Ota T, Taketani S, Iwai S, Miyagawa S, Furuta M, Hara M, Uchimura E, Okita Y, Sawa
Y. Novel method of decellularization of porcine valves using polyethylene glycol and gamma
irradiation. Ann Thorac Surg. 2007;83(4):1501-7.

Somers P, De Somer F, Cornelissen M, Thierens H, Van Nooten G. Decellularization of heart
valve matrices: search for the ideal balance. Artif Cells Blood Substit Immobil Biotechnol.
2012;40(1-2):151-62.

Marsh ME. Immunocytochemical localization of a calcium-binding phosphoprotein in hemo-
cytes of heterodont bivalves. J Exp Zool. 1990;253(3):280-6.

Sawada K, Terada D, Yamaoka T, Kitamura S, Fujisato T. Cell removal with supercritical
carbon dioxide for acellular artificial tissue. ] Chem Technol Biotechnol. 2008;83(6):943-9.
Simon P, Kasimir MT, Seebacher G, Weigel G, Ullrich R, Salzer-Muhar U, Rieder E, Wolner
E. Early failure of the tissue engineered porcine heart valve SYNERGRAFT in pediatric
patients. Eur J Cardiothorac Surg. 2003;23(6):1002—6. discussion 1006

Cebotari S, Tudorache I, Ciubotaru A, Boethig D, Sarikouch S, Goerler A, Lichtenberg A,
Cheptanaru E, Barnaciuc S, Cazacu A, Maliga O, Repin O, Maniuc L, Breymann T, Haverich
A. Use of fresh decellularized allografts for pulmonary valve replacement may reduce



170

83.

84.

85.

86.

87

88.

89.

90.

91.

92.

93

94.

9s.

96.

97.

98.

99.
100.

J. L. Dziki and S. F. Badylak

the reoperation rate in children and young adults: early report. Circulation. 2011;124(11
Suppl):S115-23.

Dohmen PM, Lembcke A, Holinski S, Pruss A, Konertz W. Ten years of clinical results with
a tissue-engineered pulmonary valve. Ann Thorac Surg. 2011;92(4):1308-14.

Kochupura PV, Azeloglu EU, Kelly DJ, Doronin SV, Badylak SF, Krukenkamp IB, Cohen
IS, Gaudette GR. Tissue-engineered myocardial patch derived from extracellular matrix pro-
vides regional mechanical function. Circulation. 2005;112(9 Suppl):1144-9.

Fallon A, Goodchild T, Wang R, Matheny RG. Remodeling of extracellular matrix patch used
for carotid artery repair. J Surg Res. 2012;175(1):e25-34.

Wainwright JM, Hashizume R, Fujimoto KL, Remlinger NT, Pesyna C, Wagner WR, Tobita
K, Gilbert TW, Badylak SF. Right ventricular outflow tract repair with a cardiac biologic
scaffold. Cells Tissues Organs. 2012;195(1-2):159-70.

. Remlinger NT, Gilbert TW, Yoshida M, Guest BN, Hashizume R, Weaver ML, Wagner WR,

Brown BN, Tobita K, Wearden PD. Urinary bladder matrix promotes site appropriate tissue
formation following right ventricle outflow tract repair. Organogenesis. 2013;9(3):149-60.
Sandusky GE Jr, Badylak SF, Morff RJ, Johnson WD, Lantz G. Histologic findings after
in vivo placement of small intestine submucosal vascular grafts and saphenous vein grafts in
the carotid artery in dogs. Am J Pathol. 1992;140(2):317-24.

Hiles MC, Badylak SF, Lantz GC, Kokini K, Geddes LA, Morff RJ. Mechanical properties
of xenogeneic small-intestinal submucosa when used as an aortic graft in the dog. J Biomed
Mater Res. 1995;29(7):883-91.

Pavcnik D, Uchida BT, Timmermans HA, Corless CL, O'Hara M, Toyota N, Moneta GL,
Keller FS, Rosch J. Percutaneous bioprosthetic venous valve: a long-term study in sheep.
J Vasc Surg. 2002;35(3):598-602.

Mewhort HE, Turnbull JD, Meijndert HC, Ngu JM, Fedak PW. Epicardial infarct repair with
basic fibroblast growth factor-enhanced CorMatrix-ECM biomaterial attenuates postisch-
emic cardiac remodeling. J Thorac Cardiovasc Surg. 2014;147(5):1650-9.

Padalino MA, Castellani C, Dedja A, Fedrigo M, Vida VL, Thiene G, Stellin G, Angelini
A. Extracellular matrix graft for vascular reconstructive surgery: evidence of autologous
regeneration of the neoaorta in a murine model. Eur J Cardiothorac Surg. 2012;42(5):e128-35.

. Mosala Nezhad Z, Poncelet A, de Kerchove L, Gianello P, Fervaille C, El Khoury G. Small

intestinal submucosa extracellular matrix (CorMatrix(R)) in cardiovascular surgery: a sys-
tematic review. Interact Cardiovasc Thorac Surg. 2016;22(6):839-50.

Ott HC, Matthiesen TS, Goh SK, Black LD, Kren SM, Netoff TI, Taylor DA. Perfusion-
decellularized matrix: using nature's platform to engineer a bioartificial heart. Nat Med.
2008;14(2):213-21.

Wainwright JM, Czajka CA, Patel UB, Freytes DO, Tobita K, Gilbert TW, Badylak
SF. Preparation of cardiac extracellular matrix from an intact porcine heart. Tissue Eng Part
C Methods. 2010;16(3):525-32.

Sanchez PL, Fernandez-Santos ME, Costanza S, Climent AM, Moscoso I, Gonzalez-Nicolas
MA, Sanz-Ruiz R, Rodriguez H, Kren SM, Garrido G, Escalante JL, Bermejo J, Elizaga J,
Menarguez J, Yotti R, Perez del Villar C, Espinosa MA, Guillem MS, Willerson JT, Bernad
A, Matesanz R, Taylor DA, Fernandez-Aviles F. Acellular human heart matrix: a critical step
toward whole heart grafts. Biomaterials. 2015;61:279-89.

Guyette JP, Charest JM, Mills RW, Jank BJ, Moser PT, Gilpin SE, Gershlak JR, Okamoto T,
Gonzalez G, Milan DJ, Gaudette GR, Ott HC. Bioengineering human myocardium on native
extracellular matrix. Circ Res. 2016;118(1):56-72.

Badylak SF, Weiss DJ, Caplan A, Macchiarini P. Engineered whole organs and complex tis-
sues. Lancet. 2012;379(9819):943-52.

Christman KL. Treating the leading killer. Sci Transl Med. 2012;4(146):146fs26.
Sonnenberg SB, Rane AA, Liu CJ, Rao N, Agmon G, Suarez S, Wang R, Munoz A, Bajaj V,
Zhang S, Braden R, Schup-Magoffin PJ, Kwan OL, DeMaria AN, Cochran JR, Christman
KL. Delivery of an engineered HGF fragment in an extracellular matrix-derived hydrogel
prevents negative LV remodeling post-myocardial infarction. Biomaterials. 2015;45:56-63.



8 Extracellular Matrix for Myocardial Repair 171

101.

102.

103.

Seif-Naraghi SB, Singelyn JM, Salvatore MA, Osborn KG, Wang JJ, Sampat U, Kwan
OL, Strachan GM, Wong J, Schup-Magoffin PJ, Braden RL, Bartels K, DeQuach JA, Preul
M, Kinsey AM, DeMaria AN, Dib N, Christman KL. Safety and efficacy of an inject-
able extracellular matrix hydrogel for treating myocardial infarction. Sci Transl Med.
2013;5(173):173ra25.

Saldin LT, Cramer MC, Velankar SS, White LJ, Badylak SF. Extracellular matrix hydrogels
from decellularized tissues: structure and function. Acta Biomater. 2017;49:1-15.

Singelyn JM, Christman KL. Injectable materials for the treatment of myocardial infarc-
tion and heart failure: the promise of decellularized matrices. J Cardiovasc Transl Res.
2010;3(5):478-86.



Chapter 9
Role of Extracellular Matrix in Cardiac
Cellular Therapies

Check for
updates

Peiman Hematti

Abstract The extracellular matrix (ECM) is an essential regulator of homeostasis
at the cellular, tissue, and organ level. It is now very well known that ECM dynamic
remodeling is indispensable not only for normal growth and development but also
recovery from tissue injuries. Indeed, abnormal remodeling of the ECM plays a
major role in many pathophysiological processes and contributes to many different
pathologies including cardiovascular disorders. Recently, cellular therapies have
emerged as a potential therapeutic strategy for restoration of lost cardiomyocytes or
their rejuvenation after cardiac damage and injuries. Harnessing the biological
properties of ECM could be a viable strategy to enhance the therapeutic effects of
cellular therapies by improving the engraftment, integration, survival, and func-
tional adaptation of newly transplanted cells in many different platforms. Conversely,
transplanted cells could restore the functionality and original composition of dam-
aged ECM by secreting and depositing new ECM or stimulating normal ECM pro-
duction by cardiac tissue native cells. Although the ultimate role of cell therapy in
treatment of cardiac disorders is still a matter of great debate, the potential utility of
ECM in improving the therapeutic effect of transplanted cells and vice versa the
potential role of cell therapy as a means to restore the structure and functionality of
damaged ECM should be carefully considered in implementation of future clinical
cardiovascular cell therapy trials.
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9.1 Introduction

The extracellular matrix (ECM) is a very complex and highly dynamic structure that
is present in all tissues and organs [1]. This three-dimensional acellular structure is
composed of a diverse array of proteins and other molecules that defines the three-
dimensional characteristics of tissues and organs by acting as a scaffold surrounding
cells [2]. Although ECM has historically been considered as a biomechanical entity
that its main function is to provide structural support, the ability of the ECM to
undergo controlled remodeling to provide the contextual information responsible
for controlling both individual and collective cellular behavior is now being increas-
ingly recognized [3]. Indeed, homeostasis of ECM is crucial for keeping balance of
many essential cellular processes, such as spatiotemporal development of tissues/
organs in both prenatal and postnatal life, and restoring their balance and normalcy
following tissue damages and injuries [4]. In pathological conditions, aberrant ECM
reorganization following initial inflammatory cascade results in anomalous tissue
organization mainly in the form of fibrotic processes, which is considered a main
obstacle to normal tissue regeneration [5]. For cardiovascular disorders, fibrosis of
cardiac tissue due to excessive and abnormal deposition of ECM by cardiac fibro-
blasts is the end result of many disease processes such as ischemic heart attack and
long-standing hypertension [6]. Such pathological myocardial processes lead to
stiffness of heart tissue and diastolic and systolic dysfunction, and these effects
ultimately culminate into the development of heart failure [7]. Thus, restoration of
ECM homeostasis, its biochemical composition, biomechanical characteristics, and
its normal interactions with surrounding cells could all provide vibrant therapeutic
strategies for a wide range of disorders [8].

Cardiovascular disorders are a major cause of morbidity and mortality in all
societies, and its impact is expected to rise in the coming years and decades. Indeed,
heart failure is now universally a major global health challenge, and its social and
economic consequences are just becoming more formidable [9]. Current therapeutic
options for heart diseases include pharmaceutical (small molecules and biologi-
cals), revascularization procedures, medical devices, and surgical options including
heart transplantation. However, there is no doubt that more effective alternatives for
ischemic heart disease and congestive heart failure are urgently needed. Especially,
critical advances are needed to replace the only available therapeutic option for
advanced heart failure, i.e., heart transplantation, a drastic procedure only available
to a minority of patients in need [10]. Over the last two decades, many regenerative
biological and cellular therapies have emerged as a potential solution for these
daunting medical issues. Regenerative medicine approaches focus on the healing of
damaged heart through delivery of new (autologous or allogeneic) stem and pro-
genitor cells, replacement of lost or damaged cells with differentiated cells, promo-
tion of functional recovery of damaged heart via stimulation of endogenous
tissue-resident stem and progenitor cells to generate new cells, delivery of angio-
genic or immunomodulatory cells to stimulate repair processes, and finally replace-
ment of part or all of the heart with bioengineered or artificial parts or even the
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whole organ. Among regenerative medicine options, cellular therapies are the most
advanced in clinical medicine as they have been tested in numerous clinical trials
for cardiovascular disorders in the last decade and a half [11]. Other regenerative
therapeutic options, such as cardiac patches, biomaterial scaffolds, biodegradable
constructs, noncellular partial grafts, and whole-organ decellularized/recellularized
scaffold grafts, despite some theoretical advantages, have remained mainly in the
realm of basic and preclinical research [12]. However, such noncellular ECM-based
therapies, if proven to be effective, could have advantages such as lack of immuno-
genicity and donor variability, potential for off-the-shelf accessibility, expanded
shelf life, and potential practicality of administration alone or in combination with
cells or other biologicals. Although the use of biomaterial technologies in the form
of bioengineered ECM platforms for treatment of heart disorders is still in prelimi-
nary stages, it is expected that ultimately they will play a much bigger role in clini-
cal cardiovascular medicine. On the other hand, although cellular therapies using a
wide variety of cells from different sources, including bone marrow, have reached
late-stage clinical trials and have been tested in thousands of patients, none has been
approved yet for any cardiovascular indication [13]. In this chapter we will review
the potential opportunities and challenges in cellular therapy for cardiac disorders,
the potential contribution of cell therapy to ECM remodeling, and how ECM bioen-
gineering could contribute to the advancement of cellular therapy approaches.

9.2 Stem Cells and ECM

Stem cell biology is one of the fastest growing fields in biomedical research as stem
cells play fundamental roles not only in maintaining the homeostasis of tissues and
organs during prenatal and postnatal growth and development but also in restoring
normalcy after tissue damage or injury [14]. Stem cells are generally defined by
their abilities to both give rise to different types of differentiated progenies and self-
renew to make more daughter stem cells [15]. Adult stem cells usually reside in a
quiescent state but undergo proliferation or differentiation based on specific
demands in physiological and pathological conditions [16]. Even tissues that were
for a long time considered to be terminally differentiated, such as the heart, are now
considered to contain some populations of stem and progenitor cells that continue
to proliferate in adult life. Such tissue-resident stem and progenitor cells in the heart
could potentially participate in regeneration of heart tissue after injury, although to
a much lesser degree compared to tissues such as bone marrow [17].

Physically, stem cells are localized in specialized niches, surrounded by specific
cells that provide a dynamic milieu of extracellular cues and signals to support stem
cell survival, their quiescence state, and when needed their proliferation and differ-
entiation. This concept of stem cell niche was originally proposed, as a theoretical
concept for hematopoietic system [18]. Now it is well accepted that stem cell niches
provide a dynamic supportive microenvironment for cell-to-cell interaction via sol-
uble factors, gap junctions, and cell surface receptor/ligand interactions for all types
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of stem cells [19, 20]. Such tight and precise regulation of stem cell biological
activity is not only essential for long-term maintenance of tissue homeostasis and
regeneration [21] but also for keeping in check proliferation and differentiation of
stem cells in response to tissue injuries, mainly to avoid uncontrolled proliferation
that could lead to cancerous state [22].

