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Abstract

Myocardial infarction (MI) is characterised by the irreversible death of cardiac muscle with
loss of up to 1 billion cardiomyocytes (CM). Despite survival post-MI dramatically improving
in the last two decades, more than 20% of patients suffering MI will still develop heart failure
(HF), an incurable condition where the heart is no longer able to meet the body’s needs for
blood supply. Amongst novel therapeutic avenues currently being explored, intramyocardial
delivery of cardiomyocytes derived from human induced pluripotent stem cells (hiPSC-CMs)
holds great promise to replace the lost functional tissue. However, the effects of the ischemic
microenvironment on these cells still need to be investigated, and protective strategies need
to be developed. This thesis examines the delivery of the pro-survival growth factor Insulin-
like Growth Factor-1 (IGF-1) in the settings of hiPSC-CMs exposed to acidic pH and through
a hydrogel-based approach in an in vivo model of MI.

Following MI, the heart switches from aerobic metabolism to anaerobic glycolysis, causing a
pH drop to 6.5-6.8. The aim of the first part of this thesis was to mitigate the effects of acidic
pH on hiPSC-CMs using the pro-survival growth factor IGF-1. It was shown that acidic pH
negatively affects hiPSC-CMs in terms of viability, metabolic activity, cardiac gene expression
and CMs yield obtained through differentiation. IGF-1 was able to recover the effects of acidic
pH, and it could, therefore, be used as a protective strategy for in vivo cell therapy approaches.
Another promising strategy for preventing HF progression following MI is the minimally
invasive delivery of injectable hydrogels, which can provide mechanical support to damaged
tissue and deliver bioactive factors with pro-survival actions. Here, a thermoresponsive
injectable hydrogel composed of a triblock copolymer of polyethylene glycol (PEG) and
polycaprolactone (PCL) was synthesised and characterised in vitro and in vivo. The hydrogel
was prepared with or without insulin-like growth factor-1 (IGF-1) and injected
intramyocardially in a mouse MI model. Echocardiography, strain analysis and histological
assessments showed that the injection of the biodegradable thermoresponsive hydrogel was
effective in ameliorating pathological remodelling, improving overall cardiac function and
myocardial mechanics. In the future, implementing novel therapeutic approaches like the
ones presented in this thesis could prevent the progression to HF, improving the quality of
life of patients affected by myocardial infarction and limiting the socio-economic burden of

the disease.
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Chapter 1 Introduction

23

‘ ‘ What is stronger
than the human heart
which shatters over and over

and still lives

Rupi Kaur



This chapter reviews the concepts and current research of the four key areas pertinent to this
thesis. First, it discusses heart anatomy and development and pathophysiology of
cardiovascular diseases. Specifically, myocardial infarction and heart failure are discussed
with respect to the available treatments and the endogenous regenerative capacity of the heart
in different organisms. Then, the chapter presents an overview of tools that can be used to
tackle the issue of cardiac regeneration in humans, specifically the use of cell therapy,

biomaterial-based strategies and bioactive molecules delivery.

A substantial part of this chapter has been published in Ferrini A, Stevens MM, Sattler S and
Rosenthal N (2019), Toward Regeneration of the Heart: Bioengineering Strategies for
Immunomodulation. Front. Cardiovasc. Med. 6:26. doi: 10.3389/fcvm.2019.00026

1.1 The healthy heart

The human heart is an organ of both vital importance and startling fragility. Its function is to
pump blood around the entire body for the delivery of oxygen and nutrients and to transport
CO2. To do so, it beats around 100,000 times per day, 40 million times per year, pumping 175-

224 million of litres of blood throughout the body over the lifetime of an individual (1).

For millennia, the fascinating enigma of the tireless beating heart has been an inexhaustible
source of wonder and curiosity for civilisations all around the world, sparking the interest of
philosophers, doctors, poets and scientists. Ancient Egyptians firmly believed in a
cardiocentric nature of the body, with the heart to be weighed to determine the afterlife
destiny of the soul. In the fourth century B.C., the Greek philosopher Aristotle identified the
heart as the most important organ of the body and the first to form according to his
observations of chicken embryos. He described the heart as a three-chambered organ that was
the vitality of the body, the place where intelligence, motion and sensation lied. Galen (around
150 B.C.), the personal doctor to Marcus Aurelius, first described the differences between
venous and arteriosus blood. He thought that blood originated from the liver and travelled to
the heart to be mixed with air from the lungs. He also believed that since the heart was the

seat of the vital force, it could not be a mere muscle. Galen and his views remained a medical
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authority throughout several centuries until the birth of modern science during the Italian
Renaissance. Leonardo Da Vinci (1452-1519) was the first one to describe the four cavities,
distinguishing atria and ventricles, and the first one to recognise that the heart was a muscle
with a pumping function, challenging Galen’s teachings (2). He described the cardiac cycle
showing that the heart exerts force by contraction. More than a century after Leonardo Da
Vinci’s observations, the first person to describe the physiology of the cardiovascular system
in detail was the English physician William Harvey who published his book De motu cordis

(On the motion of the heart) in 1628, laying the foundation for modern cardiology (3).
1.1.1  Structure and physiology of the human heart

Referring to the heart as a muscle oversimplifies its distinct architecture. The heart is
composed of a fibrous skeleton (which provides internal support for all structures and divides
the atria from the ventricles), valves, and conductive muscle fibres (atrial, ventricular and

excitatory) (4) (Figure 1.1).

To upper body

From upper body '

Right pulmonary artery ’ To left lung

To right lung « ‘ Left pulmonary artery
From left lung
Pulmonary veins (g k . N Left atrium
Pulmonary valve

Right atium Mitral valve

Tricuspid valve Interventricular septum

Right ventricle Left ventricle

Inferior vena cava
Apex

L

From lower body  To lower body

Figure 1.1 Structure of the heart and corresponding blood flow.

25



The right side of the heart

As thoroughly described in “Review of Cardiac Anatomy and Physiology” by Flanigan et al.
(4), deoxygenated blood flows into the right atrium from the superior and inferior vena cava.
The right atrium has smooth and thin walls because it functions under relatively low pressure
(8-12 mmHg). With each heart contraction, approximately 60 mL of blood flows from the right
atrium to the right ventricle through the tricuspid valve. Upon contraction, the right ventricle
ejects 60-70 mL of blood through the pulmonary valve into the pulmonary artery (the only

artery that carries deoxygenated blood) and is circulated to the lungs for oxygenation (4).

The left side of the heart

Oxygenated blood returns to the left atrium through the pulmonary veins (the only veins to
carry deoxygenated blood). The left atrium walls are smooth and shaped so that the blood is
directed to the mitral valve and the left ventricle below. The left ventricle walls are the thickest
of the chamber walls, with an average width of 8-10 mm, because they function under the
highest pressure. The left ventricle can accommodate 100-120 mL of blood and ejects
approximately 60% of it through the aortic valve with each contraction. Oxygenated blood
enters the aorta and moves to the systemic circulation via the subclavian, carotid, and
brachiocephalic arteries. Gas exchange occurs as oxygenated blood passes through the
systemic circulation and deoxygenated blood returns to the right atrium via the superior and
inferior vena cava (4). At the bottom of the aorta, just below the aortic valve, two coronary
arteries branch off with the function of supplying oxygenated blood to the heart. Occlusion
of these arteries can cause a myocardial infarction (MI), a condition where the heart is

subjected to a prolonged lack of oxygen (ischemia).
The outer side of the heart

The outer wall of the human heart is comprised of three layers: an outer layer or epicardium,
a muscular myocardium and an endothelial-lined endocardium (Figure 1.2). The heart’s inner
surfaces are covered by the endocardium, a layer of smooth cells that facilitates blood flow
and assists in regulating length and duration of each cardiac contraction through a process

called vasoregulation (4). The pericardium encases the heart. The visceral pericardium, or
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epicardium, is the thin inner layer that functions as a surface to anchor lymph vessels, nerves,
and the coronary arteries. The parietal pericardium, a thick fibrous layer exterior to the
visceral pericardium, is anchored to the diaphragm and the outer walls of the blood vessels
entering and leaving the heart. In between the visceral and the parietal pericardium, there is
the pericardial sac, which contains 25 to 35 mL of clear serous fluid in which the heart “floats”.
The purpose of the pericardial sacis to lubricate the movement of the cardiac surfaces, to hold
the heart in the proper anatomical position to maximise pumping efficiency, and to act as a
barrier to protect it from injury (4).

Visceral pericardium

Fibrous pericardium (Epicardium)

Parietal pericardium

Myocardium

Pericardial cavity

|
)
\

Endocardium

Figure 1.2 Layers of the cardiac wall.

Cellular composition of the heart

The primary function of the heart is to pump blood throughout the body. As such, the
fundamental functional unit of the cardiac tissue is the cardiomyocyte, and the driving force
of any cardiac regenerative medicine approach is the regeneration of these cells. However,
upon closer examination of the cellular composition of a healthy heart, even though
cardiomyocytes make up 80% of cardiac muscle by weight, they only represent a third of the
total cell number (5). The myocardium consists of at least four basic cell types: 20-40%
cardiomyocytes (CMs), and 60-80% cardiac fibroblasts, smooth muscle cells (SMCs) and
endothelial cells (ECs) (6, 7). A distinctive feature of CMs is that they are mainly binucleated.
Cardiomyocyte DNA synthesis is associated with cell proliferation (cytokinesis) during fetal

life, while a second DNA synthesis phase occurring after birth (up to approximately neonatal
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day 3) is associated only with binucleation (karyokinesis without cytokinesis) (8, 9). After
birth, CMs exit the cell cycle, losing their ability to divide (10), and cardiac growth involves
an increase in the myocyte size without a substantial increase in cell number. Although
current reports suggest that the number of cardiac fibroblasts might have been previously
overestimated (11), they are the second most abundant cells in the heart after endothelial cells,
and they are characterised by a specific transcriptional identity, different from other tissue-
specific fibroblasts (11-14). The primary function of fibroblasts is the synthesis and
degradation of the extracellular matrix (ECM), which provides a three-dimensional network
for myocytes and other cells to ensure proper cardiac form and function (15). The ECM, which
makes up the acellular component of the heart, can be broken down into two components:
ECM proteins and glycosaminoglycans (GAGs). The ECM proteins include collagen, vinculin,
laminin, and fibronectin primarily. These proteins are responsible for providing mechanical
strength, cellular adhesion sites, and overall support for the tissue (16). The GAGs
complement the structural strength of the proteins by providing a soft, diffusive cushion for
the cells to inhabit. Moreover, the GAG portion of the ECM mediates most of the extracellular
signalling and diffusion of materials (15-17). While in the past the ECM was seen as a rather
inert scaffold, it is now well recognised that it forms, in fact, a very dynamic and plastic milieu
which plays a crucial role in several cellular activities (18). Hence, the design of ECM-
mimicking biomaterials that could mediate the communication between cells and molecules

is a promising route in the context of regenerative medicine.

Electrical conduction system

The effective functioning of the heart requires that all parts of the separate chambers contract
in unison and that the atria, which collect blood from the venous circulation, empty before the
ventricle contracts. This is achieved by an efficient conduction system that transmits electrical
signals from the sino-atrial (SA) pacemaker node located in the right atrium above the
tricuspid valve (8). In a normally functioning heart, the SA node is the initial point of electrical
impulse generation, causing the heart to beat at a rate of 60 to 100 beats/minute (bpm). The
action potential (AP) of pacemaker cells starts with rapid depolarisation of the membrane
(from -90 mV to +10 mV) and lasts around 300 ms. During this time, the cell is refractory to

further stimulation, and no other AP can be generated until repolarisation occurs. Next, the
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electrical impulse travels from the sinus node to the atrioventricular (AV) node, the heart’s
second major electrical station. From the AV node, the electrical pathway becomes an
intertwined bundle of fibres known as the bundle of His, the only electrical connection
between the atria and the ventricles (4). The bundle of His divides into right and left pathways;
the right bundle branch travels to the apex of the right ventricle while the left bundle branch
travels to the left ventricle generating the Purkinje fibres, an extensive network from the
heart’s inner cellular layers to the myocardium (4). This final electrical pathway results in the
smooth, coordinated and efficient pumping of the right and the left ventricles, which

represents a heartbeat.
1.1.2 Development of the human heart

Because of its fundamental role, the heart is the first organ to be formed during embryological
development, starting its proper functional development around the third week of gestation
when the embryo is no longer able to meet its nutritional needs just by diffusion from the
placenta. During the third week, a process called gastrulation creates the three germinal layers
from where the whole embryo will further develop. These layers are the ectoderm, which
creates the central and peripheral nervous system, the mesoderm, which creates the muscle
tissues, the bones, the gonads and the cardiovascular system and the endoderm, which creates

the gastrointestinal tract, the liver and the pancreas.

Primitive development and first heart field

The cardiogenic region originates as a horseshoe-shaped area cranially and laterally to the
primitive streak, in the cephalic portion of the embryo; these cells form the primary or first
heart field (FHF) and are the first wave of mesodermal cells that will form the initial heart
tube and express muscle-specific proteins (19). Cells from the FHF give rise to the atria, the
left ventricle and most of the right ventricle. While the embryo is folding because of the quick
development of the neural system, two strands of cardiogenic cells begin to form thanks to
molecular signalling; they then develop a lumen, becoming two endocardial tubes. While
these tubes are forming, the mesoderm next to them gradually thickens, forming the
myocardium, which constitutes the muscle wall of the heart. In humans, the two tubes migrate

and fuse to form a primitive heart tube, which spontaneously starts to beat at day 22. The
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internal lumen of the tubes is made of the endocardium, whereas the epicardium, the last
layer to be formed and the only one generated outside the primitive heart tube, covers their

external surface.

Looping and secondary heart field

The cells that are added to the heart tube at either the arterial or venous pole form the
secondary heart field (SHF) and these cells will generate part of the right ventricle and the
outflow tract (19). By day 23 of human heart development, the cardiac tube, now elongated,
forms an S-shaped loop. The cephalic portion of the tube loops in ventral and caudal
directions and towards the right, while the caudal portion of the tube moves in a dorsocranial
direction and towards the left. This loop is completed by day 28 and is organised in segments
by constrictions and dilations; these segments are the truncus arteriosus, the bulbus cordis, a
central fragment which will form the ventricles and a caudal one which will form the atrium

and the sinus venosus at the most caudal portion.

Formation of the heart chambers and respective valves

From the fourth to the seventh week of gestation, the primitive heart starts to divide into its
final four-chambered structure. At the end of the fourth week, a crest starts to grow from the
roof of the common atrium, creating the septum primum, which will then become a
membrane with a perforation called ostium secundum, allowing the blood to flow from the
primitive right atrium to the left one. Further on, the opening between the two atria will be
the foramen ovale, which will only close at birth when the pulmonary circulation starts and
raises the pressure in the left atrium. The ventricles start to divide by the end of the fourth
week too when the intraventricular septum is formed by the thickening and elongating of the
ventricular walls. Approximately at the same time, two mesenchymal cushions, the
atrioventricular endocardial cushions, appear, giving rise to two orifices in the
atrioventricular channels. Then, connective tissue walled by endocardium will form the
valves between the atrium and the ventricle in the right and left part of the heart (respectively,

the pulmonary and the mitral or bicuspid valves).
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Molecular regulation of heart development

Understanding the intricate pattern of molecular determinants regulating heart development
is of the utmost importance to better elucidate the mechanisms underlying congenital heart
defects and to provide deeper insights into the mammalian embryological development
process which has great potential in regenerative medicine. Cardiac specification and
differentiation are achieved through an interplay between signalling pathways and, as one
could expect in such a complicated process, they involve the activation of various
transcription factors. The first precursor cells which migrate laterally to the primitive streak
express the T-box transcription factor TBXT (Brachyury) (20). Another T-box transcription
factor, EOMES (eomesodermin), activates MESP1 (mesoderm posterior transcription factor 1),
which is considered the first known molecular step toward cardiogenesis; MESP1-expressing
cells will form the FHF (21, 22). Later on, cells of the FHF are characterized by the expression
of TBX5 and NKX2.5 (23). SHF cells are instead marked by the expression of the
homeodomain transcription factor ISL1 (Islet 1), which is downregulated as these cells
differentiate and contribute to the elongating heart tube (24). During embryogenesis, ISL1
expression can be found in different subdomains of the heart (24) and the myocardial lineages
of the OFT, the sinoatrial and atrioventricular nodes and the atrial septum (25). This
expression pattern gradually decreases during development and, at a post-natal stage, just a

small portion of cells expresses ISL1 (26).

1.2 The diseased heart

Cardiovascular diseases (CVDs) represent the primary cause of mortality and disability
worldwide (27). As reported by the British Heart Foundation CVD Statistics, in the UK alone,
7 million people are living with heart and circulatory disease and, despite significant
improvement in medical management, CVDs still claim a life every three minutes. Due to the
high number of patients and high-cost treatment, CVDs also represent a severe financial
burden, with a direct healthcare cost of £7.4 billion and a broader economic cost of £15.8 billion
due to informal care and lost productivity (28). Thus, a greater understanding of the causes of

heart disease and treatments for its most damaging effects are of the most significant necessity.
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Cardiovascular diseases include various disorders affecting the heart and vessels: coronary
heart disease, cerebrovascular disease or stroke, congenital heart disease, deep vein
thrombosis, peripheral arterial disease, rtheumatic heart disease, and pulmonary embolism.
Amongst these, half of all deaths from CVDs are due to coronary heart disease (CHD), and a
third are attributable to cerebrovascular diseases, making ischemic heart diseases (IHD) the

most common form of CVDs (28) (Figure 1.3).
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Figure 1.3 Deaths caused by different cardiovascular diseases. Data from the World Health Organisation 2018.

1.2.1 Myocardial infarction

Myocardial Infarction (MI) is the most common IHD. It is usually referred to in lay terms as a
heart attack and is defined as the irreversible death of cardiac muscle following a prolonged
lack of oxygen (29). MI usually results from coronary artery occlusion owing to an acute
rupture of an atherosclerotic plaque, which leads to thrombosis within the vessel. The
ischemic event triggers a series of cellular and metabolic changes, including a switch to
anaerobic respiration, the generation of reactive oxygen species (ROS) and a significant loss
of cardiomyocytes. Myocardial tissue repair following ischemia is a complex and tightly
regulated biological process which can be subdivided into three overlapping phases:
inflammatory, proliferative and healing or maturation (30). Within 15-20 seconds after the
occlusion of coronary vessels, ischemia sets into the myocardium and anaerobic glycolysis
supervenes as the only significant source of new high-energy phosphate (adenosine

triphosphate, ATP). Anaerobic glycolysis is sufficient to meet just the most basic energy
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demand of cardiomyocytes, and within 60-90 minutes from ischemia, the affected area of the
heart develops an inability to contract (31). Moreover, as a consequence of this profound ATP
depletion status, several ATPases such as active calcium excretion and ATP-dependent Ca?
reuptake by the sarcoplasmic reticulum are inactivated, resulting in intracellular Ca?
overload. This triggers the activation of intracellular calcium-dependent proteases that initiate
the apoptotic cascade, eventually resulting in cell membrane injury and cardiomyocyte death

(32) (Figure 1.4).
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Figure 1.4 Intracellular calcium overload following acidification.

These initial events lead to the onset of necrosis and the beginning of the inflammatory phase
(33) (Figure 1.5). In the early inflammatory phase, dying cardiomyocytes release pro-
inflammatory signals such as damage-associated molecular patterns (DAMPs), leading to the
infiltration of neutrophils and recruitment of pro-inflammatory M1 monocytes and
macrophages, which all promote clearance of debris and deposition of a temporary matrix to
replace dead cells (30). In the subsequent proliferative phase, inflammation is contained by a
pro-healing subset of monocytes and macrophages, called M2 macrophages, which are
accompanied by recruitment of lymphocytes, angiogenesis, and myofibroblast differentiation.
Moreover, during this phase, a collagen-based matrix replaces the initial fibrin deposition (30).
The last, healing phase involves the formation of a mature scar, which is mostly devoid of
cardiomyocytes. At this point, myofibroblast activation recedes, and a mature, dense collagen
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network containing fibroblasts, immune cells, and microvasculature is part of the mature scar

tissue (30).

Inflammatory phase Proliferative phase Maturation phase
« Cardiomyocytes death » Resolution of inflammation = Scar formation
* Neutrophil infiltration * Myofibroblasts proliferation * Myofibroblasts quiescence
* Pro-inflammatory cytokines - Collagen deposition « LV dilation and heart failure
Neutrophils Anti-inflammatory
-Pro-inflammatory monocytes ; macrophages
and macrophages Regulatory T-lymphocytes

Inflammatory macrophages
in remote areas

Days after MI
Figure 1.5 Healing phases post-MI with key features and relative cells representation.

The primary goal in treating acute Ml is to restore blood flow to minimise the size of the infarct
and limit cellular death. Survival rates immediately after MI have dramatically improved
since the mid-1980s, as a result of the development of interventional and pharmacological
therapies and a focus on early coronary reperfusion (34). The primary surgical techniques
used for reperfusion are the implantation of stents and coronary bypass surgery. Also, a
variety of pharmacological agents are used to either avoid or complement surgical techniques;
these include thrombolytics, vasodilators and blood thinners (35). Thanks to these
interventions, in the last three decades, survival has increased to > 80% in the 30 days
following MI (36). However, despite the success of these treatments in saving lives and
improving the quality of life for patients, they do not address the underlying causes of the
diseases, and most importantly they do not restore lost cardiac tissue. Hence, individuals that
survive the initial event often experience deteriorating cardiac function and progress towards

end-stage heart failure and its associated low survival rate (37).
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1.1.1.1 Acidification post-MI

One of the main consequences of the switch to anaerobic metabolism in acute myocardial
ischemia is decreased pH and consequent acidification of the extracellular and intracellular
space. The accumulation of hydrogen ions [H*] is not only dependent on its rate of production
but also its rate of washout. In regional myocardial ischemia, [H*] accumulation occurs both
because of the increased production by anaerobic metabolism and the decreased washout

after cessation of coronary perfusion (38, 39).

The effects of [H*] accumulation on the heart have been known for a long time, and they were
first studied in the rat heart where it was shown that a pH decrease to 6.7 led to significant
inhibition of myocardial contractility (40). The primary mechanism by which pH alters
contractility is by reducing the sensitivity of the myofibrils to calcium, probably caused by
competition between hydrogen ions H* and Ca?* for the negatively charged calcium-binding
sites on cardiac troponin C (41). Recently, non-invasive state-of-the-art systems for the
measurement of cardiac acidification following MI have been successfully developed,
confirming that tissue pH drops by 1-2 units within 10 minutes of ischemia (42). Chung and
colleagues used stretchable and multiplexed pH sensors to assess pH in explanted rabbit
hearts and a donated human heart during a protocol for ischemia-reperfusion and found that
the values decrease from 7.4 - 7.6 to as low as 6.2 (average 6.5 - 6.8) (43). Another study
published in 2015 used electron paramagnetic resonance imaging of ischemic rat heart and
confirmed acidosis in the ischemic area with pH values of 6.7 - 6.8 (44). The only FDA-
approved pH measuring technology to be used in humans to quantify intramyocardial pH is
the electrode system developed by Khuri (45) and manufactured by Vascular Technology Inc.
(Lowell, MA). Interestingly, regional myocardial acidosis measured with pH electrodes
during cardiac surgery has been shown to correlate with the degree of regional myocardial
ischemia and with other established markers of ischemia, such as regional myocardial blood
flow, intracellular high-energy phosphate stores and contractile function (39, 46, 47).
Moreover, a link between acidosis and poor patient outcome has been demonstrated (48, 49),
meaning that it can be used as an independent predictor for long-term survival after cardiac

surgery as already shown in several studies (49, 50).
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1.2.2 Heart failure

An average myocardial infarction causes the loss of up to 1 billion cardiomyocytes (51) and
transforms the contracting myocardium into an akinetic, fibrotic tissue, unable to pump
sufficient blood according to the body’s needs (52). At first, a compensatory mechanism
maintains cardiac output and perfusion to the body; however, with time, a progressive
deterioration of cardiac function is observed, leading to the onset of heart failure (HF). HF is

characterised by thinning and dilation of the left ventricular (LV) wall, as shown in Figure 1.6.
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Figure 1.6 Heart failure progression.

HF is a disease with a very poor prognosis and only a 50% survival rate after five years (27).
Current treatment options are limited to palliative drugs and, as the population ages, the
prevalence of HF will increase. Despite > 100 clinical trials, only two new drugs had been
approved for the treatment of chronic heart failure in more than a decade (53). All current
pharmacological therapies provide some survival benefit and improvement of symptoms, but
they are not able to change the course of the disease and correct the underlying
pathophysiology. In this regard, the only therapeutic option at present is heart
transplantation, but the limited amount of available donors and complications from immune
rejection make it very impractical for the number of people affected by HF (54). Moreover,
together with an increasing demand for donor hearts, the number of heart transplantations
has diminished in the recent years due to decreased mortality after car accidents, older donors
and several other factors (55). A potential treatment for HF is the left ventricular assisted
device (LVAD), a mechanical pump which partially or entirely takes over ventricular function
to support circulation and is used as a bridge for patients awaiting transplantation. Over the

last few years, LVADs have shown improved efficacy and safety for patients with end-stage
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HF (55, 56); however, they still carry a high incidence of infection and bleeding complications,
and rates of successful and long-lasting recovery are still very low (57). To overcome these
challenges and the lack of treatments, developing novel therapeutic approaches for

myocardial regeneration is of the utmost importance.

1.3 Endogenous regenerative capacity of the heart

In the last few decades, the field of cardiac regeneration has evolved from a far-fetched notion
to the forefront of heart research, as an interdisciplinary effort to restore functional
myocardium after cardiac injury (51). Several approaches to repair the injured myocardium
have been and are being attempted, including cell transplantation, direct cellular
reprogramming, stimulating innate regenerative pathways and cardiac tissue engineering.
Nevertheless, despite intensive research, fundamental aspects of the mammalian heart’s
capacity for self-renewal are still being debated. In this respect, animals that can naturally
regenerate their heart after injury offer a window to investigate the process of cardiac
regeneration, making it crucial to study the underlying mechanisms of heart development
and regeneration before attempting a translational approach. For this reason, cardiac
regeneration has been studied in numerous model organisms, and it is now clear that the

regenerative capacity of the heart varies depending on the organism and the type of injury.
1.3.1 Cardiac regeneration in lower vertebrates

Critical insights into how we might regenerate mammalian tissues could come from lower
vertebrates such as amphibians and fish. Amphibians comprise a large group of animals that
includes urodeles (salamander such as newts and axolotls) and anurans (frogs and toads) (58).
The observations that salamanders were able to regenerate whole limbs and tails, and that
frog tadpoles could regrow their tail as adults, were first described by Lazzaro Spallanzani in
1768. Since then, their ability to fully regenerate several tissues and organs such as the brain,
spinal cord, jaws, retina, and lens has also been described, as reviewed in detail by Brockes et

al. (59).