Recently, the concept of the stem cell niche has expanded in its composition and
complexity to include ECM, as ECM provides direct or indirect control and provi-
sion of the mechanical, biochemical, physicochemical, and structural support sys-
tem for stem cells [23-25]. Also, due to heterogeneity of stem cells in different
tissues, specialized composition and structure of ECM and its regulatory and signal-
ing molecules are needed to provide specific niches for different types of stem cells
accordingly [26]. Thus, tissue-specific ECM complex molecules, their physico-
chemical assembly, and their organization in time and space provide a multifaceted
microenvironment that allows integration of reciprocal signaling between cellular
and acellular components of the individual niches. This ultimately provides an envi-
ronment capable of maintaining stem cell homeostasis [27, 28]. As will be dis-
cussed in more detail later, our current understanding of the role of ECM in stem
cell biology has become the basis of development of bioengineering platforms to
generate specialized ECM-mimetic biomaterials, for example, by depositing tissue-
specific stem cell supportive factors into tissue-specific matrices, as a strategy to
enhance the efficacy of transplanted stem cells [29].

It should be noted that interaction between stem cells and their niches is a recip-
rocal system, and tissue stem cells and their supportive cellular niches play an
essential role in controlling and modulating the biochemical and functional integrity
of ECM [30]. Thus, it could be postulated that cellular therapy could be a strategy
for restoring the composition and function of damaged ECM as a component of
supportive stem cell niche. However, it should be noted that the sheer size of human
heart and its complex organization remain a major challenge for correction of ECM
pathologies by localized cell therapeutic approaches. Correction of large ECM
pathologies, such as advanced heart failure, necessitates multiple cell injections in
the appropriate anatomical distribution to promote migration and integration of
implanted cells throughout the damaged area. At the same time, the delivery method
should avoid further damage to the ECM through manipulations such as injection of
cells, before such cells could find the chance to deposit new and healthy ECM. And
most importantly, for this strategy to be effective, the transplanted cells should be
capable of depositing the right type and amount of cardiac-specific ECM [31].

9.3 Stem Cell Therapies for Cardiovascular Disorders

Regeneration of the heart by replacing lost cells or rejuvenating damaged cells is a
very provocative therapeutic strategy. Indeed, use of stem cells for regeneration of
the heart is one of the most active areas in the field of cellular therapies as cardio-
vascular disorders because current therapies for reversing already established heart
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damage and heart failure including conventional drugs and newer biological
therapies remain mainly ineffective [32, 33]. However, achieving optimal and effec-
tive heart repair strategies using regenerative cell therapy approaches remains chal-
lenging due to many factors such as complexity of the heart as an organ, its
propensity for irreversible remodeling after tissue damage, and the ineffectiveness
of its intrinsic repair mechanisms. As mentioned above for a long time, it was
believed that mammalian heart muscle cells, including in humans, were incapable
of proliferation. However, some recent discoveries challenge this dogma by show-
ing that adult mammalian myocardium contains a population of resident cardiac
stem cells (CSCs) that has the capability to self-renew and also differentiate into
mature cardiomyocytes [34, 35]. Interestingly, despite extreme original enthusiasm
in regard to this discovery, it is now believed that in the absence of injury, the rate
of turnover of these cells is extremely low, and even in the case of massive cell loss,
such as after myocardial infarction, tissue-resident cardiac stem and progenitor cells
are not, at least on their own, capable of adequate proliferation and regeneration to
restore adequate function of the heart to its pre-injury levels [36-39].

In general strategies for heart regeneration could be categorized into two main
approaches, (a) administration of stem/progenitor cells or differentiated cells,
either autologous or allogeneic, and via different routes, for regeneration and/or
replacement of damaged or lost cardiac cells and (b) stimulation of resident stem
and progenitor cells, via pharmacological, biological, ECM-based and even cell
transplantation approaches, to promote autologous recovery [40]. Even for the
former approaches, the potential mechanism for regeneration of the heart is still
a matter of great debate and is not as straightforward as just replacing damaged
cells [41]. Thus, current conceptual mechanism(s) of how a cell therapy approach
might work depend on the type of cells administered, and proposed mechanisms
range from potential replacement of lost cells, differentiation or transdifferentiation
of transplanted stem cells into various types of heart tissue cells, improvement of
angiogenesis, and immunomodulation of the inflammatory milieu to provide a more
conducive environment for tissue repair, to stimulation of self-repair processes for
regeneration of the heart via paracrine effects of transplanted cells [42—44].

For cardiac cell therapy, the types of cells used also range very widely and
include minimally manipulated aspirated bone marrow cells, processed or purified
bone marrow or mobilized peripheral blood progenitor and stem cells, ex vivo
culture-expanded cells (from bone marrow or other sources), endothelial progenitor
cells, skeletal myoblasts, and most recently pluripotent stem cells, including embry-
onic stem cells [45-51]. Also several different routes of cell delivery have been
utilized including direct injection of cells to the myocardium, epicardium, and coro-
nary arteries or simply intravenous infusion and have been all investigated in numer-
ous clinical settings [52, 53]. In addition to the type of cells and the route
administration, there are numerous other factors that could impact the ultimate
effect of cell therapy. These include but not limited to dose of cells administered,
frequency of cell administration, time of administration in relation to injury (acute
myocardial infarction versus chronic heart failure), metabolic state of transplanted
cells (fresh cells versus previously frozen and thawed cells), and use of other
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concomitantly administered medications or simultaneously performed
revascularization or surgical procedures [54—56]. The heterogeneity in this complex
decision-making process makes it extremely difficult to compare results of these
clinical studies head to head [57, 58]. Furthermore, results of most of the cellular
clinical trials for heart disease evaluate only medical endpoints, such as clinical
improvements or measured mechanical improvements such as ejection fraction by
echo or other imaging modalities, and do not report on the ultimate benefit of such
therapies, i.e., improvement in survival of patients [59, 60].

As mentioned, cellular therapies have been postulated to restore heart function
through numerous mechanisms, depending on the type of cells used, their state of
differentiation, and their route of delivery. One of the most striking challenges in the
field of cardiovascular cell therapy is the heterogeneity of cell types that have been
used in different clinical trials, which is reflective of the deficiency of our mechanis-
tic insight at many levels [54, 61]. Many of the early clinical trials using bone
marrow-derived cells, mainly hematopoietic or culture-expanded mesenchymal
stem cells, were based on the assumption that these bone marrow-derived cells
could differentiate into cardiomyocytes and thus repopulate the damaged/lost cells
[62]. Later, investigators speculated that these cells might convert to endothelial
cells and repair damaged heat by angiogenic promoting processes [63]. Next wave
of hypothesis focused on the immunomodulatory and anti-inflammatory actions of
transplanted cells [64]. The most recent iteration of the potential mechanism of
action of bone marrow-based cell therapies is thought to be through their secretome.
This secretome is believed to exert a wide range of paracrine effects, such as stimu-
lation of heart tissue-resident stem and progenitor cells to proliferate and replace the
lost cells via generation of new differentiated cells [65]. What that has been less
paid attention to is the fact that cellular therapy, in addition to many already consid-
ered putative mechanisms, could also alter the biomechanical properties of the dam-
aged zone by promoting changes in the ECM via depositing new ECM or making
changes into the composition of ECM by secreting and injecting new molecules into
the damaged native ECM. Also, similar to the current debate about the potential
mechanism of action of transplanted cells, it could be argued that role of cell ther-
apy in modulating/repairing the damaged ECM could be either as a direct deposi-
tion of ECM by transplanted cells, such as MSCs, or via indirect effect of transplanted
cells to stimulate cardiac intrinsic cells to deposit new heart tissue-specific ECM. In
other words, transplanted cells could induce structural changes inducing recovery
and even proliferation of heart resident cells and that in turn lead to generation of
ECM with appropriate biochemical and biomechanical properties to replace aber-
rant ECM typical of post-myocardial infarction or heart failure. Not surprisingly,
there are only very limited and highly experimental data about the effect of human
cell therapy on heart ECM [66], which seriously limits our understanding of effect
of cell therapies on ECM components and their remodeling. Furthermore, ECM in
every organ has a very complex, unique, and dynamic biochemical composition and
biomechanical properties suited for the function of that organ [67]. Since most of
cellular therapies so far tested are based on BM-derived cells, it is challenging to
conceptualize how and to what extent these non-heart-derived cells could contribute
to restoration of heart-specific ECM proteins and molecules.
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9.4 Mesenchymal Stem Cells and ECM Repair

Mesenchymal stem cells, commonly also referred to as mesenchymal stromal cells
(MSCs), have been one of the most commonly used types of cells in cardiovascular
clinical trials [68—70]. Nevertheless, there is still no randomized, controlled clinical
trial that shows unequivocal efficacy of MSCs to provide a meaningful clinical ben-
efit. MSCs are generally characterized by their adherence to plastic, their multilin-
eage differentiation potential, and their characteristic cell surface marker expression
pattern [71]. Although bone marrow was the earliest source of MSCs, it is now well
known that organ-specific MSCs have been found in almost all fetal and adult tis-
sues and organs including the heart [72]. Interestingly, several lines of evidence
suggest that MSCs have a very close and mostly undiscernible lineage relationship
with fibroblasts/myofibroblasts [73, 74]. For example, in an in vivo infarct heart
mouse model, it was shown that a population of heart-resident primitive mesenchy-
mal cells gave rise to myofibroblasts [75]. This mesenchymal precursor population
expressed murine MSC and fibroblast markers such as CD44, CD34, and telomer-
ase reverse transcriptase (TERT). Since scar formation in the form of fibrosis is the
result of a vicious cycle of myofibroblast proliferation leading to collagen deposi-
tion and disturbing normal ECM architecture, paying attention to the intricacies of
ontological relationship between MSCs and fibroblasts is of paramount importance
when designing clinical trials [76]. For example, it could be argued that transplanted
MSC:s could replace faulty fibroblasts and lead to resolution of ECM; on the other
hand, too much of or the use of inappropriate source of MSCs could, at least theo-
retically, lead to exacerbation of fibrosis [77].

In an attempt to improve the results of BM-MSC trials for cardiac repair, use of
cardiogenic promoting growth factors in cultures has been proposed to generate
more effective MSCs. These so-called cardioprotective stem cells have been inves-
tigated in a multicenter randomized phase II C-CURE trial in which cardiopoietic
BM-MSCs were delivered by endomyocardial injection. Although this trial showed
the potential clinical feasibility and safety of this approach [78], potential efficacy
of this approach needs to be investigated in larger trials. The use of cardiac tissue-
derived stem cells has also reached clinical stage. Marban group has pioneered this
approach in which an endomyocardial biopsy from the patients was used to generate
autologous cardiosphere-derived cells. These cells, which have some characteristics
of MSCs, such as high expression of CD105 and low expression of CD45 marker,
were shown to be safe when delivered via intracoronary route after myocardial
infarction [79]. It is noteworthy these cardiac-derived cells, when cultured as car-
diospheres, recapitulated a stem cell niche microenvironment with enhanced expres-
sion of many ECM and adhesion molecules [80]. While advantage of these cells
over other types of stem cells still needs to be verified in larger randomized clinical
trials, biologically it is very plausible that cells derived from the heart could be
superior source of cells for repair of the heart compared to cells derived from bone
marrow or adipose tissue.
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9.5 Role of Tissue-Engineered ECM and Biomaterials
in Cellular Therapy

Results of many cellular therapies in preclinical animal models have shown that
engraftment of transplanted cells is not a robust phenomenon. Thus, development of
clinically applicable technologies to enhance cell engraftment, retention, and their
ultimate functional integration is considered to be of vital importance to improve
the results of cell therapy strategies [81, 82]. Such ex vivo and in vivo approaches to
promote engraftment of cells upon their administration could be based on technolo-
gies that improve cell viability, cell migration, cell survival, and ultimately cell
functionality upon reaching their target organs after administration of cells [83, 84].
Not surprisingly, utilization of bioengineered ECM technologies for such optimiza-
tion of cell therapy platforms is under active investigation, based on the assumption
that three-dimensional combination of appropriate cells with ECM or biodegrad-
able scaffolds and tissue growth factors could lead to better tissue reconstruction
[85, 86]. An example of such an approach could be implantation of cells, such as
cardiomyocytes, cardiac progenitors, skeletal muscle cells, and MSCs, cultured as a
sheet format construct on a variety of bioscaffolds [87], with the intention to enhance
cell engraftment, survival, and integration. It is plausible that use of cells such as
cardiomyocytes cultured in such a format with the aid of ECM and bioscaffolds
could have further advantages as this strategy may also lead to development of func-
tional cellular connections and synchronicity in their contractibility. However,
matching the physical and biomechanical needs of a constantly contracting heart is
not an easy task [88], as a cardiac construct must not only be capable of withstand-
ing the biomechanical forces of the cardiac contractile cycle but should also be
biocompatible with the host tissue from immunological and biological points [89].
Direct injection of cellular-derived biomaterials could be also a feasible strategy for
treatment of heart disorders by modulating ventricle remodeling [90]. Furthermore,
injectable biomaterials could also provide a strategy for enhancing the effects of cell
transplantation/implantation when administered with cells [91]. Even more encour-
aging is use of cardiac-specific ECM in combination with cellular products that
could prove beneficial for enhancing cell retention and improving the outcomes of
cellular therapies [92].

Another example of bioengineered ECM strategy that has generated intense
interest is use of decellularized whole-heart matrix scaffolds. An established
approach for treatment of end-stage heart failure is heart transplantation; however,
organ shortage from deceased donors remains the rate-limiting step in this process.
A potential solution to shortage of cadaveric hearts, aside from use of biomechanical
heart devices, is generation of new hearts using biological or synthetic scaffolds that
had been repopulated with cells to generate a new functional heart. In this scenario
use of biological scaffolds provides some theoretical advantages due to biologically
natural ECM components and presence of heart-specific growth factors and signal-
ing molecules in the bioscaffold that has been generated from a heart. Theoretically,
such bioscaffolds could promote the migration, engraftment, maturation and
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survival of the cells, and ultimately their functional adaptation. Thus, development
of bioengineered artificial hearts, through decellularization/recellularization of
whole-heart scaffolds has become an area of active research, as whole-organ decel-
lularized matrices are presumed to provide near physiological, biophysical, and bio-
chemical cues and thus support generation of an organ ex vivo [93]. Indeed, utilizing
decellularized tissues has verified the essential role of ECM in the regulation and
promotion of seeding, engraftment, expansion, differentiation and fate of trans-
planted cells, and their ultimate biomechanical and physiological functionality [94].
Experiments using ECM scaffolds derived from natural decellularized tissues could
instruct differentiation of stem cells into the specific cell types that naturally reside
in the tissues of origin for those corresponding ECM [95], which have further expe-
dited the development of tissue engineering and cellular therapy approaches based
on use of ECM in the form of decellularized organs [96].

The source of these decellularized heart matrices could be allogeneic, such as
human cadaveric hearts that are deemed not suitable for transplant. However, xeno-
geneic hearts could also be used because it is assumed that during the decellulariza-
tion process, cellular antigens are eliminated, and thus the bioscaffold becomes
hypo-immunogenic. As mentioned, these decellularized ECM biological scaffolds
generated from human or pig heart have potential advantages over synthetic bioscaf-
folds, such as biosynthetic scaffolds generated using three-dimensional bioprinting
technologies, as they better provide a tissue-specific recapitulation of heart ECM
biophysical and biochemical structure, intrinsic heart micro- and macro-anatomy,
and physiological composition and contractile strength [97]. Successful recellular-
ization of acellular scaffolds with appropriate cell types should ultimately generate
organ-specific cell composition in appropriate proportion and cell density.