In 1974, Oberpriller et al. discovered that damage to the hearts of adult newts (a salamander

subfamily) triggered cardiomyocyte proliferation near the wound site (60). In the same year,
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Becker and colleagues showed that the salamander heart could replace lost tissue and fully
restore cardiac function within 90 days with no evidence of scarring (61). In the following
decades, extensive research was conducted on other species of urodele amphibians, most
commonly the axolotl Ambystoma mexicanum, a salamander species native to the mountainous
lake near Mexico City that is capable of cardiac regeneration after resection of ventricular
tissue. It was demonstrated that this regeneration process starts with increased ECM
deposition to provide a structural framework for the repair (62), followed by intensified
cardiomyocyte proliferation, and within 50 days post-injury the matrix deposition is

gradually replaced with new functional cardiomyocytes (63).

In 2002, the zebrafish, Danio nerio, was the first species outside of amphibians found capable
of robust cardiac regeneration in adult organisms. Poss and colleagues demonstrated that
zebrafish hearts displayed full regeneration of functional cardiac tissue within 60 days after
the injury, with no sign of scarring, and this myocardial regeneration was mainly achieved by
existing cardiomyocyte proliferation (64). Since then, the zebrafish has become one of the most
studied and well-characterized model organisms for cardiac regeneration, thanks to the
plethora of molecular tools and genomic data available for the species. However, since
mammalian embryos are difficult to manipulate and observe during repair, and adult
mammal hearts lack regenerative capacity, it is still instrumental going back in evolution and
using non-mammalian hearts as a model for understanding the underlying mechanisms of

embryonic morphogenesis and heart regeneration.
1.3.2 Cardiac regeneration in rodents

The mammalian cardiac regenerative potential has been explored using mice and other
rodents as a model. While heart development and postnatal heart regeneration have been
extensively studied, it was not until the pivotal work of Drenckhahn ef al. in 2008 that the
regenerative capacity of the heart during embryological development was investigated. By
expressing a cardiomyocyte-lethal mutant gene at embryo day 12.5 (E12.5) in only half of the
cardiomyocytes due to chromosome X inactivation, they showed that fetal mouse hearts were
able to restore approximately 50% of the lost cardiomyocytes (65). This finding indicated how
the embryonic cardiomyocytes in the mouse heart are capable of cell cycle re-entry and how

the cardiac regenerative potential changes dramatically during development and during the
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tirst weeks of life. In neonatal hearts injured with ventricular resection or MI 1 day after birth,
there is an augmented cardiomyocyte proliferation and, although minimal scarring might
occur, most of the injured tissue is restored within 3 weeks (66). This robust regenerative
response is not elicited in mice injured at postnatal day 7 or day 14, indicating that a sharp
decline in cardiac regeneration potential occurs soon after birth (67). In the adult mouse heart,
in fact, cardiomyocyte proliferation after an injury is insufficient to replace lost tissue, and

extracellular matrix deposition leads to extensive scarring and loss of contractility (67, 68).
1.3.3 Cardiac regeneration in humans

While cardiac regeneration appears to be easily achievable by lower vertebrates and
amphibians in response to cardiac injury, adult mammals including humans fail to regenerate
the majority of the lost cardiomyocytes and replace the necrotic tissue with scar tissue (67).
However, studies in rodents identified a time window immediately after birth when the
mammalian heart is capable of a robust regenerative response. Recently, some case reports
from pediatric heart surgeries and MI in a newborn child have suggested that also the
neonatal human heart might be capable of functional recovery and might harbour
regenerative capacities, similarly to the neonatal mouse heart (69). On the other hand, the
adult human heart was for decades thought to be a terminally differentiated organ lacking
intrinsic regenerative capacity. However, pivotal work from Bergmann and colleagues in 2009
and multiple other groups have found that very low levels of mitosis occur in post-natal
cardiomyocytes and that new cardiomyocytes are generated from pre-existing ones as part of
the physiological homeostasis process (70-72). Specifically, in humans, there is a gradual
decrease from 1% cardiomyocyte annual turnover at the age of 25 to 0.45% at the age of 75,
and fewer than 50% of cardiomyocytes are regenerated during an average lifespan (70, 73). It
has been shown in human patients that, following a myocardial infarction, myocytes adjacent
to the infarcted area proliferate, although to a very low extent that is insufficient to fully repair
the damage (74). However, cardiomyocytes proliferation and the rate of annual
cardiomyocytes renewal in human is currently a highly controversial topic, with several
papers from Anversa et al. that have been recently retracted. Currently, there is no clear
agreement on the rate of renewal in human, as shown in Table 1.1. The associated

controversies will be covered more in-depth in section 1.4.2 of this chapter.
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0.5-1.9% human 140’ accelerator mass Bergmann et al., 2009

spectroscopy
10 - 40% human Ki67, phospho H3, Aurora Kajstura et al., 2010
B and IdU RETRACTED
7—-23% human "¢ accelerator mass Kajstura et al., 2012
spectroscopy RETRACTED
0.04 —4.5% human Phospho H3 Mollova et al., 2013
1.3-4% mouse BrdU Malliaras et al, 2013
0.74% mouse N, imaging mass Senyo et al., 2013
spectroscopy
1.09% mouse [3H] thymidine Soonpaa et al., 2013

Table 1-1. Estimated annual cardiomyocytes renewal.

But why can’t the human heart regenerate? Many theories have been put forward to answer
this. It has been postulated that cytokinesis is blocked in adult cardiomyocytes because of
binucleation (75). Consistent with this idea, zebrafish cardiomyocytes are mostly
mononucleated. Compared with zebrafish hearts, mammalian hearts have of course a more
complex design (4-chambered vs 2-chambered), different mechanical properties (due to
higher blood pressure in mammals) and tissue organisation (fibroblasts account for most of
the mammalian heart mass but are very rare in zebrafish) (75). One might speculate that in
such complex hearts, the large-scale de-differentiation and electric decoupling of CMs seen
during zebrafish heart regeneration may not be compatible with organism survival (75).
Notwithstanding this, the ultimate cause could be that evolution has favoured the
maintenance of a healthy heart through diet and exercise over a costly regenerative process
(75). Figure 1.7 summarises the different intrinsic regenerative capacities of the heart of

different organisms in different developmental stages.
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Figure 1.7 Different endogenous cardiac regenerative capacities in different organisms.

1.4 Cardiac cell therapy

The human heart has a minimal intrinsic regenerative capacity, and a major injury such as
myocardial infarction will result in the loss of up to 1 billion cardiomyocytes. Half a century
after the first human heart transplant, the field of cardiac cell therapy aims to find a more
practical alternative for replacing the lost contractile tissue. Stem cell-based therapies that

emerged in the last few decades have an enormous potential to address the deficit of
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functional cells following MI and to cure the ever-growing number of patients affected by
CVDs. Novel therapies can be distinguished into cardio-protective approaches for the
treatment of acute myocardial infarction (AMI) or cardio-restorative strategies for chronic
ischemic injury. The first approach aims to reduce sustained damage post-MI, preventing
further injury and HF progression, while cardio-restorative treatments aim to restore lost

cardiac tissue.
Stem cells can be classified based on their potency:

e Totipotent stem cells can differentiate into any embryonic and extra-
embryonic cell type, therefore giving rise to a viable organism. Examples
are the zygote formed through egg fertilisation and the first few cells that
result from the division of the zygote (days 1-3).

e Pluripotent stem cells can develop into the three primary germ cell layers
of the early embryo and therefore into all cells of the adult body, but not
extra-embryonic tissues such as the placenta. Examples are embryonic stem
cells (ESCs).

e Multipotent stem cells have the potential to form cells within a restricted
family (home tissue). Examples are neural stem cells that can give rise to
neurons, astrocytes, and oligodendrocytes.

e Unipotent stem cells can form a single specific cell type, for example,

epithelial stem cells.

Cardiac regeneration can be attempted through transplantation of exogenous stem cells or
stimulation of resident endogenous stem cells. Currently, two main categories of stem cells
are exploited as a potential approach for myocardial repair: (1) multipotent adult stem cells

and (2) pluripotent stem cells including ESCs and induced pluripotent stem cells (iPSCs).

In this section, some unresolved questions in the field of stem cell therapy for cardiac
regeneration will be discussed, starting from the ideal cell source for cell transplantation and
the best therapeutic approach for clinical translation moving towards the mechanisms
explaining the efficacy that cell therapy clinical trials have demonstrated. Finally, endogenous

cell therapy and relevant controversies will be briefly touched upon.
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1.4.1 Cardiac cell therapy with exogenous cells

A variety of cell sources have been investigated for exogenous delivery, ranging from

unipotent skeletal myoblasts to pluripotent embryonic stem cells.
1.1.1.2 Skeletal myoblasts

Skeletal muscle precursor cells or skeletal myoblasts were the first cells tested for the
treatment of ischemic heart disease, based on their ability to regenerate skeletal muscle by
activating quiescent satellite cells. The possibility to use an autologous source and the relative
ease of ex vivo expansion made them a good starting option for cardiac cell therapy, and the
hope was that the cardiac microenvironment would induce their trans-differentiation into
cardiomyocytes with an increased contractile capacity. The first studies in small animal
models conveyed conflicting results; some showed limited electrical coupling with the host
myocardium (76) and no trans-differentiation into a cardiomyocyte fate (77), others reported
a beneficial improvement in cardiac function (78, 79). Despite these contradictory
observations, multiple phase-I clinical trials were initiated (MAGIC (80) and MARVEL (81)),
but they failed to show improved efficacy when compared to placebo. Therefore, due to
discouraging results from the clinical trials and the recent progress using more attractive cell

sources, skeletal myoblasts have fallen out of favour as a therapeutic candidate.
1.1.1.3 Bone marrow-derived cells

Bone marrow-derived cells were the second non-cardiac cell type to enter the clinical arena.
The bone marrow contains a heterogenous cell population made of > 99% of differentiated
cells and a very low proportion of stem cells such as hematopoietic stem cells (HSCs),

mesenchymal stem cells (MSCs) and endothelial progenitor cells (EPCs) (82).
Unselected bone marrow-derived cells

Bone marrow-derived aspirates containing mononuclear cells with no lineage selection have
been used for several preliminary clinical studies. These cells can differentiate in vitro into a
variety of cell types, including cardiomyocytes and vascular endothelial cells (83). Results
from preclinical studies in animal models were encouraging, with evidence of integration into

the border zone of the ischemic tissue and differentiation into cardiomyocytes (84, 85).
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However, results from clinical trials have had mixed results, likely due to the heterogeneity
of the cells used, with different isolation methods and enrichment processes. They consistently
showed feasibility and safety of bone marrow-derived stem cells, but the clinical benefits were
not convincing. The results showed an overall statistically significant improvement of LV
function, but this was not associated with improvements in morbidity and mortality, as
described in a meta-analysis by Clifford et al. (86). A possible explanation for the lack of
efficacy of bone marrow-derived mononuclear cells could be the inter-patient variability in
cell subsets with different regenerative potential (87), together with functional impairment of

bone marrow-derived cells due to patients” risk factors (88).
Mesenchymal Stem Cells

More recently, bone marrow aspirates have been purified into two multipotent cell types:
mesenchymal stem cells (MSCs) and endothelial progenitor cells (EPCs). MSCs are
mesoderm-derived multipotent stromal cells that reside in embryonic and adult tissues (89).
They can be isolated from the bone marrow but also from adipose tissue, peripheral blood
and umbilical cord, with the first two sources being the easiest ones for harvesting. MSCs have
been deemed a promising cell type for cardiac repair and received significant attention due to
their immune privilege for allogeneic applications, low tumorigenicity and regenerative
capacity (90). Both autologous and allogeneic MSCs can be obtained and expanded with
relative ease, and they are capable of self-renewal, proliferation and multi-differentiation (90).
A key feature of MSCs is their intrinsic ability for homing to the infarcted area thanks to the
chemotactic activity of Stromal cell-derived factor 1 (SDF-1) and its receptor CXC chemokine

receptor 4 (CXC4) (91, 92).

To date, due to their advantages, MSCs are the most used cells for clinical applications.
Clinical studies such as BOOST (93), REPAIR-AMI (94), and FINCELL (95) showed that bone
marrow-derived MSCs had a positive effect on the left ventricular systolic function (LVSF).
On the other hand, ASTAMI (96), TIME (97) and others (98) did not demonstrate significant
improvement. The results from the numerous clinical trials are mixed, and several meta-
analyses have been carried out, showing that safety is being consistently reported, but the
outcomes are only marginally positive. An increase in LVSF, if present, was only 3-10% and

often not associated with an overall improvement in mortality rates (99, 100). In March 2019,

44



a search for “mesenchymal stem cells” on the ClinicalTrials.gov website found 347 active
studies for many kinds of diseases. Out of these 347, only 9 were for HF and 7 for M, including
a large multinational trial currently ongoing in Europe (BAMI (101)) whose results will help

to delineate whether MSCs can reduce all-cause mortality after MI.

While cardiomyocyte differentiation of MSCs is a rare event, MSCs exert their therapeutic
effect on MI through differentiation into vascular cells and through paracrine mechanisms,
which are predominant and explain the moderately positive outcomes seen in pre-clinical and
clinical studies. These include the secretion of various cytokines such as vascular endothelial
growth factor (VEGEF), insulin-like growth factor-1 (IGF-1), Interleukin-6 (IL-6), platelet-
derived growth factor (PDGF), hepatocyte growth factor (HGF) and fibroblast growth factor
(FGF), which all induce anti-inflammatory, antifibrotic and immunomodulatory effects,

eventually contributing to the restoration of cardiac function.