For generating whole-heart scaffolds, either human cadaveric or xenogeneic
hearts, different decellularization technologies have been developed to remove the
cells from the organ to generate a cell-free whole-heart scaffold with all its ECM
components. The lysis of cells could be done using different techniques such as
chemical or enzymatic procedures, followed by physical perfusion to remove lysed
cell fragments. The next step in the process will be recellularizing the scaffold,
either ex vivo in bioreactors or in vivo or combined. At this stage, the cell type and
concentrations and appropriate recellularization strategies become important
parameters. One major challenge to overcome is to recellularize the scaffold with
the right type and right ratio of cells in correct spatial organization, using the appro-
priate method of cell delivery such as direct injection, perfusion, or both. Currently,
investigators are using more and more sophisticated technologies to further mimic
physiological conditions to promote proper organ function. For example, rat heart
scaffolds were not only repopulated with rat neonatal cardiomyocytes but also
primary rat aortic endothelial cells and then were cultured with pulsatile antegrade
left heart perfusion to simulate functional preload, ventricular filling, and afterload,
while pacing hearts with electrical stimulation [98]. With current technologies
ex vivo cellularization of a whole heart may take weeks of culture; however, par-
tially repopulated bioartificial organs such as heart could be implanted in recipients,
to allow further in vivo maturation of the organ via the regenerative potential of the
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body. Under such circumstances, in vivo maturation of the organ depends on the
trafficking of the stem and progenitor cells to the organ, their engraftment, matura-
tion and integration, and ultimately functional tissue formation. However, such
strategies are only applicable to tissues and organs that do not need to be fully func-
tional at time of implantation or when a therapeutic bridge is available, such as total
artificial heart pump. It is noteworthy that clinical use of decellularized/recellular-
ized human pulmonary heart valves implanted with autologous endothelial progeni-
tor cells, isolated from peripheral mononuclear cells, has been already reported. In
this study monolayers of cells were cultured and differentiated on the luminal sur-
face of the scaffolds in a bioreactor for up to 3 weeks and then implanted into two
pediatric patients (ages 13 and 11) with congenital pulmonary valve failure.
Postoperatively, a mild pulmonary regurgitation was documented in both children,
but 3.5 years of follow-up did not show any safety issues or signs of valve degenera-
tion and indeed showed that the implanted valves had the potential to remodel and
grow accordingly to the growth of the children [99]. Despite these preliminary
achievements, successful recellularization of decellularized whole-heart bioscaf-
folds to recapitulate a native heart and generate a functionally integrated unit
remains a very challenging task. This is not only due to the many remaining techno-
logical challenges to generate the optimal whole-heart bioscaffold but also because
much more progress is needed to generate fully functional types of cells and sophis-
ticated biomedical engineering techniques for their exact spatiotemporal delivery
and implantation into the scaffolds. Thus, there is no doubt that achieving the goal
of delivering a complex organ such as whole heart starting with a bioscaffold from
bench to beside will remain a daunting task for the foreseeable future.

9.6 Conclusion

Importance of ECM in restoring tissue organization and functionality to the heart
after myocardial injury is now very well understood. However, further research is
needed to develop practical and effective technologies to restore normal biochemi-
cal and biomechanical properties of ECM after tissue damage. Recently use of cel-
lular therapies, using a wide range of natural or ex vivo generated/modified cells, has
received great attention for repair and regeneration of heart tissue. Although the
exact mechanism by which cellular therapies could benefit heart recovery and func-
tion, and also the magnitude of this effect, is still a matter of great debate, it could be
hypothesized that one potential mechanism of action of transplanted cells to restore
heart function is through depositing new and healthy ECM to restore the lost/dam-
aged ECM. Conversely, use of different bioengineered ECM-based platforms, such
as decellularized scaffolds or use of injectable ECM biomaterials, as adjunct to cell
therapy approaches could be considered as a strategy to improve the effect of admin-
istered cells. Understanding how transplantation of cells could restore ECM func-
tion and vice versa how use of ECM could enhance the therapeutic effect of cell
therapy provides new and exciting venues for regenerating the heart.
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Chapter 10
Regulation of Regenerative Medicine
Products

Adrian P. Gee

Abstract Cellular therapies have moved to the forefront based upon promising
results from clinical trials using both chimeric antigen receptor T lymphocytes to
treat leukemia and other cell types to restore structure and function to tissues that
have been damaged by disease or physical injury. The pace at which these treat-
ments have evolved has posed a regulatory challenge to agencies, such as the Food
and Drug Administration (FDA). This chapter describes how a specific regulatory
strategy was developed and how it has evolved in response to the demand for these
new therapies.

Keywords Extracellular matrix - Regenerative medicine - Cellular therapies -
Regulatory authority - Food and Drug Administration - FDA guidance - GDraft
guidance - Good manufacturing practices - GMP manufacturing - Investigational
new drug application - Minimally manipulated - More than minimally manipulated

10.1 Introduction

For many years, it has been proposed that cellular therapies could provide cures for
otherwise untreatable diseases. These claims were based on two concepts. The first
was that a specific immune response could be engineered to destroy diseased target
cells. The second was based on the concept that all cells evolved from stem and
progenitor populations, which could be expanded and differentiated ex vivo or
in vivo to produce a population that could be used to elicit a regenerative or correc-
tive effect in the recipient. Clinical proof of principle was provided by bone marrow
transplantation, in which functioning immune and blood-forming systems could be
restored in cancer patients treated with myeloablative chemo/radiotherapy. This
therapy has achieved the status of practice of medicine and is not regulated by the
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FDA. Subsequently, different cell sources, new in vitro cell manipulations, and
novel indications have proliferated. This has posed a problem to the international
regulatory agencies as to what laws should govern this area. In the following
sections, the evolution of specific regulations is reviewed together with how they
have been recently streamlined to increase patient access.

10.2 Regulatory Authority

In the United States, the responsibility for regulation of drugs, foodstuffs, cosmet-
ics, animal feeds, etc. falls to the FDA. These regulations are published in Title 21
of the Code of Federal Regulations (CFR), which is available online. On an ongoing
basis, the FDA monitors developments in their area of responsibility and determines
whether they require regulation. If so, the initial approach is to decide whether there
are pre-existing regulations that could be applied to the new issue. Cellular therapy
products are regulated as pharmaceuticals, and as such, there were some existing
laws that were deemed to be relevant. There were, however, obvious differences
between exiting regulated small molecule drugs and biological therapeutics that
required specific attention. The problem was identifying these differences and
developing a consistent regulatory strategy that would address them.

The method by which this is achieved is often through a survey of what new
products are being developed. This may be followed by publication of draft guid-
ances, which suggest a regulatory strategy that may be adopted and how compliance
could be achieved. Stakeholders in the field have the opportunity to submit com-
ments to the FDA. These will be officially reviewed and may result in changes to the
proposed strategy. Eventually, the FDA will produce a final guidance document, and
subsequently the contents may appear in the regulations published in the CFR.

This process was adopted when the FDA reviewed developments in cellular ther-
apies. The data gathering stage consisted of a variety of meetings held between the
FDA and stakeholders. At these, the stakeholders could propose regulatory strate-
gies, outline needs and problems, and indicate how they believed the field would
evolve. In parallel, the FDA introduced Annual Establishment Registration. This
requires facilities involved in preparation of cellular therapy products to register
with the FDA and indicate the activities they perform, e.g., collection, processing,
distribution, etc., and the types of cellular products involved, etc. This provides
ongoing data on how the field is developing and whether new cellular products and
practices are emerging.

Based upon an extensive review of the field, the FDA identified existing regula-
tions that could be applied. These included the requirement to evaluate the new
product under an Investigational New Drug (IND) approval [1]. The IND mecha-
nism requires submission of data on the rationale for the treatment, preclinical stud-
ies to support this rationale, how the product will be manufactured and tested, and
design of the clinical trial, to include patient numbers with inclusion and exclusion
criteria, doses to be evaluated, stopping rules, statistical analysis methods, etc.
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An IND study requires that the test product is manufactured under current good
manufacturing practices (GMP). This is a system that ensures that the cells are pre-
pared using a controlled, auditable, reproducible procedure that results in a safe and
potentially effective product. GMP regulations have been in place for other types of
therapeutics for many years and can be found in Parts 200 and 600 of Title 21 of the
CFR (the electronic version of the current CFR is available online at https://www.
accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm.

Having made the decision, the FDA then had to address how the IND and GMP
mechanisms would be applied to living therapeutics.

10.3 Risk-Based Regulations

There are a number of issues that arise quickly when trying to implement existing
regulations to cellular products. These are living entities with inherent variability
that are then subjected to ex vivo manipulation, possible long-term storage, ship-
ment to treatment centers, and additional manipulation before patient administra-
tion. It would be very difficult to develop a single regulatory strategy that could be
applied to a potentially very wide range of product types. The FDA elected to use a
risk-based approach. This evaluated the potential degree of risk to the donor, the
risks posed by ex vivo manipulation, and the risks to the intended recipient. Using
this system, it was possible to implement two regulatory strategies; however, to do
so, the risks needed to be specified. The major risks are outlined in Table 10.1 for
somatic cell therapy products. Products defined as posing high risk would follow the
existing GMP/IND mechanism and are referred to as Type 351 products. Lower-risk
products (Table 10.1) would be subject to new regulations. These were named good
tissue practices (GTP) and are described in 21 CFR Part 1271 and described in an
FDA guidance [2] and cover Type 361 products. They regulate minimally manipu-
lated products, which immediately raises the question of how this term is defined.

Table 10.1 Major factors used to classify high- and low-risk cell therapy products

Low-risk (Type 361 products)
Good tissue practice regulations

High-risk (Type 351 products)
Good manufacturing practice regulations

Simple collection procedure, e.g., peripheral
blood draw

Complex collection procedure, e.g., surgical
procedure required

Minimal manipulation of cells ex vivo, e.g.,
¢ Plasma reduction

¢ Red cell removal

e Selective removal of cells

More-than-minimal manipulation of cells
ex vivo, e.g.,

e Ex vivo cell culture

e Genetic modification

e Activation of cells

No change to relevant or biological
characteristics of the cells

Changes to relevant and/or biological
characteristics of the cells

No combination of cells with another article

Combination with another article or device

Homologous use

Nonhomologous use
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For structural tissue, it is defined as processing that does not alter the original relevant
characteristics of the tissue relating to the tissue’s utility for reconstruction, repair,
or replacement, and, for cells or nonstructural tissues, it is processing that does not
alter the relevant biological characteristics of tissues. This would appear to put
many regenerative products under the GTP regulations; however, this is not always
true. The FDA was requested by stakeholders to provide a clearer definition of
manipulation, and in 2006, it published the “Guidance for Industry and FDA Staff:
Minimal Manipulation of Structural Tissue Jurisdictional Update” [3]; this described
arequest for designation process, by which the investigator could ask for an official
manipulation designation on their particular processing. There is an associated
Guidance for Industry and FDA: “How to Write a Request for Designation (RFD)”
[4]. This document did not specifically define what in vitro procedures would con-
stitute more-than-minimal manipulation, and so this issue continued to be debated.
In parallel, there was controversy on the term “homologous use,” which is a require-
ment for regulation under GTP. Many investigators felt that GTP regulations cov-
ered use of bone marrow or adipose-derived cells implanted in different tissues to
achieve different functions. The FDA argued that homologous use only included
applications where the cells were expected to perform the same function at the sites
of collection and administration. This interpretation was still questioned, and to try
to resolve both of these areas of contention, the FDA in December 2017 [5] pub-
lished the “Guidance for Industry and Food and Drug Administration Staff—
Regulatory Considerations for Human Cells, Tissues, and Cellular and Tissue-Based
Products: Minimal Manipulation and Homologous Use.” This guidance aims to pro-
vide clear definitions for both minimal manipulation and homologous use.

In general terms, more-than-minimal manipulation, for the purposes of this arti-
cle, covers ex vivo culture, genetic manipulation, and cell activation, some or all of
which are used when preparing cells for regenerative applications. In turn, depend-
ing on the origin of the cells and their final application, the cells or tissues may be
for homologous or nonhomologous use. As a result, most early-phase regenerative
medicine protocols are regulated under the IND mechanism and employ product
manufacturing under GMP, rather than GTP regulations (Table 10.1).

10.4 GMP Manufacturing

Many academic institutions contemplating opening Phase 1 clinical trials of a
regenerative medicine product may be unfamiliar with GMP regulations. A full
description of the requirements is outside the scope of this article, but reviews are
available [6, 7]. Not all components of full GMP are required for Phase 1 studies.
The FDA Guidance “CGMP for Phase 1 Investigational Drugs” provides a sum-
mary of the expectations [8]. These include policies and procedures that cover staff,
quality control, facility and equipment, control of components, manufacturing and
records, laboratory controls, packaging, labeling, distributing, and recordkeeping.
Recognizing that cell therapy products differ from traditional small drug
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pharmaceuticals, in 2013 the FDA issued a Guidance [9] specifically relating to
cellular and gene therapy products: “Draft Guidance for Industry: Considerations
for the Design of Early-Phase Clinical Trials of Cellular and Gene Therapy
Products”, which provided important supplementary information.

The IND application contains the Chemistry, Manufacturing and Control (CMC)
section, which describes in detail the origin, manufacturing, testing, labeling and
distribution of the product, and the facility in which it is to be manufactured. Luckily,
there is an excellent FDA Guidance [10] on how the CMC should be written and
formatted, “Content and Review of Chemistry, Manufacturing, and Control (CMC)
Information for Human Somatic Cell Therapy Investigational New Drug
Applications (INDs)”. There is a parallel Guidance [11], which provides the same
information for gene therapy products, “Content and Review of Chemistry,
Manufacturing, and Control (CMC) Information for Human Gene Therapy
Investigational New Drug Applications (INDs)”. These documents streamline writ-
ing of the CMC section, and should be followed closely when preparing informa-
tion for IND submission.

10.5 Extracellular Matrix (ECM) Regulation

This volume discusses the types and properties of ECMs and how they exert their
beneficial effects. This chapter addresses the regulation of ECM and how it is evolv-
ing. Therapeutic products that consist of cells plus a matrix [12, 13], or scaffold, are
regulated as combination products, and assignment falls under the FDA Office of
Combination Products. The designation as a combination product can be disputed
using the request for designation mechanism described earlier. Additional informa-
tion can be found in a recent final guidance “Classification of Products as Drugs and
Devices & Additional Product Classification Issues” [14]. Combination products
are specifically intended to be used together, and both components are required to
mediate the therapeutic effect. Jurisdiction as to which part of the FDA (the Center
for Biologics Evaluation and Research (CBER) or the Center for Devices and
Radiological Health (CDRH)) the combination product is assigned and is deter-
mined by its primary mode of action. In some cases, two applications may be
required. Table 10.2 shows the information that will be requested on the cell and
scaffold components. The variety and properties of ECM are continually evolving,
making it difficult to describe a single common regulatory strategy for all. The most
recent development has been signing into law of the twenty-first Century Cures Act
in 2016, which is designed to accelerate the development and review of novel medi-
cal products [15]. It also established new expedited product development programs:
(1) the Regenerative Medicine Advanced Therapy (RMAT) [16] and (ii) the
Breakthrough Devices program. RMAT designation is intended for regenerative
medicine therapies that are required to treat, modify, reverse, or cure serious or life-
threatening diseases or conditions where there is preliminary clinical evidence that
the therapy has the potential to address unmet medical needs. RMAT designation is
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Table 10.2 Information required by FDA on combination products

Cells Scaffold (Device)

Source (auto, allo) Starting materials

Donor eligibility, master cell bank Material selection, design, and fabrication

testing Biocompatibility

Cell processing Design and properties

GMP compliance, in-process testing | Mechanical and physical

Release testing Manufacturing and testing

Safety, identity, purity, potency Resorption profile, design control, performance

Cell number Sterility assurance, quality system regulations, device
GMP

Cells + Device

Dose response, cell growth, cell function, cell-scaffold interactions

Final product

Safety, potency, durability, cell fate, structural and biomaterial decomposition

This table is based on information presented by MH Lee, Office of Cellular, Tissue, and Gene
Therapies, CBER, FDA, at the 2nd Annual Symposium on Stem Cell Strategies, Best Practices and
Regulatory Considerations, San Francisco, CA. September 2010

obtained by filing a request with CBER or by including the request in the IND
application. Since many regenerative therapies involve the use of a device as part of
a combination product, the FDA subsequently issued a draft guidance “Evaluation
of Devices used with Regenerative Medicine Advanced Therapies” [17]. It is impor-
tant to note, however, that this guidance specifically states that the “FDA does not
consider scaffolds combined with a cellular product to be within the scope of this
Guidance.” The rationale is that the scaffold would not generally be considered
solely “a device used in the delivery of RMAT,” because it provides more than a
delivery function, and that “both the scaffold and the cellular product are typically
necessary for the RMAT to achieve its intended purpose.”

In spite of an evolving regulatory landscape, the FDA has approved a number of
scaffolds and combination products. These include autologous cellularized scaf-
folds, CorMatrix ECM, and hydrogels, such as polyethylene glycol (PEG) or poly-
ethylene oxide (PEO), which is a biocompatible and hydrophilic polymer approved
for several biomedical applications (12).

10.6 Interacting with the FDA

The best approach when seeking regulatory approval for an ECM/cell product is to
obtain advice from the FDA early in the process. In 2017, the FDA published a
procedural draft guidance “Formal Meetings Between the FDA and Sponsors or
Applicants of PDUFA Products” [18]. This summarizes the types of meetings that
can be held with the agency. The most important are the types A, B, and C meetings.
Initial contact should be made through a Type C meeting. This is described as
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“any meeting other than a Type A, Type B, or Type B (end of production) meeting
regarding the development and review of a product.” It offers the IND sponsor the
opportunity to obtain regulatory feedback on an IND study under early develop-
ment. The normal procedure is to contact the FDA to request a Type C meeting
(often referred to as a pre-pre-IND meeting) and provide them with a list of issues
that require clarification. This is usually done by outlining the proposed action to be
taken, e.g., we proposed to assess product functionality using the following assay,
will that be acceptable? The meeting takes place by conference call between the
investigators and selected FDA staff. Careful notes should be taken of the proceed-
ings, and it is advisable to follow up with an e-mail or letter to the FDA outlining
your understanding of the points that were raised. This advice is invaluable in clari-
fying how the IND will be written, the product manufactured and tested, and the
studies designed.

Type B meetings occur subsequently. These are used as the “official” pre-IND
meetings and are held shortly before the IND application is submitted. They provide
an opportunity to briefly present points where clarification from the agency is
required. The format is the same as described above for the Type C meeting, and an
outline of what is to be discussed should be submitted to the agency in advance.
Type B meetings can also be used to discuss other issues, e.g., risk evaluation. Type
A meetings are used for dispute resolution, follow-up after regulatory action, etc.

Before holding a meeting with the FDA, it is advisable to become familiar with
the various draft and final guidances that have been published. These allow an inves-
tigator to get an overview of current thinking on regulatory strategies. Some of the
most valuable guidances are listed in Table 10.3. All are accessible from the FDA
website at http://www.fda.gov/. It is also possible to subscribe to the CBER website
to automatically receive notification of new information.

10.7 Summary

Recent successes achieved by cellular therapies for leukemia, and in regenerative
medicine applications, have caught the public interest. As a result, there has been
increasing pressure on the FDA to develop new regulatory approaches to accelerate
the evaluation and approval of these treatments. For the investigator wishing to
implement a clinical trial using a new cellular product, this poses a challenge, since
the existing regulatory approach has taken some time to evolve and continues to do
so. The concepts of “manipulation,” “homologous use,” and “combination prod-
ucts,” all of which affect the regulatory pathway, have been long debated, and their
final definitions were only recently resolved. We now face additional mechanism to
improve the evaluation and approval process. This chapter aims to provide a “snap-
shot view” of where the field is currently and how it may evolve in the future. Given
rapid developments in ECM biology, cardiac cell therapy science and indications,
and governmental regulations, it is impossible to hit such a rapidly moving target
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Table 10.3 Selected FDA guidances
Guidance Subject Date
Formal Meetings Between the FDA and Sponsors | Description of types of December
or Applicants of PDUFA Products: Draft meeting that can be held with | 2017
Guidance for Industry the FDA
Chemistry, Manufacturing, and Controls Changes | Making changes to the December
to an Approved Application: Certain Biological chemistry, manufacturing, and | 2017
Products—Draft Guidance for Industry control section of an approved
IND
Regulatory Considerations for Human Cells, Clarification of definitions of | December
Tissues, and Cellular and Tissue- Based Products: | homologous use and 2017
Minimal Manipulation and Homologous Use— manipulation
Guidance for Industry and Food and Drug
Administration Staff
Evaluation of Devices Used with Regenerative Evaluation of combination November
Medicine Advanced Therapies: Draft Guidance products in regenerative 2017
for Industry medicine
Expedited Programs for Regenerative Medicine Mechanisms for accelerated November
Therapies for Serious Conditions approval of regenerative 2017
medicine products
Current Good Manufacturing Practice GMP regulations for January
Requirements for Combination Products: Final manufacturing combination 2017
Guidance for Industry and FDA Staff products
Considerations for the Design of Early-Phase Difference between designs June 2015
Clinical Trials of Cellular and Gene Therapy for cell and gene therapy
Products clinical trials and those for
small molecule drugs
Preclinical Assessment of Investigational Cellular | Types of preclinical data November
and Gene Therapy Products: Final Guidance required for cell and gene 2013
therapy IND applications
Process Validation: General Principles and Design of validation studies January
Practices: Guidance for Industry 2011
Potency Tests for Cellular and Gene Therapy Types of potency tests that can | January
Products: Guidance for Industry be used for cell and gene 2011
therapy products
Cellular Therapy for Cardiac Disease: Guidance | Overview of considerations October
for product manufacturing, 2010
testing, delivery, and clinical
trial design
Content and Review of Chemistry, Manufacturing, | Template for writing somatic | April 2008
and Control (CMC) Information for Human cell therapy product CMC
Somatic Cell Therapy Investigational New Drug | section
Applications (INDs): Guidance for Industry and
FDA Reviewers
Content and Review of Chemistry, Manufacturing, | Template for writing gene April 2008

and Control (CMC) Information for Human Gene
Therapy Investigational New Drug Applications
(INDs)

therapy product CMC section

(continued)
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Table 10.3 (continued)

Guidance Subject Date
CGMP for Phase 1 Investigational Drugs: Minimal GMP requirements | July 2008
Guidance for Industry for manufacturing products for

use in a Phase 1 clinical trial
Sterile Drug Products Produced by Aseptic Sterile manufacturing for September
Processing—Current Good Manufacturing products that cannot be 2004
Practice: Guidance for Industry terminally sterilized

accurately. The reader is strongly advised to keep abreast of scientific and clinical
developments and to use FDA resources to determine the best way to translate these
into early-phase clinical trials.
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Chapter 11 )
Clinical Trial Design for Investigational
Cardio-Regenerative Therapy

Check for
updates

Amish N. Raval

Abstract Human trials of cardio-regenerative biologic therapies are being
performed worldwide to address a growing, unmet need for durable treatments of
cardiovascular disease. A well-constructed clinical trial design for these novel ther-
apies requires careful attention to defining a clear hypothesis, a patient population,
and anticipated outcomes. The scope of screening, method of randomization, blind-
ing approach, data monitoring, and statistical analysis plan are the foundational
elements that must be addressed in any clinical trial. Although the experience of
human trials involving extracellular matrix constructs for cardiovascular disease
treatment is limited, numerous lessons have been learned in the field of cell therapy
that are translatable across all biologic treatment options. Future progress in this
field may include testing combinations of cells, gene-transfer agents, and matrix
and identifying treatment responders versus nonresponders.

Keywords Heart failure - Clinical trial - Stem cell - Treatment - Regenerative
medicine - Myocardial infarction - Cardiomyopathy

11.1 Introduction

Cardiovascular disease is the most common cause of death and reason for hospital-
ization in the United States [1]. For example, an estimated six million Americans
suffer from heart failure, and this number is expected to increase to more than eight
million by 2030 [2]. Mortality is high in these patients and similar to that of advanced
cancer. Standard therapy involves beta-adrenergic and angiotensin II-inhibiting
medications that block maladaptive neurohormonal pathways, but these drugs are
only partially effective and are not universally tolerated [3]. Left ventricular assist
devices and heart transplant may be offered, but device failure, stroke, infection, and
organ shortages limit these approaches [4]. A dizzying array of stem/progenitor
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cells or cell-derivative therapies are being tested in human trials to replenish heart
and vascular cells worldwide. Candidate cardio-regenerative therapies have targeted
patients who suffer from large acute myocardial infarction, chronic refractory heart
failure, and chronic refractory angina. However, despite nearly three decades of
investigation, there are still no Food and Drug Administration (FDA)-approved
cardio-regenerative therapies. On the other hand, the accumulating experience has
resulted in several “lessons learned” for designing and executing cardio-regenerative
clinical trials. In this chapter, we will review the fundamentals of clinical trial
design, therapeutic delivery, endpoints, potency, and novel adaptive trial design
approaches in the context of cardio-regenerative medicine.

11.2  Clinical Trial Design for Biologics Therapy for Cardiac
Disease

Investigators who design clinical trials must have a clear understanding of the target
patient population, a clearly stated goal or hypothesis, and clinical endpoints. The
Food and Drug Administration (FDA) provides regulatory oversight of pharmaceu-
ticals, biologics, and medical devices in the United States. The Center for Biologics
Evaluation and Research (CBER) is a branch of the FDA that provides specific
oversight of human trials pertaining to vaccines, blood products, and biologics
including cell-based and extracellular matrix therapies [5]. Additional regulatory
oversight of human trials is provided by local institutional review boards (IRB).
Clinical trials for regenerative medicine applications must follow the same rigorous
principles and ethical standards of those of traditional pharmaceutical trials.

In the United States, human trials that test medical/device treatments are con-
ducted in “phases” (see Table 11.1). In Phase I, the objective is to demonstrate
safety and feasibility of the approach; to define the product’s kinetics, biodistribu-
tion, and traceability; and to test the feasibility of any exploratory endpoints that
may be useful in future phases. Phase I studies may be randomized or open label
without a control group. “Phase Ia” studies imply a single dose that is being tested

Table 11.1 Phases for cardio-regenerative therapeutic clinical trials

Trial Typical sample

phase Objective Design size

I Feasibility Open-label or randomized 20-40
Safety placebo controlled

II Safety Randomized placebo controlled | 40-200
Efficacy using surrogate
endpoints

I Efficacy using clinically Randomized placebo controlled | >200
meaningful endpoints

v Post-marketing surveillance Open-label >1000
To monitor for long-term effects
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to confirm safety. “Phase Ib” studies imply multiple, ascending doses to define dose
response. With pharmaceutical trials, it is typical for Phase I studies to be performed
in healthy volunteers, whereas in cardio-regenerative trials, patients with advanced
disease who are refractory to conventional therapy are enrolled. In Phase II, the
objective is to confirm safety in a larger randomized placebo-controlled trial. It is
common to test for exploratory surrogate endpoints in Phase II for foundational
evidence to justify and support a larger Phase III trial. “Phase Ila” studies imply an
exploratory safety study with pharmacodynamics and biologic activity as the pri-
mary endpoint. “Phase IIb” studies imply defining an optimum dose range related
to both safety and efficacy. In Phase III, the goal is to confirm that the investiga-
tional agent is effective in a randomized, placebo-controlled trial. The primary end-
point in a Phase III trial must be clinically relevant such as survival, reduction in
symptoms, improvement in quality of life, freedom from hospitalization, improve-
ment in walking distance, or combinations thereof. Phase III “pivotal” trials are
designed with an intent to submit the findings to the FDA to establish a “labeled”
indication, so that the therapy can be marketed and applied in clinical practice.
Following FDA approval, post-marketing surveillance (sometimes called “Phase
IV”) may be required. At this point, the treatment is commercially available, but
patient information related to their demographics and follow-up observations are
entered into a registry. The objective for Phase IV is to monitor for long-term side
effects of the treatment.

A clear, succinct, and prospectively declared trial hypothesis is the hallmark of
any reputable clinical trial. Once the hypothesis is defined, the trial will require a
logistical framework that includes (i) sample size, (ii) screening, (iii) randomiza-
tion, (iv) blinding, (v) treatment, (vi) endpoints, and (vii) data monitoring and sta-
tistical analysis plan. These are discussed below.

11.2.1 Sample Size

The trial sample size must be sufficiently robust to test the trial hypothesis for the
primary endpoint. The greater the number of events anticipated in the target patient
population, the smaller the sample size, and vice versa; the fewer the number of
anticipated events, the larger the sample size. For the latter, this can translate to an
unacceptable amount of time and expense to accrue subjects and delay approval of
potentially effective therapies for vulnerable patient populations.

Recently, clinical trialists have suggested prospectively defined “adaptive” trial
design models to use accumulating data obtained while the trial is ongoing to modify
its course [6, 7]. One adaptation that has been proposed is to adjust the sample size
at a pre-specified point in the trial when the primary endpoint is reached (such as
improvement in 6-min walk distance), but there is a strong trend to improvement in
a different but clearly important endpoint such as survival. By adapting to the larger
sample size, the trial boosts statistical power to show that the investigational therapy
significantly improves both ambulatory function and survival. Other adaptations
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include stopping early due to futility in reaching the primary endpoint, adjusting
therapeutic dose to efficiently assess dose response, adding or dropping random-
ization arms or dosing strata, and narrowing or widening the screening criteria.
Although the FDA has embraced adaptive trial designs and, as such, has issued a
guidance document [8], this approach has not been universally accepted by other
stakeholders such as healthcare providers, community representatives, administra-
tors, and payers [9].