Together with investigating the role of the cell secretome and paracrine mechanisms in the
therapeutic effect of MSCs, efforts are also being put in functionally improving MSC-based
therapies with different approaches to enhance cell survival and engraftment. These strategies
include hypoxic pre-conditioning, drug co-culture prior to injection, genetic modifications,
co-transplantation with bioactive factors and the use of injectable biomaterials and tissue-

engineered scaffolds to improve long term retention at the injection site (89).

In addition to MSCs, the CD34*/CD133*/VEGFR2* subpopulation of bone marrow isolates,
usually referred to as EPCs, contributes directly or indirectly to neovascularisation, improving
the perfusion of the ischemic region and possibly explaining part of the beneficial results seen

with unpurified BM aspirates described in the previous section.
1.1.1.4 Pluripotent Stem Cells

The definition of pluripotent stem cells is based on two properties: self-renewal and potency.
Self-renewal means that the cells are able to divide indefinitely to give rise to unaltered
daughter cells with the same properties of the progenitor cells. Pluripotency means that the

cells retain the ability to differentiate into all somatic cell lineages.
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1.4.1.1.1 Embryonic stem cells versus induced pluripotent stem cells

In 2018 the seminal discovery that human Embryonic Stem Cells (hESCs) could be derived
from the inner cell mass of preimplantation embryos and indefinitely expanded in vitro
celebrated its 20t-anniversary (102). Prior to that, in 1981, Evans and Kaufman derived mouse
ESCs (mESCs) from the inner cell mass of blastocysts (103). They established conditions to
expand mESCs in vitro and showed that they could generate any derivatives of all three
primary germ layers. A new era in biomedicine started, opening vast possibilities to study
human development and diseases and to use the differentiated cells to replace lost or
damaged tissues. However, human ESCs are derived from fresh or frozen pre-implantation
human blastocysts donated from in vitro fertilisation attempts. This means that in addition to
the ethical concern that hESCs derivation may cause, there are also challenging logistical

issues related to the limited number of donors.

To overcome these challenges, the discovery that adult somatic cells could also be
reprogrammed to a pluripotency state represented a significant and welcome advance. The
first evidence that somatic cells can be reprogrammed to pluripotency came in 1962 when
John Gurdon showed that, through somatic cell nuclear transfer (SCNT), the nucleus of an
undifferentiated cell could be introduced into an enucleated oocyte, giving rise to a cell
capable of developing into an organism (104). Four decades later, Takahashi and Yamanaka
astonished the world identifying four genes that, if overexpressed, were able to induce
reprogramming of mouse skin fibroblasts into pluripotent stem cells which they called
induced pluripotent stem cells or iPSCs (105). These four factors were Oct-4, Sox2, Klf4, and
c-Myc, also referred to as the OSKM cocktail. Oct-4 and Sox-2, together with Nanog, were
already known to be pluripotency regulators in mouse and human ESCs (106, 107). In their
pivotal and elegant work, Takahashi and Yamanaka started from 24 candidate factors and
identified Oct-4 and Sox-2 as essential for the generation of iPSCs, while Nanog was
dispensable. The two tumour-related factors KLF4 and c-Myc were also identified as essential
factors, leading to the OSKM cocktail capable of reprogramming adult fibroblasts back to their
pluripotency state (Figure 1.8). In 2007, using the same four factors, Takahashi and Yamanaka

were able to show reprogramming of human adult fibroblasts, generating hiPSCs (108).
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In 2012, Gurdon and Yamanaka were jointly awarded the Nobel prize “for the discovery that
mature cells can be reprogrammed to become pluripotent”, a breakthrough that has changed the

fields of developmental biology and regenerative medicine.
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Figure 1.8 Derivation of embryonic stem cells and induced pluripotent stem cells.

iPSCs not only circumvent the ethical debate concerning ESC derivation but they present
several advantages over ESCs. iPSCs can be derived from a variety of genetic backgrounds
allowing not only for the creation of patient-specific hiPSCs that are theoretically safe against
immune rejection but also for novel in vitro studies of genetic disorders. iPSCs resemble ESCs
in terms of morphology, surface marker expression and in vivo teratoma formation assay.
However, it is worth noting that some studies reported differences between the two
pluripotent stem cell types, especially iPSCs potentially having an “epigenetic memory” of

the cell types they are derived from (109).

1.4.1.1.2 Methods for iPSC derivation

iPSC derivation is a reproducible but rather slow and inefficient process. iPSCs can be
generated via two different methods: integrating or non-integrating; depending on the
approach undertaken to deliver the set of reprogramming genes to somatic cells (Figure 1.9).

The integrating approach includes the use of retroviruses or lentiviruses, resulting in hiPSCs
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lines that carry randomly distributed insertions of the transgenes (110). The retrovirus
approach is the one used by Takahashi and Yamanaka for the first derivation of hiPSC and is
still the most commonly used for disease modelling (around 75% of publications) (110). This
method, as well as the lentivirus one, has both advantages and disadvantages. Retroviruses
are indeed highly efficient as transgene carriers, and they result in the prolonged expression
of the genes they carry; they allow gene delivery into the genomes of dividing and non-
dividing cells and are usually silenced after reprogramming. Lentiviral vectors, on the other
hand, allow infection of both dividing and non-dividing cells but have a less reliable degree
of silencing after reprogramming. The lentiviral method is the second most commonly used
for disease modelling (around 25% of publications) (110). Both of these approaches are
characterised by multiple insertions into the host genome; hence, despite being robust and
reproducible, they have the potential to lead to genetic modification or reactivation of the viral
vector. In order to bypass this problem, methods using integrating but excisable vectors have
been developed. Specifically, they use plasmids or lentiviral vectors excisable through a
Cre/loxP (111) or a PiggyBac transposon/transposase system (112). However, these systems

have very low efficiency, so they do not represent a valid alternative to the viral approaches

yet.

Non-integrating systems include viral and non-viral delivery as well. For the first
methodology, replication-defective adenoviruses (113) and F-deficient Sendai viruses (114)
are used for the delivery of the four reprogramming transcription factors, and they generate
transgene-free human iPS cells. Non-integrating non-viral alternatives use transient
transfection with episomal vectors (115) or synthetic mRNA (116). The episomal method is
the most used for disease modelling within the non-integrating approaches, representing
around 5% of the total publications on this topic (110). All in all, the non-integrating
approaches have a much lower efficiency than the generation of iPSCs via integrating
methods, but studies have found that their reprogramming capacity can be improved by the
addition of compounds such as vitamin C or the histone deacetylase inhibitor valproic acid

(VPA) (117).
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Figure 1.9 Schematic of different reprogramming methods for iPSC generation.

Once generated, iPSCs need to be characterised. Preliminary identification of iPSCs is based
on their morphology. Like early-stage embryonic cells, iPSCs are small in size with a high
nuclear/cytoplasm ratio (118). Second, protein and gene expression analysis with
immunocytochemistry and RT-qPCR are used to delineate the expression pattern of
pluripotency markers such as Oct-4 and Nanog (118). Finally, the definitive test to identify
iPSCs is the in wvivo teratoma formation assay. In this test, cells injected into an
immunodeficient animal must give rise to a teratoma, a tumour consisting of all three germ

layers derivatives, to be defined as iPSCs (118).

1.4.1.1.3 Applications of iPSC technology

Cells derived from iPSCs offer several advantages over current in vitro models such as
immortalised cell lines, human cadaveric tissue and primary culture of cells of non-human
origin. First, derivation of iPSCs is non-invasive (usually from blood draws or skin biopsy)
and this is particularly important for obtaining cell types that are not easily accessible such as
cardiomyocytes or neurons (Figure 1.10). Second, cells derived from iPSCs can be fully
characterised in vitro to model their complex physiology. Third, the genome of an individual
is recapitulated in the iPSC-derived cells, allowing for the assessment of genotype-phenotype
correlation (119). Additionally, studying the reprogramming and the differentiation processes
has enabled a deeper understanding of cell fate decisions and the molecular mechanisms

regulating pluripotency (120).
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Figure 1.10 PSCs differentiation into any cell type of the three germ layers.

Human iPSCs have been exploited for modelling inherited diseases “in a dish”. Since hiPSCs
can be derived in a patient-specific manner, it is possible to recapitulate disease traits in vitro
at a cellular and molecular level, with cells that carry the clinical history and the genetic
background of the individual they derive from. This gives insights not only into the
pathological mechanism, but it also opens up the possibility of screening for drug response at
the cellular level, potentially minimising adverse effects, time and money spent in terms of
clinical trials in animal models and humans. Notably, only in the 5 years after the first report
of reprogramming somatic cells, 63 hiPSC models were produced for 43 diseases affecting the
heart, smooth and skeletal muscle systems, central nervous system, skin, blood and eyes (121).
So far, patient-specific hiPSCs have been derived and successfully characterised for a plethora
of genetic diseases such as Spinal Muscular Atrophy (122), Long QT Syndrome (123, 124) and
many others. However, not only monogenic inherited disorders have been recapitulated
using hiPSCs differentiation but also complex multifactorial diseases such as type 1 diabetes

(125) or late-onset acquired disorders such as heart failure (126).

Some of the first diseases to be modelled using hiPSCs were cardiovascular diseases, and
amongst them, arrhythmic disorders were the most extensively investigated since the
electrophysiological assessments possible at a cellular level usually correlate well with
phenotypic changes in vivo, such as ECG abnormalities (127). The aforementioned long QT
syndrome was the first disease phenotype to be recapitulated in vitro in CMs derived from

hiPSC reprogrammed from patients” fibroblast (123). Many other genetic cardiac disorders
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were then successfully modelled using hiPSC including LEOPARD syndrome (128) and
catecholaminergic polymorphic ventricular tachycardia (CPVT) (129), just to mention a few

examples.

Moving forward from disease modelling, hiPSC-derived cardiomyocytes (hiPSC-CMs)
represent a novel route for drug screening. Unexpected cardiotoxicity, especially arrhythmia,
is the most common cause of drug withdrawal from the market, accounting for more than
45% of all drugs removed from the market in the last 30 years (130). Cardiac side effects are
the major cause of drug failure in preclinical and clinical studies, representing a critical hurdle
given that the average duration of the drug discovery process is 10 - 15 years and costs up to
$11bn (131). Currently, available safety screening assessments are suboptimal. Human
primary CMs would be the model of choice, but their use is hindered by limited availability
and almost non-existent proliferation capacity in culture. Hence, tumour cell lines such as
HEKs are often genetically engineered to overexpress some ion channels and used for in vitro
drug testing. This approach, although high throughput, does not recapitulate the complexity
of a working CM and is limited by interspecies differences. For in vivo or ex vivo models,
species-related differences are even more prominent and are particularly highlighted in the
mouse. The heart beating rate of a mouse is ~10 times faster than human (500 bpm vs 60 bpm)
and the electrocardiogram duration is 5-10 times shorter (450 ms vs 50-100 ms) (130). In
addition, the role of various ion channels and the expression of regulatory molecules and
surface markers is also profoundly different between rodents and humans. Such differences
mean that mice, but also rats and dogs, are usually significantly more tolerant to drugs than
humans and this increased tolerance can easily lead to false negatives in safety assessments
(130). Moreover, hiPSC-derived models will lead to a reduction in the animal use, an
encouraging perspective supported in the UK by the National Centre for the Replacement,
Refinement and Reduction of Animals in Research (NC3Rs). Due to the ethical concerns
regarding the use of hESCs in many countries, hiPSCs are preferred by most of the regulatory
agencies. Dedicated cell banks of healthy and diseased lines are increasingly available (e.g.
NIH (USA), Wellcome Trust (UK), Human Pluripotent Stem Cell Initiative (UK)), and hiPSC-
CMs are also commercially available (e.g. from Cellular Dynamics International iCell® CMs)

in a collective effort to establish reliable cardiotoxicity assays (131).
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1.4.1.1.4 Cardiac differentiation of PSC

Cardiomyocytes, which are not easily accessible for primary cell culture and biopsies, were
among the first efforts in developing efficient differentiation protocols from iPSCs, with
murine being first reported and human soon after. These differentiation protocols mimic in
vitro the molecular pathway activation and deactivation processes occurring during

embryological development.