11.2.2 Screening

Cardio-regenerative trials have traditionally focused on advanced heart disease,
such as large myocardial infarction, chronic refractory angina, and heart failure
despite optimized conventional medical, revascularization, and device therapy.
Rigorous inclusion and exclusion screening criteria are typical in Phase I/II trials to
narrow the patient population under study and avoid confounding variables that
could alter prognosis independent of the investigational therapy. For example,
patients with serious comorbid conditions such as dialysis-dependent renal failure
are typically excluded. Most cardio-regenerative therapies tout angiogenic and
immunomodulatory paracrine properties, and therefore, conditions such as prolif-
erative diabetic retinopathy, active cancer, and active infectious diseases such as
human immunodeficiency virus and viral hepatitis are exclusionary. When the pri-
mary endpoint is a test of ambulatory function such as walking distance, non-
ambulatory patients are excluded. Also, most cardio-regenerative clinical trials
exclude patients who have received an investigational biologic therapy in the past,
to avoid confounding toxicity with the new investigational therapy.

There has been recent interest to narrow the scope of the trial to include only
patients who are likely to be treatment “responders” based on biomarker parame-
ters. For example, the Phase III CardiAMP Heart Failure trial [10] (NCT024383006)
screens ischemic heart failure patients by performing a small volume bone marrow
aspirate and testing the aspirate for cell potency markers. Individuals who have
potent cells are then randomized to receive transendocardial injection of autolo-
gous bone marrow mononuclear cells obtained through a second, larger volume
aspirate. This specific design was based on numerous post hoc analyses of cardio-
regenerative studies that have suggested a variety of demographic features and other
clinical biomarkers that isolate responders from non-responders to biologic thera-
pies [11-15].

11.2.3 Randomization

Randomization in clinical trials improves the scientific validity of the results and
should be performed as close in time to the investigational treatment as possible.
This is straightforward for off-the-shelf pharmaceutical products, synthesized
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biomaterials, or allogenic cell products, but not for autologous therapies that require
a tissue/cell harvesting step. For example, autologous bone marrow cell therapy tri-
als, circulating progenitor cell therapy trials, and cardiac progenitor cell therapy
trials require bone marrow aspirate, leukapheresis, and heart biopsy, respectively, in
order to derive the investigational product. If the goal is to test the hypothesis that
the overall therapeutic strategy of harvest/autologous treatment is safe and effective
against traditional care, then the randomization step would have to occur prior to the
harvest. In the Stem Cell Revascularization in Patients with Critical Limb Ischemia
(SCRIPT-CLI) clinical trial, the circulating progenitor cells were harvested and iso-
lated the day prior to treatment [14]. An alternative approach is to harvest cells from
all patients and then randomize them to treatment or control. In this case, patients
randomized to the control group would be exposed to the risk of a harvesting proce-
dure but would not receive the investigational product.

Randomization may be equal (1:1, treated to control patients) or unequal.
Unequal randomization schemes are usually designed for more treated patients than
controls (i.e., 2:1 or 3:1) to incentivize patient recruitment. Randomization should
occur at an independent, centralized facility. For multicenter placebo-controlled tri-
als, the randomization is typically conducted using permuted blocks of random
sizes, to ensure each center represents the population with a similar ratio of treated
to control patients. Phase III multicenter trials often compare pooled results from
geographic regions such as comparing outcomes in US centers versus European
centers, for example.

11.2.4 Treatment

The treatment phase of the study follows the screening phase and randomization.
The patient receives either the investigational treatment or placebo (or sham). With
a few exceptions, the vast majority of cardio-regenerative trials to date have applied
the investigational treatment at only one time point and at one dose. Delivery meth-
ods to date have included intravenous delivery, intracoronary artery infusion, direct
epicardial injection, transvascular interstitial injection, coronary sinus infusion,
transendocardial injection, and surgical application of cell-loaded and cell-free
patches [16, 17].

11.2.5 Blinding

Ideally, the investigational team and patient should not have knowledge about their
treatment/placebo assignment to avoid future decision bias. A common example of
this issue is when a patient drops out of a study if they knew they received placebo or
sham treatment. When the therapy involves an invasive procedure to deliver the study
agent such as surgical exposure or catheter-based delivery, maintaining blinding of
the investigational team and the patient (i.e., “double-blind”) can be challenging.
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Sham or “mocked up” procedures can be performed to sufficiently deceive the patient
while at the same time investigators are obliged to minimize exposing patients to
potential harm. A questionnaire at the end of the treatment phase may be posed to
the patient to determine if they could determine which treatment assignment they
received, in order to confirm that the sham procedure was successful.

11.2.6 Endpoints

Defining the primary endpoint of a clinical trial is one of the most crucial elements
of trial design [18]. The primary endpoint of the trial should reflect the disease at
issue and be relevant to patients, healthcare providers, and payers with minimal
bias. Where possible, endpoints should be evaluated by independent and blinded
core laboratories and investigators and adjudicated by independent event commit-
tees. The primary endpoint is the key determinate of the sample size of the trial and
FDA regulatory approval in Phase III studies. Safety endpoints, surrogate endpoints,
clinically meaningful endpoints, clinician-interpreted endpoints, and patient-
reported endpoints are further discussed below.

Safety Endpoints In cardio-regenerative clinical trials, adverse events (AEs) are
documented and tallied. Significant events are also referred to as serious adverse
events (SAEs). Posttreatment SAEs including death, myocardial infarction, stroke,
and hospitalization are the focus of Phase I and II studies. Consensus documents
have emerged that propose monitoring of tissue injury and arrhythmogenesis in car-
dio-regenerative trials [19, 20]. In addition, efforts should be made to establish the
interaction of dose and safety readouts in Phase I/II trials. A goal of Phase I and II
trials is to show no excess mortality or other major adverse events with the investi-
gational therapy. In contrast, Phase III trials are designed to show these events occur
less often, or at least not more, with the investigational therapy compared to placebo.

The timing of when safety events should be recorded and analyzed in the follow-
up period remains controversial and depends on the clinical condition and endpoints
being studied. In Phase I/II studies, it is not unusual to reach a safety endpoint con-
clusion based on 3—6 months follow-up. In Phase III, a longer follow-up window
(i.e., >2 years) is often desirable to ensure no late adverse effects from the
investigational therapy. This is particularly the case for cardio-regenerative studies
when live cells or gene transfer agents are administered.

Surrogate Efficacy Endpoints Surrogate endpoints are typically continuous param-
eters that closely predict a robust clinical endpoint such as survival and provide
plausible interpretation of how the investigation agent may be efficacious. These
endpoints may provide a pathophysiologic explanation for how the agent will affect
prognosis. Predicting the extent of improvement in surrogate endpoints is challeng-
ing in Phase II trials, as there is minimal prior experience with the study agent. In
fact, observing a close relationship between the predicted and actual treatment
effect is a good measure of success for the trial. In heart failure trials, for example,
common surrogate endpoints include pro-N-terminal pro-brain natriuretic peptide
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and other biomarkers [21], left ventricular chamber size and ejection fraction, via-
bility on positron emission tomography (PET) or magnetic resonance imaging
(MRI), arrhythmia burden on electrocardiogram (ECG) monitoring, and ischemia
territory on stress imaging. Surrogate parameters alone or in aggregate are insuffi-
cient to achieve FDA approval for the investigational treatment. Instead, demon-
strating success using robust clinically meaningful endpoints is required to achieve
an FDA-labeled indication.

Clinically Meaningful Efficacy Endpoints By Phase III, clinically meaningful ben-
efit must be demonstrated in a randomized, double-blind, placebo-controlled trial
with a sufficiently large sample size. Often, Phase III cardiac drug and device trials
emphasize all-cause mortality as the primary endpoint. For example, this is the pri-
mary endpoint for the ongoing bone marrow cell therapy in acute myocardial infarc-
tion (BAMI) Phase III trial which will randomize 3000 acute myocardial infarction
patients to receive bone marrow-derived cells or standard of care [22]. The choice
of all-cause mortality over cardiovascular mortality as the primary endpoint for
these trials is controversial [20]. Additional clinically meaningful endpoints in heart
failure trials include walking distance, freedom from hospitalization, freedom from
life-threatening arrhythmias, transplant, left ventricular assist device placement,
stroke, and myocardial infarction.

Clinician-Interpreted Endpoints Versus Patient-Reported Endpoints An example
of clinician-interpreted outcomes is the New York Heart Association (NYHA) heart
failure functional class. NYHA classification is considered a soft and unreliable end-
point as it is highly subjective and dependent on the absence of other intervening
comorbidities such as degenerative joint disease or lung disease. An example of a
patient-reported outcome is the Minnesota Living with Heart Failure Questionnaire
(MLWHEFQ) score [23]. The Minnesota Quality of Life Questionnaire is a common,
simple to use tool to assess and monitor over time the quality of life of a heart failure
patient. In contrast to NYHA classification, patient-reported quality of life is viewed
favorably by the FDA as one variable that could sway regulatory approval of a therapy.

11.2.7 Data Monitoring and Statistical Analysis Plan

In most US clinical trials, independent data monitoring occurs by blinded clinical
research associates (CRAs) who represent an independent clinical research organi-
zation (CRO). This involves careful documentation review of each enrolling site.
This data is then entered into a web-based portal, to be reviewed by an independent
data monitoring committee (DMC). The DMC typically consists of unblinded indi-
viduals with varied clinical backgrounds, including a statistician. The DMC follows
a DMC “Charter” that may stipulate frequency of DMC meetings, trial stopping
rules, and the management of blinded and unblinded data. The outcomes of these
DMC meetings are summarized in a letter, which is made available to the investiga-
tors, the sponsor, the local institutional review board, and the FDA.
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All clinical trials must develop, a priori, a data analysis plan to evaluate the
safety and efficacy readouts. In Phase I trials, it is common to test escalating study
agent doses to identify dose-related toxicity. The design may include patient cohorts
that are stratified in terms of escalating doses, where investigators proceed to next
dose strata as long as the current dose strata show a freedom from serious toxicity.
In Phase II trials, the most successful one or two doses are tested, and serious
adverse events are tallied and adjudicated for their relatedness to the investigational
treatment. Whether the SAE was related to the study treatment is first assessed by
the site principal investigator and then verified by the DMC. In larger trials, there
may be a separate event adjudication committee tasked to categorize SAEs and their
relatedness to the investigational agent. Phase III clinical trials are so-called “piv-
otal” trials when they are designed and executed to obtain FDA approval for a
disease-specific labeled indication. The primary objective is to show the treatment
is effective. Phase III studies must have a pre-defined statistical analysis plan for
evaluating the primary and secondary efficacy endpoints of the trial.

Many clinical trials list a composite endpoint of clinically meaningful variables
(such as death, MI, and stroke) with the goal of showing therapeutic benefit with a
reasonable population sample size. There are several challenges with using compos-
ite outcomes. First, double or triple counting of events is a problem that can confuse
the result. For example, a patient has an MI in the follow-up period and dies from it.
This issue is dealt with by stipulating the composite endpoint as time to first event.
Secondly, clinicians, patients, hospital systems, payers, and society can view the
importance of each individual component of the composite differently. This issue
was illustrated by Kipp et al. where patients were compared to physicians in terms
of their perception of the relative importance of death or stroke following either
coronary artery bypass grafting or percutaneous coronary revascularization [24]. In
this study, patients feared stroke far more than death, in contrast to physicians who
had the opposite view of these events.

In general, composite endpoint scores should have objective clinically meaning-
ful event categories that are interrelated and directionally concordant. The greater
the number of clinically meaningful event categories, the higher the likelihood of
one event category moving in a directionally discordant way from chance alone. For
example, the primary endpoint of the Phase II Calcium Upregulation by Percutaneous
Administration of Gene Therapy in Cardiac Disease (CUPID) trial had seven event
categories and required all seven to move concordantly in a favorable direction,
with no significant worsening in any event category [25].

Recently, cardio-regenerative trials have emerged with more sophisticated statis-
tical analysis plans. For example, the CardiAMP trial has 6-minute walk distance as
the primary endpoint but allocates death, hospitalization, and quality of life scores
in a stepwise hierarchical fashion. In this approach, the most significant clinical
outcome supersedes less clinically important outcomes. A priori, each outcome is
assigned a weight (e.g., 1 = death, 0.5 = MI, 0.2 = hospitalization).

Another approach to reduce the need for unmanageable sample size is to compare
treatment/control patients head to head on clinically meaningful outcomes within
the composite. One example of this is described by Finkelstein and Schoenfeld [26].
Each patient in the treatment arm is assigned a score of 1, 0, and — 1 depending on
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whether they were better, the same, or worse than a comparison patient in the con-
trol arm for clinically meaningful events that are ordered in a hierarchy of clinical
importance. At the pre-specified follow-up time to evaluate the primary outcome,
net scores are compared between treatment and control groups using a test statistic.

11.3 Examples of Cardio-Regenerative Clinical Trials
Testing Extracellular Matrix

Human trial experience using acellular and cellularized extracellular matrix or
patches for cardio-regenerative repair is limited. The PRESERVATION I study
(n =303) by Rao et al. tested a bioabsorbable alginate polymer Algisyl (LoneStar
Heart Inc., Dallas, Texas) in patients with ST elevation myocardial infarction who
were successfully reperfused after percutaneous coronary intervention [27, 28]. The
alginate was infused into the infarct-related artery up to 5 days following reperfu-
sion. The primary objective of the trial was to demonstrate safety. The primary
efficacy surrogate endpoint was chance in left ventricular diastolic volume index
measured by three-dimensional echocardiography from baseline to 6 months. There
were no safety concerns with the alginate polymer. Further, there was no significant
difference in left ventricular geometry or function after 6 months, compared to the
placebo group.

Human embryonic stem cell-derived cardiac progenitors were embedded within
a fibrin scaffold and then surgically delivered onto the epicardial surface of a patient
with chronic heart failure [29]. This experience led to the ongoing open-label Phase
1 ESCORT study (NCT02057900) which is testing human embryonic stem cell-
derived CD15+ Isll+ progenitors delivered within a fibrin patch in severe heart
failure patients. The primary endpoint of this study is safety. Exploratory efficacy
endpoints will include left ventricular function, viability of the grafted area, ambu-
latory function, and major adverse cardiovascular events.

The porcine small intestine submucosa (CorMatrix, Aziyo Biologics, Silver
Spring, MD) has been used in cardiac surgery for pericardial closure and tissue
repair during left ventricular assist device explant [30] and in children undergoing
congenital heart disease repair [31]. Overall, the results have been mixed, and con-
cerns have been raised due to undesirable inflammatory responses [32, 33]. Nummi
et al. are performing an open-label pilot study (NCT02672163) that tests surgical
placement of a tissue engineered sheet combined with autologous atrial appendage
derived cells in patients with post myocardial infarction heart failure [34]. The cells
are applied on an extracellular matrix sheet (CorMatrix, ECM Technology,
CorMatrix Cardiovascular Inc., Atlanta, GA). Fibrin sealant (Tisseel, Baxter
Healthcare, Westlake Village, CA) is added to the cells/CorMatrix to secure adher-
ence of the suspense to the matrix. The micrograft is then sutured to the epicardial
surface adjacent to the infarcted myocardium. Safety and feasibility of the proce-
dure are the primary objective, but cardiac MRI will measure left ventricular func-
tion, geometry, and viability at 6 months.
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Another open-label Phase I study (NCT02305602) is administering a semisolid,
porous, porcine-derived hydrogel (VentriGel, Ventrix, San Diego, CA) via catheter-
based transendocardial injection into patients between 60 days and 3 years follow-
ing myocardial infarction with left ventricular ejection fractions 25-45%. The
Myostat/NOGA (Biosense Webster) electro-anatomic mapping and catheter-
injection system is being used for this procedure. The primary endpoint is freedom
from serious adverse events in 6 months. Secondary endpoints will look at left ven-
tricular function, geometry, and viability.