Murine iPSCs were first differentiated into CMs by Mauritz et al. in 2008 (132). The first
approach for the differentiation of iPSCs into CMs was based on the spontaneous
differentiation of embryoid bodies (EBs), small, spherical aggregates of iPSCs that mimic early
embryonic development. CMs differentiation of human iPSCs soon followed (133, 134). The
hiPSC-CMs generated through spontaneous differentiation of EBs displayed molecular,
functional and structural properties of early-stage human CMs. They exhibited functional
syncytium with pacemaker activity and synchronised action potential (AP) propagation (133).
Additionally, they responded appropriately to neurohormonal stimulation (133). However,
the low yield of CMs generated through this method (< 10%) and the inconsistent results
between cell lines led to the need for a more reproducible and defined system. Mummery et
al. developed an inductive co-culture approach with mouse visceral endoderm-like cells
(END-2). With this method, the CMs yield for both hESCs and hiPSCs was increased to around
20% (135), also thanks to serum-depletion that had been proven optimal for cardiac
differentiation (136). The third and nowadays more commonly used approach was proposed
by Laflamme and colleagues (136) and is based on growing PSCs on a 2D monolayer. The 2D
monolayer method has several advantages over the EB methods. First, it has no complex
diffusional barriers such the ectoderm- and endoderm-like layer of cells constituting the EB;
plus, it is animal-product free and thus more defined and controlled. Additionally, it has been
shown that CMs derived via the monolayer method have a more mature subtype specification
(ventricular, atrial or nodal CMs) (137). In the last decade, several monolayer-based protocols
have been published, and the yield of CMs obtained through them has dramatically increased,
reaching > 90% (138). The pathways that are usually triggered to induce differentiation are
those physiologically implicated in cardiac development such as BMP4, Activin-A (139) and

Wnt (140). The addition and removal of growth factors or small molecule inhibitors is finely
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timed and simulates the in vivo chronological steps of cardiogenesis, driving PSCs through
mesoderm, and cardiac progenitors, up to beating cardiomyocytes. This timed regulation is
particularly crucial for triggering Wnt: the Wnt/Bcatenin pathway, in fact, has been shown to
play a temporally distinct biphasic role during heart development, promoting
cardiomyogenesis at early stages and inhibiting it later (30). Based on these findings, Lian et
al. managed to efficiently differentiate several hESC and hiPSC lines and published a protocol
in 2013 that is now widely used (141). The stem cells are cultured with RPMI-B27 and are
exposed to CHIR99021, a small molecule inhibitor of Gsk3@, which in turn activates the Wnt
pathway, followed later by the inhibition of Wnt with another small molecule (Figure 1.11).
Furthermore, they showed that removal of insulin from the media supplement for the first 6
days increased the yield of cardiomyocytes to 82-95% (141). Building on this, in 2014 Burridge
et al. developed a protocol with slight modifications to the timing and the composition of the
culture medium (137). Their basal medium contains only three defined components (RPMI-
1640, L-ascorbic acid and albumin) as opposed to the poorly defined B27 supplement. As a

result, they also obtained a robust differentiation protocol, yielding > 85% cardiomyocytes.
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Figure 1.11 Wnt/f catenin pathway regulation for cardiomyocytes differentiation.
To increase the purity of the cell population obtained through differentiation, the most
common enrichment strategy is based on metabolic selection. Fibroblasts represent the
predominant contaminant population and differences in the metabolism of fibroblasts and

CMs can be exploited to increase purity. Fibroblasts rely on glucose, while hPSC-CMs can
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utilise both glucose and lactate. Hence, media containing lactate but lacking glucose can be
used to increase the purity of the CMs up to 95% (142). Looking at the different protocols, the
average efficiency reported is 80% (130); however, there is still a need to improve
reproducibility and robustness of the protocols to ensure higher consistency between cell lines

and laboratories.

1.4.1.1.5 iPSC-CM maturation

Notably, hPSC-CMs obtained in the 2D culture methods resemble foetal CMs in terms of
functionally and morphology more than adult ones (143). Some of the main differences

between hPSC-CMs and adult CMs are summarised in Table 1.2.

Structure Round or polygonal Rod-shaped
Nucleation Very limited bi-nucleation ~30% of cells bi- or poly-nucleated
Sarcomere length 1.6 um 2.2 um
T-tubules Absent Present
Metabolism Glucose and lactate but can Mainly fatty acid

use fatty acid

Mitochondria Near nuclei (numbers increase Throughout the cell (occupy 20-40%
during differentiation) of cell volume)
Beating Spontaneous in many cells Quiescent
Resting membrane -20 to -60 mV -80 to -90 mV
potential
Conduction velocity 10-20 cm/s 60 cm/s

Table 1.2 Differences between hiPSC-CMs and adult CMs.

Interestingly, it has been observed that hPSC-CMs undergo a functional maturation in vivo
when transplanted in the myocardium of model species (144, 145). Therefore, it is important
to note that their immature phenotype might not necessarily be a disadvantage since they
could potentially mature after integration with the host myocardium. However, many groups
are trying to evaluate the optimal in vitro environment to improve the maturation of hiPSC-
CMs (146). One of the most efficient ways is extended time in culture, which has been shown

to enhance sarcomere ultrastructure and ion channel expression (147). However, long-term
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cultures of up to 1 year are not feasible for biomedical applications, therefore better strategies

are being investigated.

Biophysical stimuli that have shown encouraging results include mechanical or electrical
stimulation and modulation of substrate stiffness and patterned topography (148). Other
maturation strategies that have been adopted involve biochemical cues such as adrenergic
receptor agonists or triiodothyronine (T3) (146). hiPSC-CMs have also been cultured in 3D
systems, such as cardiac ECM scaffolds, as a method to enhance morphological and functional
features (149). 3D culture increased binucleation and sarcomere alignment and improved the
expression of calcium handling genes (150). Amongst 3D systems with a more complex
structure, engineered heart tissues (EHTs) have received significant attention, especially for
drug screening and pre-clinical testing (151). EHTs are hiPSC-CMs encapsulated in a fibrin
gel between two silicone posts, a structure that enables CMs to exert contractile forces similar

to the physiological ones (152).
1.4.2 Cardiac cell therapy with endogenous cells and its controversies

Transplantation of exogenous cells to the infarcted heart is providing great hope for the
treatment of CVDs. However, in the last 18 years, the field of endogenous cardiac cell therapy
saw an exponential growth that has recently come to an abrupt arrest due to a scientific
misconduct scandal (153). In 2001, Anversa’s research team published two papers showing
that bone marrow-derived cells were able to regenerate the heart and that new
cardiomyocytes are formed in the adult heart at a substantial rate (74, 154). These results were
never reproduced, while several studies disproving them were published, showing that
haematopoietic stem cells do not transdifferentiate into cardiomyocytes (155-157). Multiple
clinical trials using bone marrow-derived cells were also took place, but they failed to improve
cardiac function (93, 158). When it became clear that bone marrow does not contain cardiac
stem cells, Anversa and other researchers reported the existence of a robust endogenous
population of cardiac stem cells (CSCs), characterised by the expression of the marker c-kit
(159, 160). They claimed that CSCs are responsible for the rapid cardiomyocyte turnover
following injury (161) and that they are capable of differentiating into any cardiac lineage
(myocytes, vascular smooth muscle cells and endothelial cells) (160). Several clinical trials

using c-kit* CSCs were carried out. However, over the next several years, groups all over the
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world had difficulty demonstrating the stemness of c-kit* cells (162). Moreover, highly
sensitive techniques such as multi-isotope mass spectroscopy showed that the turnover of the
adult mouse heart is not higher than 1% per year and that this is due to the replication of
existing cardiomyocytes and not to CSCs (163). In October 2018, a 5-year long investigation at
Harvard and Brigham Women’s Hospital concluded that 31 papers by Anversa et al. should
be retracted because of falsification. The number is unheard of, and unfortunately, the
implications of such a widespread scientific misconduct case put an entire field of research
into question (153). Currently, there is no evidence for a cardiac stem cell population, for trans-
differentiation of other cell types into cardiomyocytes or for proliferation of a significant
number of cardiomyocytes following injury (164). Thus, cardiac cell therapy using exogenous

cells such as pluripotent stem cells could represent a promising alternative to focus efforts on.
1.4.3 Challenges in clinical translation of cardiac cell therapy

So far, cardiac cell therapy has yet to demonstrate clinically meaningful regeneration. Results
from extensive preclinical and clinical trials have often yielded neutral or only marginally
positive results. One underestimated challenge in regenerative medicine is the sheer number
of cells that need to be replaced (165). From primate studies, 1 billion hPSC-CMs were
required to restore function in a single subject (166). This means that although iPSCs represent
a suitable cell source for cardiac cell therapy, more studies and more time is needed in order
to lower the cost of a scaled-up production. Policy issues and the recent CSC scandal also
slowed down the development of iPSC-based therapies. When adult cardiac stem cells were
regarded as a more suitable cell source, the American Heart Association, for example, adopted
a policy of not funding PSC research (153). Nowadays, the use of hPSC-derivatives in cell
therapy still faces hurdles. There are ethical and regulatory issues, questions about cell
survival and engraftment, and patient recruiting challenges. In monkeys treated with
unpurified hESC-derived CMs, teratoma formation has been reported (167); however, this can
be prevented with adequate purification of the cardiac-specific cells. Importantly, hESC-
derived CMs performed better than human bone marrow mononuclear cells (hBM-MNCs) in
engraftment and improved long-term contractility in a rat model of MI (168), also showing
beneficial effects in other small animal models such as guinea pigs (169). hESC-derived CMs

were able to remuscularise a substantial amount of the infarcted heart of a monkey in a pivotal
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pre-clinical study by Chong and colleagues (166). The study showed the electromechanical
coupling of the cells; however, in contrast to small animal models, non-fatal ventricular
arrhythmias were observed in hESC-CM engrafted primates, emphasising that potential

arrhythmic complications in humans need to be overcome.

Regarding use in humans, one clinical trial with hESC-derived CD15* Isl-1* progenitors
embedded in a fibrin gel is currently ongoing in Paris for severe heart failure (ESCORT trial,
NCT 02057900) (170). In May 2018, the first trial using hiPSC for severe heart failure was
conditionally approved by the Japanese ministry of health with the goal of assessing the safety
of the procedure. This will involve the implant of cell sheets of 100 million allogeneic hiPSC-
CMs onto the heart of patients with advanced HF. Concerns regarding the potential
tumorigenicity of the cells and the need for an open chest surgery in already sick patients were
raised; however, results from the trial will start highlighting future paths for cardiac

regeneration using iPSCs.

To conclude, while still in its early days and with several challenges to address (e.g.
arrhythmogenesis, immunosuppression, scalability, and batch-to-batch variability, to name a
few), cardiac regeneration using PSCs appears now as a promising cell source to replace
functional cardiac tissue. It is difficult to estimate the time frame for routine clinical adoption,
which could be anywhere between 5 to 20 years. However, as for cancer immunotherapy and
gene therapy, it is likely to require cross-disciplinary collaborations (combining stem cells
with tissue engineering for example), partnerships between academia and industries and

long-term funding.

1.5 Biomaterials for Cardiac Repair

The outcome of cell therapy for cardiac repair strongly depends on the successful delivery of
the stem cells to the infarcted heart. The most commonly used delivery methods are
intravenous systemic injection and intramyocardial local injection. Although the first route is
more accessible and non-invasive, the injected cells will accumulate in the liver, lungs and
spleen and only a small proportion will end up in the heart, depending on their homing

capacity (171). Therefore, direct intramyocardial injection is the preferred route for preclinical
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and clinical trials. Nevertheless, it has been widely shown that more than 90% of the cells are
washed out within the first hour after transplantation via venous drainage, and 95% - 99% of
the injected cells are lost within the first 24 hours (172-174). In this context, tissue engineering
approaches can enhance cell survival and cell retention by delivering cells with biomaterials,
which represent an increasingly promising option for myocardial regenerative medicine.
Biomaterial delivery systems have the potential to reduce immediate cell loss due to
mechanical washout and to promote integration with the host tissue, together with providing
mechanical support for the damaged myocardial wall and a protective environment for

enhanced cell survival.
Biomaterials that have been investigated for these purposes can be classified as:

e Extracellular matrix protein (ECMP)-based biomaterials, a promising
class of scaffolds for cardiac tissue engineering that are biocompatible and
can be proteolytically degraded into non-toxic by-products. They include
materials isolated from animal sources such as Matrigel™ and Geltrex™,
or materials derived from purified or recombinant sources such as
collagen, fibrin, laminin, fibronectin, and vitronectin (175, 176).

e Decellularized extracellular matrix that can be obtained through the
detergent treatment of native cardiac tissue (177), retaining the complex
mixture of collagens, elastin, and glycosaminoglycans that compose the
native tissue (178).

¢ Natural-origin biomaterials such as fibroin from silk (179), chitosan from
shellfish (180), alginate and agarose from seaweed (181, 182) that are also
advantageous because they contain proteins, polysaccharides and other
cell adhesive domains that are present in the native tissue.

e Synthetic polymer-based materials, including poly(ethylene glycol)
(PEG), poly(glycerol sebacate) (PGS), poly(lactic acid) (PLA),
poly(caprolactone) (PCL) and poly(l-lactide-co-caprolactone) (PLCL) (183-
185) which, together with their relatively easy fabrication, have the
advantage of being tunable in their physicochemical properties to achieve

a specific cell response.
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From all these different sources, the two main approaches that can be taken for cardiac repair
are the fabrication of cardiac patches/scaffolds or the development of in situ gelling systems
(Figure 1.12). Engineered scaffolds can support cell differentiation and expansion and protect
cells injected into the damaged tissue. However, most of these scaffolds require invasive
surgeries for implantation and, in patients with severe HF, implantation is not an option due
to various comorbidities that exclude them from surgical procedures. For this reason, in situ-
gelling injectable systems are highly advantageous because their initial liquid state allows a

minimally invasive injection at the desired location (186).

In the 1990s, a third approach was the use of ventricular restraints such as polymeric meshes
wrapped around the heart or sutured to the surface of the infarcted myocardium. Several
studies have shown that these are effective in reducing infarct expansion by mechanically
stabilising the heart, and limiting long-term global LV remodelling in large animal models
(187-189). Nevertheless, these approaches are limited by the invasive procedure by which they
are applied, and thus clinical translation has not occurred (190), leaving cardiac patches and
in situ gelling systems as the two main approaches investigated for cardiac tissue engineering.
Beyond myocardial repair, a tissue-engineered construct made of cells encapsulated into a
material can be used as a 3D culture system surrogate for developmental studies (191),

pathophysiological studies (192, 193) or pharmacological screening (194, 195).

- Natural origin
- Synthetic
Cardiac
patch - Acellular
- Cell-seeded
- Loaded with
Injectable bioactive
hydrogel molecules

Figure 1.12 Main approaches for cardiac tissue engineering.

1.5.1 Considerations for material design

In designing any biomaterial for tissue engineering applications, the function and

composition of the target tissue are important factors to consider. For cardiac tissue
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engineering, design criteria will be different depending on whether the material will be a
vehicle for cell delivery or a scaffold to generate tissue patches (196). In general, materials for
myocardial tissue engineering should be mechanically robust to bear the high repetitive stress
and the proteolytic activity of the infarcted myocardium. At the same time, however, they
should not be too bulky to interfere with synchronisation and myocardial geometry. In this
respect, an injectable/in situ polymerisable material presents advantages over a patch because
the graft can be injected and dispersed uniformly into the injured myocardium, remaining

anchored by its interstitial placement (197).

Biocompatibility

Biocompatibility was first defined as “the ability of a material to perform with an appropriate
host response in a specific application” (199). This is linked to the concept of biocompatibility
as a characteristic of a material-host system more than a material property (200). Specifically,
the material needs to function without initiating a significant foreign body response in vivo.
This does not preclude the activation of immune response but shifts the focus on mitigating

and controlling the type of response in order to prevent further injury to the heart (196).

A relevant example is offered by macrophages which, being immune cells, are very sensitive
to their environment; therefore, materials have the potential to vastly alter the macrophage
response and their polarization towards a regenerative M2 phenotype rather than an
inflammatory M1 after MI. Several studies have investigated the effect that biomaterial
composition can have on macrophage polarization, focusing on the response to cellular or
acellular grafts (201), with natural (202) or synthetic (203) origin and different fibre and pore
sizes (204), and showing how small changes can have significant effects on the immune
response elicited by the material. This highlights the importance of considering
biocompatibility in terms of the precise situation in which a biomaterial is used and the fact
that “there is no such thing as a universally biocompatible material”, as stated by Williams in

2014 (200).
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Biodegradability

The concepts of biocompatibility and biodegradability are typically intertwined, and when
designing a biodegradable material, it is important to consider that its by-products should not
be toxic. Biodegradability refers to the mechanism through which an implanted material

breaks down, and the time it takes to do so (205). Briefly, three main modes can be identified:

e Bioerosion, which is degradation of a material through hydrolytic mechanisms
e Biosorption, which is degradation through cellular activity

e Biodegradation, which is degradation through enzymatic activity.

For myocardial tissue engineering, a material is considered biodegradable if degradation
occurs through hydrolytic or enzymatic activity in vivo, and if the degradations products
comply with the requirements of both biodegradability and biocompatibility (205). Materials
of natural origin such as ECM-derived materials are degraded within days to weeks by
enzymes produced by the cells into biodegradable and biocompatible products. However,
despite containing the correct composition to allow cell adhesion and survival, one
disadvantage of these materials is that they might retain some surface antigens capable of
eliciting an immune response. Conversely, synthetic materials often require some
functionalisation with appropriate bioactive molecules to support cell attachment and

survival.

Another important parameter to consider is how quickly a material for cardiac tissue repair
should degrade, and there is still an ongoing debate as to the degradation requirements that
are necessary for a successful outcome. In general, a material should persist long enough to
have the desired effect but not longer than necessary to affect the repair process. Therefore,
biomaterials designed for cell delivery or cell survival should persist in vivo for at least one
week since most of the cell death occurs within the first few days after MI and should be fully
degraded in 6-8 weeks. Cell-seeded patches should be quickly replaced by newly synthesised
ECM, and their degradation should require a similar timeframe. Materials designed to
provide mechanical support to the failing ventricle should have a relatively slow degradation

rate on the order of months to years.
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Mechanical support and material stiffness

Considerations regarding the mechanical requirements of a biomaterial need to take into
account the in vivo model where it will be tested since the forces exerted by a human heart
will vastly differ from those of a small rodent. Physiologically, the human myocardium ranges
in stiffness from 20kPa at the end of the diastole to 500 kPa at the end of the systole (206, 207),
whereas a rat myocardium ranges from 0.1 to 140 kPa (207). The infarcted myocardial tissue
experiences a time-dependent stiffness change from flexible to rigid, as the collagenous scar
forms. As measured by atomic force microscopy (AFM), the baseline elastic modulus of non-
infarcted rat myocardium is 18 + 2 kPa (208). The stiffness of infarcted myocardium between
1 to 24 h after Ml is relatively soft (4-17 kPa) (209), whereas two weeks post-MI, significant
fibrosis is formed resulting in a threefold increase in the elastic modulus (55 + 15 kPa) (208). It
is known that the physical characteristics of the microenvironment affect the survival and
differentiation of the engrafted cells (209). Therefore, the response to cell and material
implantation will vary with the stiffness of the infarct bed, which in turn depends on the time
post-infarction (210). A material envisioned to provide long-term mechanical support should
have a high-end stiffness, matching the one of the native myocardium, whereas a material
designed for the injection and the delivery of cells and/or pro-survival factors should have a
low stiffness, as long as it is able to withstand the contraction/dilation of the heart. Equally,
materials for in vitro use such as 3D culture systems can also have a very low stiffness to be

compatible with remodelling from the seeded cells.

Envisioned application time after MI

An additional consideration for material design is the time post-infarction at which the
material is to be applied since new and old infarcts present unique features and challenges.
Delivering therapeutic cells and growth factors shortly after MI might protect the remaining
healthy myocardium, minimise scar formation and ultimately attenuate pathological
remodelling; however, with cells or bioactive molecules delivered too early comes the risk of
exposing them to the very hostile ischemic environment, with a significant immune response
and cell death-associated cytokines. Interestingly, many studies have looked at the

importance of application timing, showing how it underpins the benefits in the long term. For
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example, in a murine model of MI, it has been shown that intramyocardial injection of a
collagen matrix is only effective at preventing adverse ventricular remodelling and long-term
deterioration of cardiac function if administered 3h after MI rather than 1 week or 2 weeks
after (211). On the other hand, a study investigating the effect of an injectable alginate implant
showed beneficial effects both in recent (< 7 days) and old (60 days) infarctions, indicating
how other concomitant factors (animal model used, one versus multiple injections, sites of the
injections) could contribute to the challenge (181). Moreover, a scaffold-based contractile
strategy, while applicable in the acute phase, might have a more significant effect if implanted

after scar formation, providing electromechanical coupling to the tissue.

Electrical conductivity

Ideally, materials for cardiac tissue engineering should be designed with electrical cues to be
electrically integrated into the myocardial tissue, therefore supporting its unique
electrophysiological behaviour (212). Unfortunately, most of the injectable materials proposed
for cardiac regeneration are electrically insulating at biologically relevant frequencies. A
strategy that many groups have implemented to create conductive injectable biomaterials is
the incorporation of conductive nanoparticles such as gold or carbon nanotubes (CNT). For
example, NRVMs cultured on a reversible thermal gel functionalised with CNT showed a
more homogenous calcium transient, probably due to an increased number of gap junctions
compared to the control (213). Similar results were shown in CNT/collagen hydrogels where

the cell alignment and contraction potential of NRVM improved (214).

One alternative to CNT or gold nanoparticles is using conductive polymers (CP). Conductive
polymers (CPs) are a class of electroactive biomaterials that show interesting electrical and
optical properties while retaining the flexible processing and ease of synthesis of conventional
polymers (215). There are more than 25 CP systems nowadays, and most of them are
biocompatible and allow the delivery of electrical stimuli to the cells (215). Some of the most
studied are Polypyrrole (PPy), Polyaniline (PANI) and the polythiophene derivative PEDOT
(poly(3,4-ethylene dioxythiophene)). CPs are interesting for the fabrication of cardiac patches
because they can provide a conductive microenvironment in a context where the

electromechanical coupling of the cells is crucial. It has been demonstrated that CPs enhanced
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cell adhesion and growth of NRVMs (216) and that a poly(lactic-co-glycolic acid) fibre scaffold
coated with polypyrrole (PPy) was compatible with iPS cells and enhanced their cardiac
differentiation (217). In this context, our group has recently developed a PEDOT-based 3D
electroconductive hydrogel suitable for the differentiation and the proliferation of C2C12
myocytes (218) and an auxetic cardiac patch that showed promising results in a rat MI model

(219).
1.5.2 Hydrogels

Amongst the different types of biomaterials emerging as promising options for cardiac repair,
hydrogels have received considerable attention. Hydrogels are hydrophilic polymeric
networks that can be prepared from either natural or synthetic polymers. One of the most
important properties of hydrogels is the ability to absorb a considerable amount of water or
biofluids leading to swelling and increase in dimensions while maintaining their shape (220),
providing a 3D environment similar to soft tissues. Hydrogels belong to a class of water-

insoluble polymers, and they can be either homopolymers or copolymers (221).

Hydrogels are defined as “physical” gels when the networks are held together by molecular
entanglement, and/or secondary forces including ionic, H-bonding or hydrophobic forces
(222, 223). Physical gels are often reversible, and it is possible to dissolve them by changing
environmental parameters such as pH, temperature or ionic strength of the solution. They
might contain inhomogeneities since clusters of molecular entanglement or hydrophobically-
associated domains are not homogeneous. Conversely, gels are defined as “permanent” or
“chemical” when they are covalently cross-linked networks (222). These can usually be
prepared in two different ways: three-dimensional polymerisation, in which a hydrophilic
monomer is polymerised in the presence of a cross-linking agent, or by direct crosslinking of
water-soluble polymers (223). Like physical gels, they can also contain inhomogeneities, due
to regions with different crosslinking densities. Both physical and chemical gels may have
different physical forms: 1) solid moulded forms (e.g. soft contact lenses), 2) pressed powder
matrices (e.g. pills or capsules for oral ingestion), 3) microparticles (e.g. bioadhesive carriers),
4) coatings (e.g. on implants or catheters), 5) membranes or sheets (e.g. as a reservoir in
transdermal drug delivery patches), 6) liquids (e.g. that form gels upon heating or cooling)

(222).

64



Their use in biomedical applications including as soft contact lenses for correcting vision was
first proposed by Czech chemists Wichterle and Lim more than 50 years ago (224), and
because of their hydrophilic character and potential to be biocompatible, hydrogels have been
of great interest to biomaterial scientists ever since (222). Pioneering work by Lim and Sun in
1980 showed the successful application of calcium alginate microcapsules for pancreatic islet
encapsulation (225) and Yannas and colleagues showed a few years later how natural
polymers such as collagen and chondroitin sulfate from shark cartilage could be incorporated
into cell-seeded hydrogels to be used for burn dressings (226). Since then, hydrogels of either
natural or synthetic origin have continued to be of interest for cell encapsulation studies, and
more recently they have become attractive to the field of tissue engineering as matrices for
repairing and regenerating a variety of tissues and organs, including the heart (222). One
significant advantage of hydrogels as tissue engineering matrices versus more hydrophobic
alternatives such as PLGA (poly(lactic-co-glycolic acid) is the ease with which one may
incorporate molecules that stimulate cell adhesion, spreading and growth within the
hydrogel. However, a significant disadvantage of hydrogels is their low mechanical strength,

posing some difficulties in handling (222).

1.5.2.1 Hydrogels for cardiac repair

Delivery methods and injections

An important characteristic of using injectable biomaterials for cardiac repair is the potential
ability to provide a minimally invasive approach, decreasing the damage incurred to both the
targeted and surrounding tissue during delivery (227). A hydrogel that can pass through a
fine gauge needle (27G) is considered injectable as it is possible to safely administer it into the
heart in a minimally invasive manner (205). Injectability can be achieved when the gelation of
the hydrogel is either initiated but not completed prior to the hydrogel passing through the
needle, or both initiated and completed after delivery at the site. Importantly, the
polymerisation time should be in the order of minutes to tens of minutes and not longer to
ensure the hydrogel is successfully localised and not washed out with the contraction of the

heart (210).
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The ideal method of delivery and the one that provides a quick path to clinical translation
would use current catheter technology. This approach, although minimally invasive and
highly patient-compliant, pose some challenges for the material design since it must be
maintained in the liquid form for the duration of the injection procedure (up to 1 hour) and
then, once within the myocardial wall, the liquid should solidify into a hydrogel. A thermo-
responsive hydrogel, delivered through a cooled-down syringe system, could overcome this

challenge.

There are three main methods for the delivery of injectable hydrogel therapies, each with its
pros and cons. The first one is the intracoronary injection with a catheter via an inflated
percutaneous transluminal coronary angioplasty (PTCA) balloon. This approach is unique
since it uses leaky vessels in the damaged region for the delivery, instead of utilising a
puncture injection, and it utilises the currently available technology with no need for
additional training. However, as mentioned earlier, it requires unique material design and the
volume of the material administered cannot be properly controlled (227). A second approach
is a direct epicardial injection into the heart; this method has the most control over location,
but it requires a surgical procedure with the use of either endoscopic technology or open chest
access. Lastly, another less invasive approach is trans-endocardial injection via catheter
combined with imagining technology such as NOGA® (228); this method, however, requires
specialised training for both the injection catheter and the imaging modality, so it is not
currently routinely performed (227). The liquid form of the hydrogel can be injected in a single
bolus (229) or multiple smaller injections (230), the latter being more common in large animal

models to adequately distribute the material.