11.4 Conclusion

Large myocardial infarction, chronic refractory heart failure, and chronic refrac-
tory angina afflict a growing number of patients who desperately require durable
treatment. A wide array of cells and cell-derivative cardio-regenerative technolo-
gies, including extra cellular matrix, are being studied in human trials worldwide.
Lessons learned from past experiences have led to improvements in the design
and efficient execution of contemporary cardio-regenerative clinical trials. A clear
hypothesis and succinct methods for screening, blinding, randomization, treat-
ment delivery, endpoints, and data analysis are the backbone of a well-designed
clinical trial.
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Chapter 12

Regenerative Medicine Venturing

at the University-Industry Boundary:
Implications for Institutions, Entrepreneurs,
and Industry

Adam J. Bock and David Johnson

Abstract Regenerative medicine research at university laboratories has outpaced
commercial activity. Legal, regulatory, funding, technological, and operational
uncertainty have slowed market entry of regenerative medicine treatments. As a
result, commercial development has often been led by entrepreneurial ventures
rather than large biopharma firms. Translating regenerative medicine across the
university-industry boundary links academic scientists, technology transfer organi-
zations, funders, and entrepreneurs. Conflicting motivations among the participants
may significantly hinder these efforts. Unproven downstream business models for
regenerative medicine delivery further complicate the entrepreneurial process. This
chapter explores the challenges associated with entrepreneurial activity commer-
cializing regenerative medicine science developed at research institutions.

Keywords Commercialization - Entrepreneurship - Technology transfer -
Venturing - Regenerative medicine

12.1 Introduction

Regenerative medicine is a cutting-edge science and potentially big business.
Billions of dollars are being invested in research and development and infrastructure
amidst shifting government policies, complex lawsuits, uncertain regulatory and
pricing policies, and capital-intensive market entry requirements. Long-term esti-
mates for the market value of regenerative medicine range widely from the tens of
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billions to hundreds of billions of dollars. The majority of current revenues were
derived from tools and research products; few therapeutics have been approved for
use, with limited commercial success.

The developing regenerative medicine industry has been driven by academic sci-
entists and clinical entrepreneurs rather than large established life science compa-
nies [40, 63]. Academic entrepreneurs possess innovative technical experience but
usually lack knowledge in venturing, scale-up, manufacturing, regulatory environ-
ments, and health-care reimbursement systems. These capabilities are crucial to
translate concepts from the bench to the market. Regenerative medicine ventures
are, therefore, considered very risky and prone to failure.

Based on 5 years of research, this chapter examines regenerative medicine com-
mercialization at the university-industry (U-I) boundary from an entrepreneurial
perspective. In Sect. 12.2, we discuss the complexities faced by university technol-
ogy transfer offices (TTOs) in translating regenerative medicine. Using the technol-
ogy transfer process as a backdrop, we explore how individual-, structural-, cultural-,
and market-based factors impact regenerative medicine venturing. In Sect. 12.3, we
discuss how the academic entrepreneur and regenerative medicine venture operate
within a wider entrepreneurial ecosystem. In Sect. 12.4, we explore business models
in regenerative medicine venturing. We note the complex resource requirements,
disparate motivations, and market-facing validation challenges of commercializing
regenerative medicine innovations. In Sect. 12.5, we discuss the implications for
academic scientists, TTOs, industry, and policymakers.

12.2 Regenerative Medicine Technology Transfer

Regenerative medicine venturing immerses scientists and TTOs in complex legal,
ethical, and commercial environments. The unique aspects of regenerative medicine
technology create conflicts within and among these parties at the U-I boundary [51,
56]. In this section, we provide a brief overview of the university technology trans-
fer process and identify the challenges faced by inventing entrepreneurs, TTOs, and
spinout ventures associated with commercializing regenerative medicine
inventions.

12.2.1 A Brief Introduction to Technology Transfer

Many TTOs operate as a department within the host university, but there are other
models. The Wisconsin Alumni Research Foundation (WARF), for example, is an
independent, not-for-profit foundation supporting research at the University of
Wisconsin [66]. Imperial Innovations, the TTO for Imperial College London, was
spun out of the university as a separate legal entity and is now listed on a public
stock exchange.
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The university technology transfer process model is relatively straightforward.
Scientists disclose inventions to the TTO. The office evaluates each innovation for
novelty and long-term value. The TTO may seek intellectual property (IP) protec-
tion for the invention, usually by filing a patent application. If no patents are filed,
ownership rights may devolve to the inventor, a research funder, or even the public,
depending on the institution’s policies, the provenance of research funding, and
other factors [58]. The TTO may try to monetize IP by licensing or selling patents
or use rights.

Some technology transfer activities have generated significant profits for univer-
sities. Examples of significant IP monetization include the patents for Google’s
search engine, which generated $330 million in stock value for Stanford, and the
royalty stream for the patented pharmaceutical Lyrica, which Northwestern
University sold for $700 million. Major successes are, however, the exception.
Relatively few TTO patents are actually licensed, and a minority of licensed patents
yield successful products [21]. More recently, traditional licensing is increasingly
being replaced by new technology venturing (NTV) activity and, in some instances,
direct financial investments by universities into technology ventures through univer-
sity venture funds. In the NTV model, the inventing scientists or related parties
license the technology to a new venture in exchange for equity rather than upfront
payment. Licensing patented innovations to NTVs generate tensions for the aca-
demic entrepreneurs and TTOs, especially in the field of regenerative medicine
technology.

12.2.2 Technology Transfer Offices and Regenerative
Medicine

TTOs face numerous challenges supporting translation of regenerative medicine
innovations. Many TTOs have been charged with four separate and potentially con-
flicting missions: obtaining IP rights for innovations, maximizing financial returns
from IP, enforcing and punishing IP rights infringement, and generating social ben-
efits from university research [57]. For example, Oxford University’s TTO, Oxford
University Innovations, states that it “...manages the University’s intellectual prop-
erty portfolio, working with University researchers on identifying, protecting and
marketing technologies...” in order to “maximise social and economic benefits in a
commercial manner” ([32] — italics for emphasis).

Regenerative medicine venturing presents complex institutional and legal issues
for TTOs. Regenerative medicine IP has been more contentious and restrictive than
many other technologies, especially in the USA. A limited number of key founda-
tional patents cover fundamental technologies; some TTOs have been relatively
aggressive in prosecuting infringement [6, 43]. The narrow IP regime combined
with disparate international patenting policies has dramatically increased the cost of
global licensing and enforcement of patent infringement. Further, TTOs must
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attempt to evaluate regenerative medicine discoveries 5, 10, or even 20 years before
the market value of an innovation can be credibly tested. Simply, most lack the nec-
essary skill and expertise to forecast market value and access.

Unclear metrics for regenerative medicine commercialization increase the coor-
dination costs of licensee selection and material transfer agreement (MTA) execu-
tion. Assigning exclusive rights for cell lines or foundational stem cell technology
to a start-up venture risks locking up the technology for years [23]. Apparently
simple technology transfer activities such as MTAs are more complex for stem
cells, because agreements must explicitly identify the chain of custody, use rights,
and informed consent [45]. TTOs may bear the legal burden of ensuring that donor
informed consent is not violated at any stage from lab work to downstream product
use. MTA pricing has been affected by these challenges as well as a variety of other
factors [39].

Regenerative medicine creates unique tensions for the TTO’s social mission.
Political and scientific interpretations of the “public good” associated with regen-
erative medicine have not always been aligned. WiCell, an independent scientific
research institute, addresses this directly, noting that its role at founding was in part
to serve as “a safe haven for the advancement of stem cell research in the politically
charged environment of the time” [67].

Promoting social good through technology transfer is not, in fact, explicit in the
dominant legal frameworks governing technology transfer. The Bayh-Dole Act only
requires that university-based inventions be entrusted to the free enterprise system,
protected from “unreasonable use,” and commercialized via small businesses where
possible [64]. For TTOs, the balance between potential social good and the obliga-
tion to engage with commercial markets may be subject to controversy, even when
TTO and university policies are relatively well codified. This is unfortunate, because
studies suggest that TTO participation in research commercialization also improves
long-term scientific outcomes [57].

12.3 Regenerative Medicine Entrepreneurs, Ventures,
and Ecosystems

Innovations do not commercialize themselves. Most TTOs would prefer to license
patented technologies to established businesses in exchange for direct financial
compensation. In some cases, however, there may be no obvious licensees, often
because the technology will require significant additional investment prior to mar-
ket entry. Relatively few business people actively seek unlicensed university tech-
nologies for commercialization. When licensing to an established organization is
not evident, the innovators and related members of the academic community are the
most likely agents for early-stage commercialization activities [24].
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12.3.1 Academic Entrepreneurs in Regenerative Medicine

Successful academics often demonstrate entrepreneurial characteristics: tolerance
for ambiguity, inventiveness and creativity, perseverance, and social networking [4].
Yet some academic scientists are discouraged by the myth that academics partici-
pating in commercial activity produce less high-quality research. In fact, participa-
tion in the patenting process is generally associated with higher publication
productivity [17]. Further, academic scientists who participate in commercialization
demonstrate an increase in high-quality research output, especially in the life sci-
ences, where collaboration addresses resource scale requirements [65].

At the same time, scientist-entrepreneurs experience a variety of personal and
professional conflicts when they engage in commercial activities. These “inventing
entrepreneurs” struggle to reorient from a scientific or technological focus to a
market-driven identity [24]. Academic scientists may perceive commercially ori-
ented activity as secondary or tertiary to their research and career. These inventing
entrepreneurs may receive positive or negative feedback from their institutions [20].
At some research institutions, a stigma may be attached to pursuing commercial
outcomes rather than pure knowledge goals. Academic and entrepreneurial roles
require significant time commitments; relatively few scientists can invest in both
effectively, much less incorporate family and other life activities [33].

Inventing entrepreneurs may struggle to objectively assess their own affinity for
a given technological innovation, the relative importance of that innovation, and the
risks associated with commercializing different technology types. For example, life
scientists may perceive work on blockbuster therapeutic applications to be more
fulfilling—and perhaps rewarding—than inventing research tools or diagnostics:

You have to sell an awful lot of kits to equal one Prozac. It is much more interesting to
develop a therapeutic, [even though] there are many more challenges. (Ron Raines,
University of Wisconsin-Madison)

Perceptions that career and financial incentives are greater for work in therapeu-
tics are strengthened by funders, which tend to provide more resources for clinical
applications than for developing tools, techniques, or methodologies.

In regenerative medicine, entrepreneurial scientists must also assess how ventur-
ing activity aligns with university and government policies on cell line access.
Marketing, distributing, and supporting regenerative medicine-based products
requires more administrative and legal oversight than most other university tech-
nologies, which may discourage entrepreneurial interest. Further, commercializing
regenerative medicine technology brings inventing entrepreneurs into complex ethi-
cal and legal discussions. Rarely, if ever, has so much media attention been focused
on the potential health benefits—and ethical controversies—of a novel technology.
Most academic researchers are inexperienced in dealing with the media and various
public groups. As entrepreneurs, their work may become even more visible than
they would have in their academic labs.

Enthusiasm for technology transfer and de novo venturing has mediated the
stigma of participating in commercial activity at some research institutions [13].
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This has been aided by changes in social context, institutional norms, and measures
of research funding impact [69]. Regardless, many scientists question whether
market-based financial incentives are the appropriate motivation for regenerative
medicine technology transfer.

Just as regenerative medicine innovations have multiple possible technology
transfer paths, regenerative medicine scientists experience idiosyncratic entrepre-
neurial journeys. Some remain dedicated academic scientists, while some transition
temporarily or permanently into the commercial realm [24]. The experience of
Professor Jamie Thomson at the University of Wisconsin, Madison, highlights the
rapidly changing nature of role-identity alignment for regenerative medicine
scientists:

I went into science having no clue that you could actually make money doing it. When I was
in high school, that was when recombinant DNA came out and nobody started biotech
companies. Ultimately you go into academics because you love a certain area.... It is very
good to keep track of the fact that what you do does have commercial interest, and it is
important when you’re about to publish that you actually think it through and say, “Does
this have commercial value?” (James Thomson, quoted in [24]: 269)

The regenerative medicine scientist engaged in entrepreneurial activity must
commit to extensive knowledge acquisition and significant investments of time and
energy. Partnering with experienced industry professionals and companies with the
expertise in resource management, marketing, regulatory affairs, public relations,
and other areas the scientist may lack will go a long way toward making venturing
more successful.

Our research into this field has revealed that regenerative medicine venturing is
driven by how academic entrepreneurs make sense of the uncertainties associated
with commercialization activities. When information gathering and analysis cannot
resolve uncertainty, academic entrepreneurs must make decisions under significant
uncertainty. Entrepreneurs address this uncertainty with a problem-based coping
mechanism or ignore it via an emotion-based coping mechanism [34]. The choice
of coping response has important implications for the regenerative medicine ecosys-
tem. Our investigations into regenerative medicine venturing across the UK, the
USA, and Russia reveal that entrepreneurial coping mechanisms are directly linked
to the entrepreneurial culture within the university [11].

While individual cognitive factors are important, successful commercialization
of a regenerative medicine invention still requires a market-facing commercial
entity: the regenerative medicine venture.

12.3.2 The Regenerative Medicine Venture

New technology venturing is acomplex and resource-intensive process. Regenerative
medicine spinouts face special hurdles associated with knowledge collaboration,
operations, funding, and exit uncertainty.
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Knowledge sharing and partnership, including U-I collaborations, are valuable
in technologically complex industries [50, 70]. Regenerative medicine therapeutics
could resolve the shrinking pipeline of novel pharmaceutical compounds without
cannibalizing existing products and generate returns beyond the patent life horizon
because treatments could be based on cell lines inaccessible to competitors [19].
While partnering activity has increased recently, the major pharmaceutical compa-
nies have not made significant investments in foundational and early-stage regen-
erative medicine technologies due to concerns about efficacy, regulations, liability,
and unproven cost/benefit against extant treatments [40]. Additionally, market
access and reimbursement uncertainties further complicate matters. Pharmaceutical
companies are taking fewer risks in collaborative activities and tying payments to
results rather than funding exploratory research [52].

The industry has struggled under burdensome regulations, unreasonable expectations, and

increasingly conservative venture capitalists, while trying to push forward an untested form
of therapy that everyone knows will be expensive to implement [36].

Without partnering, new regenerative medicine ventures are less likely to develop
deep capabilities needed to explore related technological and market opportunities
[27]. In our research, we found that entrepreneurial propensities for knowledge
exchanges and partnering are culturally driven. When the host university empha-
sizes a high degree of entrepreneurial culture, we recorded greater levels of partner-
ing and development of knowledge capabilities. When entrepreneurial culture at the
research institution is inhibited, academic entrepreneurs are less likely to seek out
partnerships and knowledge-based collaborations. The latter situation is especially
problematic for regenerative medicine ventures.

Regenerative medicine ventures must also overcome numerous operations chal-
lenges. To date, only a few companies have demonstrated successful scale-up of cell
production under good manufacturing practice (GMP). The legal and regulatory
environments for research and commercial use of stem cells in the USA remain
uncertain [22]. Although Japan has made significant efforts to streamline the regula-
tory process for regenerative medicines, the global regulatory context is complex
and inconsistent. As one example, the CEO of one UK regenerative medicine ven-
ture we interviewed noted that initiating clinical trials required consultation and
document filings with five different government departments.

Regenerative medicine therapeutics ventures face especially significant funding
hurdles. Therapeutic development and clinical testing generally exceed venture
capital fund time horizons and investment limits. The time and costs for develop-
ment and testing of regenerative medicine therapeutics are beyond the reach of all
but the largest venture capital and pharmaceutical firms.

Tools and diagnostics companies may not share this problem but may be signifi-
cantly hampered by uncertain product specification. Early-stage regenerative medi-
cine tool companies may not be certain about downstream use, because
manufacturing, distribution, and use characteristics cannot be confirmed until clini-
cians actually test products on site.
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Regenerative medicine spinouts led by scientists may face skepticism from com-
mercial funders, who may perceive that scientists are not prepared for venture man-
agement. Scientists often prefer to maintain multiple technological options, while
venture capitalists prefer to invest in ventures that focus resources on one high-
potential innovation. Further, the skills associated with managing large projects and
teams at the university may not fully transfer to the commercial context [24]. While
the efficacy of broad-based entrepreneurship training remains uncertain, targeting
specific skill deficiencies to a self-selected and engaged audience of potential
inventing entrepreneurs could prove valuable [55]. In regenerative medicine, expe-
riential training that directly addresses coping with failure and knowledge capabil-
ity development is most likely to be the most effective form of training over any
other skill-based emphasis.

Meanwhile, the broader context for funding biotechnology ventures has been
challenging. High-profile government funding schemes in some countries can com-
plement, not replace private capital sources. Venture capital funding for biotechnol-
ogy has fluctuated dramatically with broader economic and market conditions, as
well as industry-specific events, such as the exit of Geron from the regenerative
medicine field. Venture capitalists remain skeptical of regenerative medicine tech-
nologies and product distribution because of the inherent uncertainties and unknown
unknowns [28].

Many of the challenges associated with regenerative medicine venture financing
and development can be attributed to the exit problem. Venture capitalists prefer
investments with a clear path to exit, usually through the sale of the organization,
monetization of its assets, or more rarely, an initial public offering. Successful exit
events tend to be large transactions requiring high levels of capital liquidity. Funding
for exit activity in the life science sector generally has been limited since 2001.
Regenerative medicine company funding is further hampered by the limited number
of potential acquirers and concerns about long-term liabilities associated with
regenerative medicine treatments [18, 61].

Starting, sustaining, and growing a regenerative medicine venture does not hap-
pen in a vacuum. Although most critical success factors for regenerative medicine
venturing can be linked to the team and technology, the venture must operate within
a larger industrial organizational context. Within the management literature, the
focus of analysis has shifted from a cluster of competitors to an ecosystem of related
and co-dependent organizations. Of particular interest are entrepreneurial ecosys-
tems that nurture high growth and technology ventures.

12.3.3 Regenerative Medicine Entrepreneurial Ecosystems

Entrepreneurial ecosystems have become important considerations in university
and government policymaking [38]. The development of regenerative medicine
entrepreneurial ecosystems at the U-I boundary is a complex, context-specific phe-
nomenon. Prior research into entrepreneurial ecosystem development has
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predominantly emphasized the importance of environmental conditions and policy.
In the context of venturing uncertainty, however, these factors alone are insufficient
to explain ecosystem outcomes at the U-I boundary [11]. Institutional policies,
practices, and resources are fundamental requirements to support entrepreneurial
ecosystems. However, uncertainty during regenerative medicine commercialization
highlights the agency of the academic entrepreneur.

In particular, high levels of unresolvable uncertainty in regenerative medicine
requires entrepreneurs to makes sense of venturing uncertainties through the imple-
mentation of preferential coping mechanisms and collaboration strategies. Our prior
research revealed that when information gathering and analysis cannot resolve
uncertainty, the decision-making abilities of academic entrepreneurs is challenged.
Entrepreneurs have the choice to either address this uncertainty directly through a
problem-based coping response or choose to ignore it, acting through an emotion-
based coping mechanism [34].

Our investigations into regenerative medicine venturing across the UK, the USA,
and Russia reveal that entrepreneurial coping mechanisms to uncertainty are largely
driven by the entrepreneurial culture within the university. When universities
emphasized a strong culture for entrepreneurship, the result was a focus on problem-
based coping strategies. In contrast, a low culture for entrepreneurship at the univer-
sity was associated with emotion-based coping strategies [11].

Both coping and culture are associated with collaboration efforts at the U-I
boundary. More specifically, we witnessed greater collaboration effort at the U-I
boundary when the ecosystem emphasized problem-based coping along with higher
levels of entrepreneurial culture. Reduced collaboration efforts were indicative of
an ecosystem that emphasized emotion-based coping and reduced entrepreneurial
culture. Since we have already discussed the importance of collaboration and part-
nering from a knowledge and capability perspective, the latter situation is problem-
atic for regenerative medicine ventures.

Thus, the choice of coping response has important implications for the types of
spinout ventures at the U-I boundary and the regenerative medicine ecosystem. Our
prior research revealed a typology of regenerative medicine ecosystem types. Shown
in Fig. 12.1, these ecosystem types derive from the degree of partnership develop-
ment at the U-I boundary and the dominant coping response to uncertainty [10].

Healthy ecosystems are characterized by problem-based coping and collabora-
tive knowledge development. We believe these ecosystems best adapt and respond
to the uncertainties inherent to regenerative medicine technology transfer and ven-
turing [27].

Insular domains are ecosystems where firms problem-solve but collaborate
poorly. This generates a parochial network of firms that rely predominantly on inter-
nal knowledge and resources for venturing. In these ecosystems, entrepreneurs and
ventures utilize their problem-solving capabilities to primarily focus on challenges
within the organization and its immediate context, rather than exploring broader
market opportunities. When the technology, team, and application are well-designed
(and, perhaps, lucky) these ecosystems may appear healthy, despite lacking the abil-
ity to collaborate for knowledge creation and new opportunities. Since regenerative
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medicine venturing operate within a high-uncertainty environment, we believe that
ventures that rely solely on their extant capabilities and knowledge are significantly
at risk for missing key trends and market changes.

Networks of ignorance form when venturing activity utilizes collaboration in the
context of an emotion-based coping strategy. Emotion-based coping ignores the
impact of uncertainty and the need for adaptation. This type of collective behavior
can be especially dangerous, because it presents the appearance of market-facing
activity, via networking, while actually encouraging entrepreneurs and ventures to
connect only with like-minded participants. Homophily effects can lead these firms
to collaborate with similar firms who equally have similar misconceptions of spe-
cific technologies and/or commercialization models.

Disengaged cohorts result from poor knowledge collaboration and an emotion-
based coping strategy. In these groups and ecosystems, entrepreneurs and ventures
attempt to execute one commercialization model without feedback or the ability to
adapt. We believe that such ecosystems are almost certain to fail.

12.4 Regenerative Medicine Business Models

A key inhibitor to regenerative medicine commercialization is the lack of proven
business models. In this section, we describe the business model challenge for
regenerative medicine ventures, summarize regenerative medicine business model
research, and suggest an approach to characterize general regenerative medicine
business models. We also discuss business model innovation in the regenerative
medicine industry.
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12.4.1 Business Model Design in the Life Sciences

A business model is the design of the organization to exploit a commercial opportu-
nity [25]. In other words, a business model provides a map of key organizational
elements that shows how the entity creates and captures value to succeed as a viable
commercial venture.

Various studies have assessed dominant business models in the life sciences
industry, focusing on one of three organizational characteristics. Some distinguish
between innovation-driven versus market-driven activities [68]. Others distinguish
product, service, and platform businesses [46]. Finally, some emphasize vertical
integration from research and materials provision through end use [8, 44].

Broadly speaking, new life science ventures utilize a technology innovation or
platform to target a specific application or market space. Inherent resource limita-
tions require most technology ventures to focus on one product or indication at a
time.

The “blockbuster” pharmaceutical business model is predicated on a treatment
modality in which patients receive long-term treatments over many years. The
advent of regenerative medicine cures for long-term, chronic ailments presents
challenges for pricing and reimbursement. A value-based pricing policy for a cure,
rather than lifetime treatment, may not present sufficient financial returns to justify
the required investment in R&D and clinical trials.

In the near term, services and tools ventures have the clearest path to viable busi-
ness models. No clinical trials are required to sell such products for R&D use by
other organizations. These firms therefore require smaller investments and generate,
on average, commensurately smaller returns. Similarly, diagnostics and related pre-
treatment mechanisms have a significantly reduced regulatory requirement com-
pared to treatments.

12.4.2 Exploring Business Models in Regenerative Medicine

Regenerative medicine ventures will likely use a wide spectrum of models to serve
a variety of business and patient markets. Some general business models in the life
sciences industry will be relevant for regenerative medicine ventures. Some will be
highly localized, adapted to rapid physical delivery of cultured cells from produc-
tion site to clinical application. It is conceivable that this type of business model
could be franchised, with disparate, small-scale production facilities supporting
local clinical treatments. Others will be global and fully integrated, competing with
or subsumed by the pharmaceutical companies. It is quite possible that the treatment
potential for certain diseases will become matters of government interest. This
could generate quasi-governmental organizations, or special purpose public-private
partnerships, that oversee or even implement production and distribution of certain
tools or treatments.
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Some regenerative medicine ventures, however, will require entirely new busi-
ness models, especially as the industry evolves [30]. Entrepreneurs and policymak-
ers must remember that the major pharmaceutical companies have significant
advantages in slack resources, scale-up capacity, market knowledge, and distribu-
tion relationships. They will be favored by innovations that utilize explicit and
transferable capabilities, assets, and IP. Tacit and time-based capabilities are there-
fore critical to the success of new entrants. If innovative business models utilize tacit
capabilities and technologies that are costly to transfer or acquire, then new, innova-
tive regenerative medicine ventures could achieve significant success.

12.4.2.1 Toward a Typology of Business Models in Regenerative Medicine

To develop a more useful typology of regenerative medicine business models, we
utilize a general framework from organization studies. Although many different
frameworks have been proposed for understanding business models, the simplest
and most clear relies on three general components or structures: resources, transac-
tion, and value [25]. The resource structure of the firm is the configuration of assets,
knowledge, and capabilities leveraged to meet market needs. These are, in effect, all
the “things” that give an organization an advantage over other organizations.
Transactive structure describes the type, content, and governance of interactions
with suppliers, partners, and customers [3]. These are all the connections and
exchanges that the organization engages in, with both individuals and entities, in
order to convert resources into outcomes that are valuable. The value dimension
represents the type and form of value actually created for customers and other stake-
holders [2].!

A generalized business model typology for regenerative medicine companies
must incorporate whether the firm targets therapeutics or enables therapeutic devel-
opment by other firms, the nature of the cell technology, manufacturing require-
ments, and distribution characteristics. Limitations on cell survival as well as
idiosyncratic and specialized delivery requirements may be key determinants in the
structure of successful regenerative medicine businesses.

Based on the prior literature of life science venturing, regenerative medicine
business models can be described with eight determining categories. The resource
structure includes cell delivery model, level of vertical integration, and resource dif-
ferentiator. The transactive structure includes customer type, manufacturing speci-
ficity, and distribution scale. The value structure includes value form and type. This
classification for regenerative medicine business model categories and organiza-
tional elements is shown in Table 12.1.

Corporate strategy suggests that a viable business model uses one and only one
element from each category [31]. Addressing more than one element within a

'Tt is, unfortunately, impossible to quickly recapitulate the organizational literature on business
models and how they function. Interested readers are directed to the following for an introduction
to business models in theory and practice [9, 25, 44, 71, 72].
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Table 12.1 An integrated typology of regenerative medicine business models

Business model Regenerative medicine business Regenerative medicine business
structure model categories model elements
Resources Cell model Autologous
Allogenic
Acellular
Vertical integration Niche product

Platform technology

Vertically integrated
Resource differentiator Research innovation

Operational efficiency

Transaction Customer type End user

Therapeutic developer

Manufacturing specificity Industrial scale

Moderate scale

Small or batch scale

Customer scale

Distribution scale Local

Regional/national
Global
Value Value form Product

Service

Solution

Value type Profit

Impact

category makes the organization vulnerable to focused competitors via inefficient
operations or poor fit with market segment characteristics [37, 49]. It is important to
note, of course, that new and established ventures often operate parallel business
models or test multiple business models during exploratory periods. Business model
theory suggests that such experimentation is valuable [26]; corporate strategy the-
ory suggests that longer-term competitive success depends on moving from experi-
mentation to implementation.

The eight dimensions and twenty elements in the typology suggest hundreds of
business models are possible, but only a limited number will prove to be viable. To
date, relatively few have been tested. The only proven models have been demonstrated
primarily at firms providing niche products and services supporting therapeutic devel-
opment. Equally important, not all possible business models are viable at scale.

To explore the business model space in the context of regenerative medicine, we
consider three case examples. Cellular Dynamics International, acquired by FujiFilm,
commercialized foundational stem cell and induced pluripotent stem cell (iPSC)
technology developed by James Thomson. Cellular Logistics, a spinout of the
Wisconsin Institute for Medical Research, is commercializing an extracellular
matrix as a cardiac therapeutic and cell delivery platform. Censo Biotechnologies,
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formerly Roslin Cells, is a hybrid entity originally spun out of the University of
Edinburgh. These mini-cases present only the minimum information to explore pos-
sible business models. The examples provide only a thin slice of the variety of regen-
erative medicine ventures already in existence and business models yet to be tested.

12.4.2.2 Testing and Selecting Basic Business Models in Regenerative
Medicine: Cellular Logistics

Cellular Logistics? (CLI) was formed in 2016 to commercialize an extracellular
matrix developed at the Wisconsin Institute for Medical Research at The University
of Wisconsin-Madison. Dr. Eric Schmuck discovered the biomaterial during doc-
toral research on cardiac fibroblasts. The innovation was patented by the WARF in
2014. Working with Dr. Amish Raval, an interventional cardiologist, Schmuck deter-
mined that the matrix demonstrated pro-regenerative characteristics in a myocardial
infarction mouse model. Since that time, the technology has also been demonstrated
to significantly improve cell retention when delivered as a combination product.

As of the writing of this chapter, CLI is still exploring possible business models.
The use of the company’s acellular ECM as a cardiac therapeutic represents a rela-
tively standard life science therapeutic business model. As previously noted, how-
ever, the economics of a business model based on curative rather than long-term
treatment have not been fully demonstrated.

The cell delivery embodiment presents at least two alternative business model
options. For example, the company could in-license cell or regenerative medicine
products and attempt to commercialize combination therapeutic products.
Alternately it could out-license or sell the cell delivery product for other regenera-
tive medicine therapeutics companies.