Another critical parameter to consider is the time of the injection, which ranges from
immediate (181, 211, 230, 231), to 1 week (232, 233) to 2 months post-MI (181). The most
common approach for in vivo studies is an immediate injection, which unfortunately does not
correctly mimic the clinical translation because patients would not receive a therapy for at
minimum several hours, if not days or weeks, post-MI. Hence, studies looking at the effect of
biomaterial injections at later time points such as 2 months are valuable to investigate the
ability to reverse scar formation and LV dilation for patients without the opportunity of earlier

treatment (227).
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Finally, a crucial factor regarding injecting a hydrogel into the myocardial wall is the possible
effects on the cardiac conduction system. This is particularly important since many patients
eligible for a biomaterial therapy may already have an increased risk of developing
ventricular arrhythmia (234). Different hydrogels show different degrees of interstitial spread.
Injectable hydrogels with low spread stay confined in a localised region resulting in the
myocardium being pushed to the perimeter of the hydrogel structure (235). On the other hand,
hydrogels with high spread occupy the interstitial space between neighbouring
cardiomyocytes resulting in the presence of myocardial fibres throughout the hydrogel

structure (235).

Suarez et al. used optical mapping to study the effect of interstitial spread with PEG-based
hydrogels in rats and did not discover changes to action potential propagation with high
spreading materials characterised by slow gelation times (235). Conversely, materials with a
quicker gelation time that were forming a bolus could potentially be a substrate for
arrhythmias (235). This very interesting study about a material design criterion that is often
overlooked would need to be repeated in large animal models and with other biomaterials to
provide better foundations for the safe clinical use of injectable hydrogels. The concept of
interstitial spread is closely linked with the site of injection, which could also affect potential
electrical side effects. A hydrogel can be injected in the infarcted scar region of the
myocardium, and this has been shown to be advantageous for LV (233). However, the most
common site of injection for biomaterials (and for cells (236)) is into the viable border zone,

which has shown improved myocardial salvage and prevention of infarct expansion (237).

Mechanisms of in situ gelation

In order to control the sol-to-gel transition of injectable hydrogels for cardiac tissue
engineering, several mechanisms have been employed, including chemical crosslinking,
temperature-induced gelation, photo-crosslinking or pH-induced gelation (7). Gelation
triggered by thermal stimuli is the most widely used both for natural and synthetic polymers.
Depending on their response to temperature, thermo-responsive polymers can be classified
into two classes. First, polymers undergoing phase change below a critical temperature called

upper critical solution temperature (UCST), also defined as “positive temperature-responsive
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polymers” (Figure 1.13A). Second, polymers that become insoluble above a critical
temperature called lower critical solution temperature (LCST), also defined as “negative
temperature-sensitive polymers” (Figure 1.13B). When these polymers are dissolved in an
aqueous system, they are miscible at room temperature, but their solubility decrease when the

temperature increases.
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Figure 1.13 Thermo-responsive gelation mechanisms.

A typical example of negative temperature-responsive polymers is Poly(N-
isopropylacrylamide) (abbreviated as PNIPAm, PNIPAAm or PNIPA), which has a sol-to-gel
transition at 32 °C. Interestingly, PNIPAm-based injectable hydrogels have shown promising
results in animal models of MI not only when used for the delivery of growth factors (238,
239), genes (240), and stem cells (241), but also when administered as hydrogel alone
providing mechanical support against ventricle dilation (242, 243). Triblock copolymers such
as poly(ethylene glycol)-poly(e-caprolactone) copolymers (PEG-PCL-PEG and PCL-PEG-
PCL) or poly(DL-lactic acid-co-glycolic acid)-poly(ethylene glycol) (PLGA-PEG-PLGA) are
composed of hydrophilic-hydrophobic-hydrophilic ~ or  hydrophobic-hydrophilic-
hydrophobic backbones. They undergo a sol-to-gel transition due to bridged micelle

formation following temperature increase (7) (Figure 1.14).
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Similar to PNIPAAm, triblock copolymers were tested in several MI models where they were

able to improve cardiac function if delivered alone (244) or in combination with stem cells

(245).
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Figure 1.14 Temperature-induced phase transition in thermoresponsive polymer chains.

Photopolymerization or light-inducible crosslinking is another common approach used for
cardiac bioengineering efforts. Most systems are not naturally photosensitive, and therefore a
photoinitiator is needed. On one hand, this method allows the encapsulation of cells without
adversely impacting their viability, while on the other hand, UV radiation may affect the
integrity of the sensitive cardiac tissue. To overcome this disadvantage, Noshadi et al.
developed gelatin methacryolyol (GeIMA) hydrogels that crosslink in response to visible

light, thus being more compatible with cardiac tissue (246).

A Michael addition reaction represents another way to form chemically crosslinked
hydrogels. It is characterised by the reaction of a nucleophile (Michael donor) with an
activated electrophilic olefin (Michael acceptor) which results in the formation of a “Michael
adduct”. A typical example is the reaction between acrylate and thiol precursors, employed
to crosslink hydrogels made of PEG-thiol and acrylated hyaluronic acid (HA), which

facilitated functional recovery in a rat MI model (247).

Ionic crosslinking is a type of physical crosslinking that can be used as an in situ gelation
mechanism to obtain alginate hydrogels. When sodium alginate is placed in contact with a
calcium-rich solution, the calcium ions replace the charged sodium ions in the polymer. Each
calcium ion attaches to two polymer chains, and chemical crosslinking occurs (212).
Interestingly, a calcium gluconate crosslinked alginate hydrogel was found to have intrinsic
anti-oxidative effect reducing ROS levels and promoting neoangiogenesis in an MI rat model
(248).
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Last, pH has also been explored as a stimulus for in situ gelation of hydrogels. It has been
reported that a pH-sensitive chitosan hydrogel that undergoes sol-to-gel transition at

physiological pH is compatible with human Adipose MSCs (hAMSCs) encapsulation (249).

Stimuli-responsive drug release

In the last decade, the field of polymer-based drug delivery systems for controlled release has
grown exponentially. As for other types of materials, the swelling-deswelling characteristics
of a hydrogel can be tailored through a chemical modification to respond to external or
internal cues, such as light, pH, or enzymes, to induce the release of the hydrogel cargo (250).
Two particularly good examples of potential stimuli for drug delivery to the ischemic
myocardium are pH and matrix metalloproteinase (MMP) levels. As discussed earlier, after
M]I, the tissue pH decreases to around 6.5 and this acidification can be exploited for localised
and controlled delivery of a drug. Garbern and colleagues, for example, developed an
interesting system that undergoes sharp and reversible gelation at mildly acidic pH values
(~pH 5-6) but remains a solution at physiological pH (pH 7.4) (251). This behaviour promotes
gel formation in the ischemic region and gel dissolution once the pH returns to physiological
levels, and it was successfully demonstrated in vitro (251) and in vivo (252) for the delivery of
pro-angiogenic factors. Amongst the cascade of events occurring post-MI at the tissue level,
some of the most characterised are inflammation and induction of proteolytic pathways such
as MMPs. Hence, as with acidification, this increase in MMP levels could be exploited for
localised drug delivery through MMP-responsive injectable biomaterials. Recently, a
hyaluronic acid (HA) hydrogel functionalised with an MMP-cleavable peptide showed
improvement in LV function in a swine model of MI (253). Interestingly, a PEG-based
synthetic hydrogel containing an MMP-sensitive substrate was tested for the in vivo delivery
of Thymosin-4 combined with hESC-derived vascular cells in rats, showing how stimuli-
responsive drug delivery could be combined with cell therapy for regenerating ischemic

tissue (254).
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Hydrogel distribution after injection

A potential challenge in the clinical translation of injectable hydrogels is the characterisation
of the material in terms of distribution and chemical composition after injection. Visualisation
of injected materials in animal models has been achieved using quantum dots for fluorescent
imaging, MRI imaging radionuclide imaging, or computed tomographic (CT) imaging (255).
However, some of the limitations of these methods are imaging depth and repeated radiation
exposure. Therefore, MRI has become the most used imaging tool in preclinical studies.
Building on this, the next step is incorporating chemical moieties into the material that can
further improve the versatility of MRI techniques. Dorsey et al.,, for example, recently
developed a new MRI technique, called chemical exchange saturation transfer (CEST-MRI),
where the signal relies on the exchange of protons in specific molecules containing water
protons (256). They incorporated an arginine-based peptide in an HA hydrogel showing a 2-
fold increase in the CEST signal strength. This technique allows the discrimination between
different hydrogels and between the hydrogel and the surrounding tissue based on their

chemistry, providing a valuable tool to track changes in the biomaterial properties over time.

Acellular hydrogels

Injectable hydrogels alone can provide mechanical support to the infarcted heart, attenuating
stresses within the myocardial wall and preventing ventricle remodelling (244). One of the
earliest materials used for cardiac repair is fibrin, a biodegradable protein involved in the
coagulation cascade (257). Christman et al. pioneered the field of acellular injectable materials
by exploring the effects of fibrin glue as a bulking agent (258, 259). They showed its ability to
recruit host cells such as endothelial cells, and substantially decrease infarct size and increase
arteriole density, probably because fibrin contains binding domains for angiogenic factors
such as basic fibroblast growth factor (bFGF) (260). These results imply that, in addition to its

bulking effects, fibrin may also elicit a bioactive response that influences LV remodelling (190).

Hydrogels made of alginate, a naturally occurring linear polysaccharide found in brown
seaweed algae, have been widely used for tissue engineering applications due to their

biocompatibility, non-thrombogenic nature, and structural resemblance to ECM (261, 262).
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Alginate hydrogel injection has shown positive results in rat and porcine models of MI (181,
263) although, unlike fibrin, alginate must be modified with adhesive peptides to facilitate cell
binding (264). An ECM-derived hydrogel, specifically from pig’s heart ventricle, has also been
investigated as an acellular bulking agent, following percutaneous delivery via trans
endocardial injection in a rat model of MI (229). Results showed a decreased loss of
endogenous cardiomyocytes and a preserved cardiac function, later further confirmed in
swine models (265), demonstrating that providing cardiac-specific cues to the injured
myocardium via decellularised ECM injectable hydrogels offers a useful strategy to promote
cardiac tissue formation (190). A phase I clinical trial (NCT02305602) is currently treating
patients with LVEF 25-45% secondary to MI with a hydrogel derived from decellularised
porcine myocardial tissue developed by Ventrix, Inc (San Diego, CA) (VentriGel). VentriGel
is delivered through an innovative catheter method coupled with the NOGA® mapping

system and is administered in chronic infarcts, making this study the first of its kind (255).

Alginate was amongst the first hydrogels to progress to clinical trials. IK-5001, an alginate
hydrogel (1% sodium alginate plus 0.3% calcium gluconate) was shown to reduce LV
remodelling in a porcine pre-clinical study (263) and soon entered a first-in-man study
(NCTO00557531) that verified safety and feasibility (266) (266). However, a larger-scale clinical
trial that followed (PRESERVATION-1 trial, NCT01226563) concluded that IK-5001 was not
able to prevent remodelling nor the occurrence of HF (267). Despite the first encouraging
results, the lack of efficacy was likely due to larger infarct size in human patients and to an
uneven distribution of the injected material (267). Another subsequent trial (AUGMENT-HF
trial, NCT01311791) employed a different alginate-based material (Algisyl-LVR™, a mixture
of Na*-alginate component and a Ca?-alginate component consisting of water-insoluble
particles in water plus 4.6% mannitol) (268). The study investigated direct injections of
alginate hydrogel in the myocardium of 113 patients; the material was administered through
left thoracotomy with multiple intramyocardial injections and was effective in improving
cardiac function in chronic HF patients (268). Moreover, combined therapy with Algisyl-
LVR™ administration in combination with coronary artery bypass grafting (CABG) was
evaluated for its ability to reduce LV wall stress in HF patients with an ejection fraction (EF)

<40% (269). Three months after the treatment, LV wall thickness increased by 20% and end-
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systolic volume (ESV) decreased by 30%, supporting the novel concept that an acellular

alginate hydrogel might be used to treat dilated LV in HF patients (269).

Synthetic hydrogels were also tested as an in situ gelling acellular systems. For example,
Fujimoto et al. designed and tested a biodegradable thermoresponsive hydrogel made of N-
isopropylacrylamide (NIPAAm), acrylic acid (AAc) and hydroxyethyl methacrylate-
poly(trimethylene carbonate) (HEMAPTMC) which gelled at body temperature, and showed
efficacy in improving cardiac function if compared to PBS injection in a rat model of MI (243).
Another synthetic material consisting of a-cyclodextrin (a-CD) and poly (ethylene glycol)
(MPEG-PCL-MPEG) triblock copolymer that can gel in situ has also demonstrated therapeutic
benefits when injected to target LV remodelling in more than one small animal model (242,
244). Moreover, the hypothesis that acellular hydrogels could improve pathological
remodelling has not only been tested in small and large animal models as just discussed but

also confirmed by computational and mathematical models (269-271).

Hydrogels and cells

The identification of a suitable biomaterial for the transplantation of therapeutic cells is a
significant area of research in cardiac tissue engineering. A cell-laden scaffold created from an
injectable biomaterial should undergo in situ liquid-to-solid transitions without harming the
cells in suspension or the surrounding myocardium. Moreover, the biomaterial should
provide an appropriate growth environment for myocardial cells to survive and express a
contracting phenotype for functional integration upon transplantation (7, 272). There are
different methods to load cells into hydrogels, and an even distribution of cells is usually
achieved by cell dispersion in the material. For cell-bearing injectable hydrogels, a common
strategy involves mixing a suspension of viable cells with an aqueous solution of hydrogel

precursors prior to gelation, leading to the formation of cell-loaded 3D gel matrices (273).