Three possible business models for CLI are shown in Table 12.2. Each requires
different resources and presents a distinct risk-reward profile to founders, partners,
and investors. Many, if not most, de novo ventures in the regenerative medicine field
will face similar business model challenges and choices.

12.4.2.3 Hybrid Business Models in Regenerative Medicine Venturing:
Censo Biotechnologies

Some universities have participated in novel, hybrid institutional activities to sup-
port regenerative medicine venturing [1]. These include one-off entities such as
incubators and government funding schemes. It is unclear, however, whether such
systems promote success by supporting the organization during the critical, fragile
launch period or facilitate failure by shielding the organizations from the market

2Full disclosure: Adam J. Bock, Eric Schmuck, Amish Raval, and Peiman Hematti are the co-
founders of Cellular Logistics. Data collection and analysis for this mini-case were implemented
by David Johnson who has no relationship to the company.



12 Regenerative Medicine Venturing at the University-Industry Boundary...

Table 12.2 Possible business models for Cellular Logistics
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Business model ECM cardiac ECM cell delivery ECM cell delivery
categories therapeutic platform — in-license platform — tool sales
Cell model Acellular Acellular Acellular

Vertical integration | Niche Vertically integrated Platform

Resource Research Research innovation Operational efficiency
differentiator innovation

Customer type End user End user Therapeutic developer

Manufacturing Moderate scale Moderate scale Industrial scale
specificity

Distribution scale Regional/national | Regional/national Global

Value form Product Product Solution

Value type Profit Profit Profit

ECM extracellular matrix

and industry forces that it must eventually address and overcome [53]. Even direct
investments by universities into regenerative medicine centers of excellence may
not be enough to promote commercialization activities, which may be ultimately
driven at the level of the central research institution. Censo Biotechnologies Ltd. is
a regenerative medicine technology company providing human cells and contract
research services for drug discovery, toxicity testing, and cell banking. It began
operations in 2006 as Roslin Cells, which was spun out of The University of
Edinburgh’s Roslin Institute. Roslin Cells was a not-for-profit organization, whose
activities spanned the development of cell therapies, and GMP manufacturing ser-
vices for cell therapy products and mammalian cell banks for clinical use. Roslin
Cells also provided a range of pluripotent stem cells for clinical use and research. In
2008, Roslin Cellab was created as a sister company to Roslin Cells since certain
commercialization activities were felt to be incompatible with the not-for-profit sta-
tus of Roslin Cells. This for-profit organization was responsible for assisting orga-
nizations in developing products and services for the regenerative medicine space
via access to both stem cells and regenerative medicine know-how. Both Roslin Cell
and Roslin Cellab had to undergo some critical adjustments to their respective busi-
ness models. The ethical controversies surrounding the use of embryonic stem (ES)
cells saw both organizations alter their commercialization activities to one that cen-
tered around the use of iPSCs rather than ES cells.

In 2016, Roslin Cells announced the creation of two subsidiaries. The first sub-
sidiary, Roslin Cell Therapies, would accelerate the process development and
manufacture of cell-based therapies and advanced therapy medicinal products
(ATMPs). The second subsidiary, Roslin Cell Sciences, would focus on the develop-
ment of iPSCs for commercial and academic drug use. In May 2016, Roslin Cellab
and Roslin Cells Sciences announced a merger, with the parent company being
renamed Censo Biotechnologies. Roslin Cell Sciences would continue to trade as a
wholly owned subsidiary.

This case clearly highlights the complexities of operating within the regenerative
medicine commercialization space. Since founding in 2006 as a spinout from the
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University of Edinburgh, Censo’s business model changed from a not-for-profit
organization to a hybridized for-profit and not-for profit organization. Censo also
switched from human ES cells to iPSCs due to ethics-related concerns. Finally, the
new organization spans both services and therapeutics (Table 12.3).

12.4.2.4 Business Model Innovation in Regenerative Medicine Venturing:
Cellular Dynamics International

Although business models have received extensive attention in organizational litera-
ture, business model innovation is relatively unstudied. Business model innovation
is a “known unknown” in regenerative medicine venturing. Successful business
model innovation may not be predicted by prior innovation success [14]. In other
words, today’s failing spinout company may be tomorrow’s regenerative medicine
business model innovator. Even successful business model innovators, however,
may not capture the value of their pioneering efforts. The winners of radical innova-
tion stages are determined by whether inventions rely on extant capabilities or
require entirely new technology and process capabilities [62]. Innovative business
models can dramatically disrupt industries, bringing new competitors to the field,
function alongside incumbent communities, or even reinforce the advantages of the
incumbents.

It is, therefore, useful to consider examples of business model innovation to
explore how such processes unfold. Cellular Dynamics (CD) provides an example
of configurational business model innovation in the regenerative medicine space.

Cellular Dynamics was originally formed as two entities spun out of University
of Wisconsin-Madison based on the research of James Thomson. As a stand-alone
firm, CD was a world leader in supplying mass produced stem cells as drug discov-
ery research and development tools. The company also maintained long-term
research to develop cell-based treatments, with special interest in blood therapeu-
tics. This configuration of separate entities aligned with traditional strategic frame-
works that separate business models based on risk-reward profiles [37]. After

Table 12.3 Evolution of Censo Biotechnologies business model

Business model Focused stem cell Hybrid regenerative medicine product and
categories sourcing services provider

Cell model Allogenic Allogenic

Vertical integration Niche product Vertically integrated

Resource Research innovation | Research innovation and operational efficiency
differentiator

Customer type Therapeutic developer | Therapeutic developer

Manufacturing Customer scale Small and customer scale

specificity

Distribution scale Regional (Europe) Regional (Europe) and global

Value form Product and service Product, service, and solution

Value type Not-for-profit For-profit and impact
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licensing iPSC technology from WAREF, the distinct entities were merged in 2008 to
pursue both tools and therapeutics.

In a prior study, we used neural network analysis to simulate possible business
models for the entity [26]. Possible options included a “null” solution in which all
business model elements were inactive, as well as a focused therapeutics business
and a variant of the two-entity solution. While these outcomes were coherent and
plausible, they emerged in relatively few of the simulation runs.

Table 12.4 shows CD’s business model change, including two of the plausible
business model innovations identified by the simulation.

The change process selected by management (and by the neural network) created
a coherent platform-based business model incorporating partly inconsistent organi-
zational elements. The internal inconsistencies created resource allocation chal-
lenges across the tools and therapeutics operations of the combined organization.
Despite these “flaws,” the new configuration was internally coherent, which facili-
tated fundraising and helped management prioritize scale-up manufacturing, part-
nering, and marketing activities. CD was named the most innovative company in the
world in 2011 by The Wall Street Journal. In 2015, CD was acquired by FujiFilm for
USD $315 Million.

As previously noted, the typology hints at hundreds of possible business models
that have yet to be formalized or tested. Possible business model innovation exam-
ples include not-for-profit treatment systems targeted at poor populations, disease-
specific long-term treatment centers that align with the US reimbursement system,
and public-private partnerships that link the cell culturing infrastructure of large
research institutions with specialized, localized delivery. Cooperation among dispa-
rate economic participants, including government, philanthropy, and national health
agencies, suggests that innovative solutions aligned with both physical delivery and
payment systems could achieve rapid adoption. Developing business model innova-

Table 12.4 Realized and unrealized business model innovation at Cellular Dynamics
Realized iPS

Original parallel stem

Business model

cell entities business

Unrealized parallel iPS

platform business

categories model entities business model | model

Cell model Allogenic Allogenic Allogenic

Vertical Niche product Niche product Platform technology

integration

Resource Research innovation and | Research innovation and | Operational

differentiator operational efficiency operational efficiency efficiency

Customer type End user and therapeutic | End user and therapeutic | Therapeutic
developer developer developer

Manufacturing Moderate and batch scale | Moderate and batch Industrial scale
specificity scale

Distribution scale | Global Global Global

Value form Product Product Solution

Value type Profit Profit Profit

iPS induced pluripotent stem cells
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tion types include Lonza’s strategic manufacturing relationship with NIH CRM and
Life Technologies development of a horizontally integrated platform of research
and manufacturing tools. Again, it is too early to be sure whether these represent
commercially viable business model innovations.

12.5 Facing Reality in Regenerative Medicine
Entrepreneurship

To date, the promise of regenerative medicine science has not yielded significant
advances in human health care and outcomes. While the general consensus of scien-
tists and businesspeople remains positive, the near- and mid-term reality requires
pragmatism.

12.5.1 The Flawed Narrative of Regenerative Medicine
Entrepreneurship

In a developing industry like regenerative medicine, where technological innovation
confers significant value, strategic analysis can be misleading ([13, 26]). In this
context, entrepreneurs succeed by accomplishing what other firms find impossible:

Entrepreneurship is a process by which individuals—either on their own or inside organi-
zations—pursue opportunities without regard to the resources they currently control [60].

Entrepreneurship inspires heroic narratives precisely because it strives against
the odds. Similarly, regenerative medicine science aims to radically improve health-
care outcomes. The combination of entrepreneurial action and regenerative medi-
cine potential has proven irresistible to scientists, institutions, entrepreneurs,
financiers, and governments, as a narrative of hope and promise. Narratives of emo-
tion and cognition are important sensemaking devices [16]. In regenerative medi-
cine, the narrative structures that address venturing uncertainty encourage
entrepreneurs to perceive their efforts within a heroic context, precisely because of
unrealistic expectations for commercial and societal impact.

Despite sometimes glowing depictions in the media, however, entrepreneurship
is not generally a mythical, heroic endeavor. Most risk capital-funded technology
ventures fail within 5 years of founding. The significant majority of venture capital-
funded life science ventures will not bring a product to market.
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12.5.2 The Role of Failure in Regenerative Medicine
Venturing

Failure is an unavoidable aspect of entrepreneurial activity. Industry-level advances
almost always induce a high failure rate during innovation phases. In fact, high
levels of experimentation and concomitant failure are directly linked to higher lev-
els of community-level learning and evolution [7]. Even well-funded, proven com-
petitors may struggle.

Every [regenerative medicine | venture cannot possibly be successful [47].

The challenges of regenerative medicine commercialization were exemplified by
failure at Geron, a pioneer in the field [54]. Regenerative medicine ventures are
exposed to significant risks, which can be quantified and managed, and uncertain-
ties, for which firms can only prepare and hope to adapt [35]. The reality of most
regenerative medicine venturing activity is a constant struggle with both real and
perceived failure. As one venture founder and CEO explained to us:

I went to a meeting in India with the company, I did some seminars and things there; I've
done all sorts of things... but things are not progressing very well this year, and really if
things don't really start picking up I really need to think about perhaps doing something
else.

The problem is that regenerative medicine venturing carries high costs in research
infrastructure, patent prosecution, and venture support. This has led some universi-
ties, TTOs, and even funders to reject venture failure as an option. In these cases,
institutions and individuals continue to support regenerative medicine ventures long
after the technological innovation or business model has proven infeasible.

We have heard institutional stakeholders defend this approach with cluster eco-
nomics theory, based on the idea that a critical mass of regenerative medicine com-
mercial activity will become self-sustaining [48]. This is an understandably
attractive argument, in which the key ingredients for a thriving commercial regen-
erative medicine ecosystem are sufficient finance and staying power. But, keeping
“dead” ventures alive is problematic for regenerative medicine ecosystems. Valuable
resources become locked into ventures that could otherwise be redeployed within
the ecosystem to better purpose [5, 59]. This includes capital, people, and
technology.

Worse, facilitating regenerative medicine venturing activity will not automati-
cally lead to large, successful businesses tied to the local community [42]. The only
guaranteed outcome of facilitating more ventures is more failed ventures.
Overemphasizing the importance of local ventures may also be misguided. Since
robust entrepreneurial ecosystems have porous boundaries, protecting boundaries
too rigorously will only hinder the development of a healthy and resilient ecosys-
tem. The development of viable industry clusters or ecosystems requires a complex
set of factors not easily reproduced via extra-market programs and incentives [41].

Scientists choosing to participate in the commercialization of their regenerative
medicine research should carefully assess their own motivations. Researchers pri-
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marily interested in financial gain, responding to institutional or peer pressure or
high levels of technology affinity, are likely to experience disappointing results. On
the other hand, scientists interested in the commercialization process, or engaged in
addressing specific medical problems, are likely to build and extend their own capa-
bilities. Researchers may further their academic career regardless of the ultimate
disposition of the specific technology or venture.

12.5.3 The TTO Funding and Returns Problem

It is unlikely that new models for funding will significantly impact licensing or
spinout activities. Since pharmaceutical partnering and venture capital thrives on
economies of scale and informal networks, a limited number of ventures from a
select set of university research programs will likely continue to receive the lion’s
share of early-stage investment. In addition, being first to market is a dramatically
different proposition than being first to the FDA with a novel therapeutic treatment.
This suggests that most TTOs supporting first generation regenerative medicine
technologies (with the possible exception of institutions with key foundational pat-
ents) will achieve low long-term financial rewards. The returns on second-generation
regenerative medicine medicines may be significantly higher.

Ultimately, the challenge facing TTOs commercializing regenerative medicine
innovations is the selection of success metrics. Even the most efficient, effective
TTOs will struggle to support extensive development activities spanning discovery
to monetization. Setting up non-profit distribution entities such as Roslin Cells and
WiCell may provide a partial solution to the commercialization challenge but is
unlikely to generate the long-term yields associated with upfront, high-risk invest-
ments. The perceived social value of regenerative medicine has challenged the pre-
sumption that TTO returns should primarily accrue to the TTO and the institution.
In the long run, TTOs may find that balancing regenerative medicine patenting,
licensing, and venturing outcomes requires more explicit prioritization, especially
as pricing and distribution models for disease treatment evolves.

12.5.4 Focusing on the Ecosystem Rather than the Innovation

Our findings suggest that universities, TTOs, and policymakers should focus atten-
tion on the ecosystem when evaluating commercialization outcomes [12]. This is
especially important because the direct economic impact of technology transfer,
especially NTV activity, is often overstated (e.g., [15, 21, 42]). Further, efforts by
universities and policymakers to copy practices from mature successful ecosystems
tend to be unsuccessful. While some best practices may be imitable [29], transplant-
ing entire programs or structures ignores critical, localized idiosyncrasies in culture,
entrepreneurial norms, and institutional context. In other words, TTOs and
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policymakers need to understand the nature of the local and regional ecosystem to
effectively develop metrics of success that incentivize and reinforce problem-based
coping and knowledge collaboration activities. Supporting one innovation at a time
appears to be the shortest path to commercial success, but ultimately it is the health
of the ecosystem that will determine long-term economic outcomes.

12.6 Conclusions

Regenerative medicine venturing at the U-I boundary is complex, difficult, and
uncertain. Conflicting motivations across individuals and organizations create ten-
sions for scientists, entrepreneurs, and institutions. In the short term, firms that
focus on tools, services, and diagnostics present more viable business models than
ventures based on novel regenerative medicine therapeutics. Resolution of regula-
tory, delivery, pricing, reimbursement, and exit uncertainty will determine whether
innovative business models favor upstarts or incumbents. In the meantime, invent-
ing entrepreneurs, TTOs, and policymakers should approach regenerative medicine
venturing with realistic and appropriate metrics for success and with an eye toward
the development of healthy entrepreneurial ecosystems.
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