The main advantage of using hydrogels for cell encapsulation is the ability to increase cell
retention and survival in the ischemic environment. This addresses a key challenge in cardiac
cell therapy which is to deliver and retain viable cells to the tissue. It is now clear that poor
cell retention is a major contributing factor to the inconsistent outcomes observed in many

trials. The main mechanisms underlying poor cell retention are mechanical washout of the
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cells by the beating heart, exposure to a hostile acidic environment and leakage of the cells

from the injection site (274).

Several studies have shown that the improvement in cell retention by using a hydrogel is more
pronounced with time when the difference between the injectable hydrogel vehicle and the
saline control becomes greater (176, 275, 276). Liu et al., for example, delivered adipose-
derived stem cells encapsulated in a chitosan hydrogel and reported a 1.5-fold increase at 24
hours and an 8-fold increase at 4 weeks post-injection compared to saline control (275).
Different materials were directly compared for their ability to improve cell retention. In a
study by Roche and colleagues, two injectable hydrogels (alginate and chitosan) and two
cardiac patches (alginate and collagen) were used to deliver hMSCs to the infarct zone of an
MI rat model (277). While all four materials resulted in greater cell retention, an 8- and 14-fold
increase was observed with the alginate and chitosan hydrogels respectively, and a 47- and
59-fold increase was observed for the alginate and the collagen patches compared to the saline
control. However, all the biomaterials tested retained 50-60% of the initial cells, while this

percentage was as low as 10% using saline.

1.5.2.1.1 Translational aspects of hydrogel-based cardiac repair

During the last two decades, considerable progress has been made in cardiac tissue
engineering with injectable hydrogels and cardiac patches. Hydrogel injection therapy has
recently progressed to a few early clinical trials, and it is anticipated that more will follow
soon. One of the main challenges in translating stem cell therapy for myocardial regeneration
is improving the survival of the cells. In this respect, enhanced survival could be achieved
with a combination strategy including stem cells and bioactive factors encapsulated together
in an injectable hydrogel, a strategy that has already been proven effective in vitro (278) and

in vivo (279).

The physical and biological properties of the injected material, together with timing and
location of injections and distribution of the hydrogel in the cardiac wall are some of the
parameters that may contribute to a successful post-MI treatment. Specific considerations for

myocardial applications are:
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Effects on the cardiac conduction system

A significant concern when injecting a hydrogel into the myocardial wall is its possible effect
on the cardiac conduction system. This is particularly important for patients eligible for a
biomaterial therapy who may already have an increased risk of developing ventricular
arrhythmias (235). Suarez et al. used optical mapping to study the effect of interstitial spread
with PEG-based hydrogels in rats and did not observe changes to action potential propagation
with high spreading materials characterised by slow gelation times (235). Conversely,
materials with a quicker gelation time that form a bolus could potentially cause arrhythmias
(235). This interesting study about a material design criterion that is often overlooked needs
to be repeated in large animal models and with other biomaterials to provide better

foundations for safer clinical use of injectable hydrogels.

Biodegradability

The degradation time of a hydrogel is a key parameter, but data sets describing
biodegradability in vivo are still lacking. For myocardial tissue engineering, a material is
considered biodegradable if degradation occurs through hydrolytic or enzymatic activity in
vivo and if the degradation products comply with the requirements of both biodegradability
and biocompatibility (196). In general, a material should persist long enough to have the
desired effect but not longer than necessary to affect the repair process. Therefore,
biomaterials designed for the delivery of bioactive factors should persist in vivo for at least
one week since most cell death occurs within the first few days after MI and should be fully
degraded in 6-8 weeks. Materials of natural origin such as ECM-derived materials provide the
correct composition to allow cell adhesion and survival and are degraded within days to
weeks by enzymes produced by the cells into biodegradable and biocompatible products.
Given the extensive research conducted in small animal models, the next step for a better in
vivo characterisation of biodegradability will require studies in large animal models, and
longer-term follow-up to delineate the mechanisms in which these materials act, both

biologically and mechanically.
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Large animal models

Another important parameter for the prediction of clinical outcome is the animal models in
which preclinical studies are conducted. Often, new challenges are encountered in large
animal models that were not predicted in small animals. The porcine model is the most
frequently used large animal model since the coronary artery system is very similar to the
human one (280, 281). Moreover, the swine conduction system is similar to 90% of the human
population (281). However, despite the similarities, there are some key differences between
the swine model and the clinical reality that need to be considered when analysing the results
from pre-clinical studies. First, the infarcts are usually induced by coronary artery ligation in
young and otherwise healthy animals. On the other hand, patients suffering from MI and HF
have underlying chronic cardiovascular diseases and are likely to present co-morbidities.
Secondly, the majority of the animal studies do not involve a reperfusion process, while
reperfusion injury in patients is a crucial exacerbating factor which ultimately defines the
extent of the infarct as well as the efficacy of later interventions (31). Finally, in most of the
studies the hydrogel is delivered within 60 minutes from the injury, a time frame which is not
always realistic for clinical translation. Importantly, a consensus should be reached on what
is considered a successful outcome for an injectable biomaterial study and what is the best
parameter, or parameter combination, to focus on. Usually, wall thickness, fractional
shortening, LV volumes, ejection fraction, infarct size, and vascularisation of the infarct have
all been considered. In the clinical setting, End Systolic Volume (ESV) has been shown to be

the best predictor of survival and re-hospitalisation (282).

1.6 Bioactive molecules for Cardiac Repair

Many studies now highlight how the beneficial effects derived from the administration of
stem cells into the infarcted myocardium are in fact due to the paracrine effects of secreted
factors, rather than from direct action of the cells (283-287). Factors that activate specific
intracellular pathways linked to cardioprotection include intermediates in the PI3K-Akt and
MEKT1/2-Erk1/2 pro-survival kinase pathways (288). However, the therapeutic potential of

these molecules is limited by their high rate of diffusion, short biological half-life (289), low
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plasma stability and low specificity to target organs (290). For example, post-MI
intraperitoneal administration of a cocktail of growth factors in rats did not improve cardiac
function, infarct size or neovascularisation (289) and a single intracoronary infusion of FGF in
patients did not significantly improve myocardial function in a phase 1 clinical trial (291).
Therefore, the successful clinical translation of tissue reparative benefits of bioactive factors

depends on new formulation and/or delivery approaches (290).

As discussed earlier in this chapter, injectable hydrogels alone, with no addition of cells or
other therapeutics, have shown functional improvements and prevention of left ventricular
dilation in small and large animal models. However, the combination of injectable strategies
with the delivery of growth factors, cytokines or other bioactive molecules is also showing
great promise as a therapeutic approach. Hydrogels and injectable materials could help in
overcoming the main challenges in using bioactive molecules for cardiac regeneration (190).
Pioneering work by Langer and Folkman showed that polymer matrices could be used to
sustain the release of encapsulated molecules for up to 100 days (292). Usually, molecules
released from hydrogels exhibit an initial “burst release”, followed by a sustained release
profile with slower release rate; however, overall release kinetics are unique to every polymer-

molecule combination and must be determined each time.

Growth factors (GFs) are signalling polypeptides capable of triggering specific cellular
responses such as cell survival and proliferation (293). Thanks to their critical role in
controlling cellular functions and orchestrating tissue regeneration, a wide range of GFs has
been tested for potential therapeutic application with injectable hydrogels. GF loading of
hydrogels can be achieved through physical entrapment, absorption, encapsulation and
ligands with specific affinity for the active agent (7, 294). Such systems should provide
protected delivery and regulated time- and dose-dependent release and supportive
scaffolding for cell migration and proliferation for enhanced tissue repair (7, 294) (Figure

1.15).
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Figure 1.15 Injectable hydrogels for the delivery of bioactive factors. Reproduced from (342).

1.6.1 Delivery of anti-apoptotic factors

Cardiomyocyte apoptosis is responsible for most of the myocyte death from the early stages
of MI to the progression to HF. It is not only detected in the infarct area, but it extends to the
viable myocardium in remote non-infarcted regions, characterising all post-MI phases (295-
297). Therefore, anti-apoptotic therapeutic interventions could present a potential therapeutic
strategy and could involve the use of injectable hydrogels to deliver anti-apoptotic molecules
attenuating the loss of viable myocardium. Insulin-like growth factor 1 (IGF-1) and hepatocyte
growth factor (HGF) can both activate the PI3K/Akt pathway, enhancing cell survival, and
reducing cardiomyocyte apoptosis resulting in improved cardiac function (295, 298). Other
examples of chemokines able to prevent myocyte apoptosis with demonstrated effectiveness

are granulocyte colony-stimulating factor (G-SCF) (299) and erythropoietin (EPO) (300, 301).

Insulin-like Growth Factor-1 (IGF-1)

IGF-1 is a 72 kDa polypeptide which plays key roles in cell survival, proliferation and

differentiation via different signalling pathways such as Ras-Raf mitogen active protein
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kinases and phosphoinositide 3-kinase/Akt pathway (302). Buerke et al. carried out the first
study to show acute cardioprotective effects of IGF-1, demonstrating that it reduced
myocardial necrosis, apoptosis, and neutrophil accumulation (303). Since then, the beneficial
effects of IGF-1 post-MI have been investigated by several groups employing several
strategies including IGF-1 myocardial overexpression (304, 305), gene therapy (306), and

systemic (307) and local administration (308).

IGF-1 transgenic overexpression not only activates survival signalling pathways in the
cardiomyocytes but also mediates myocardial repair by modulating the inflammatory
response post-MI with decreased expression of the pro-inflammatory cytokines IL-1(3 and IL-
6 and increased expression of the anti-inflammatory IL-4 and IL-10 compared to wild type
mice (309). Moreover, cardiac-specific overexpression of IGF-1 resulted in the early
accumulation of innate immune cells at day 3 post-MI, with a reduction of inflammatory
myeloid populations (304). Similar trends were found when IGF-1 was delivered through a
single intravenous injection of AAV9 containing a cardiac-restricted IGF-1 isoform (306).
These findings are supported by previous studies that identified anti-inflammatory effects of
IGF-1 in hyper-inflammatory conditions, which were due to the induction of regulatory T cells

(310, 311).

Addition of IGF-1 to cell therapy strategies enhances the benefit of cell transplantation by
promoting cell survival (279). Recently, IGF-1 was delivered together with bone marrow stem
cells (BMSC) in a rabbit model of MI through biotinylated self-assembly peptides and was
able to suppress cardiomyocyte apoptosis and promote the expression of cardiomyocyte-
specific proteins (312). These findings were confirmed for different regenerative medicine
applications such as cartilage repair (313), peripheral vascular diseases (314) or acute kidney
injury (315). IGF-1 release with maintained bioactivity was shown in vitro using an injectable,
thermo-sensitive hydrogel composite capable of gelling within 6 seconds (278). In this study,
IGF-1 was also able to increase the survival of mesenchymal stem cells (MSCs) encapsulated
in the gel, making the system an attractive strategy for cardiac tissue engineering. Collectively
these studies provide evidence of how the combination of IGF-1 with therapeutic stem cell
delivery is a promising approach to increase the survival and consequently the engraftment

of transplanted cells. To date, there are no studies using injectable biomaterials to deliver IGF-
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1 as a single factor to the heart in vivo, but there are several reports of combined delivery which

will be covered in the next section.

Neuregulin-1f

Neuregulin-13 (NRG-1p), a member of the epidermal growth factor (EGF) family, is another
antiapoptotic factor that has recently gained attention as a therapy for cardiovascular diseases.
The critical role of NRG-1§3 in both cardiac development and maintenance of normal adult
heart function is well established (316). NRG-1§3 receptor is expressed by human cardiac
ventricular fibroblasts and NRG-1p treatment of these cells under stress has a pro-survival
action (317). Moreover, activation of the NRG-13 pathway induces the production of
angiopoietin-2 (Ang-2) and brain-derived neurotrophic factor (BDNF), which have pro-
angiogenic and pro-survival effects, respectively (317). Systemic administration of NRG has
demonstrated efficacy in reducing fibrosis and improving LV function in cardiomyopathy
animal models (318-320), leading to clinical trials employing a daily infusion of high dose
recombinant NRG, which showed a modest improvement in LV ejection fraction in
comparison to placebo or low dose administration (321). However, this approach involves
daily infusions and off-target exposure, and therefore, novel clinically translatable strategies
are being investigated. As an example, Cohen et al. developed a hydroxyethyl methacrylate
(HEMA)-based injectable hydrogel system to directly deliver NRG to the myocardial border
zone in a rat MI model and showed augmented cardiomyocyte mitotic activity, decreased
apoptosis, and greatly enhanced LV function without off-target exposure (322). Other
injectable systems that have been tested for NRG delivery include PLGA-microparticles,
which showed increased ejection fraction and also improved angiogenesis when delivered
with a percutaneous intramyocardial injection in rat (323) and porcine preclinical models of

MI (324).
1.6.2 Delivery of immunomodulatory bioactive molecules

Due to the role of excessive inflammation in exacerbating myocardial damage post-MI, a
range of immunomodulatory strategies have been attempted in clinical as well as in
experimental studies (325). Although current standard pharmacotherapy post-MI has potent

immunomodulatory functions (326), systemic administration of these agents has so far shown
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little benefit, and adverse effects of systemic immunomodulation limit their clinical
translation. Local delivery using hydrogels may be a promising alternative strategy. Some
naturally derived materials are intrinsically anti-inflammatory. For example, chitosan
scavenges reactive oxygen species (ROS) in vitro and in vivo, which could explain the
improved cardiac function following chitosan hydrogel injection post-MI (275). High
molecular weight hyaluronic acid (HA) is another material of natural origin with ROS-
scavenging properties (327, 328). Recently, a fully synthetic hydrogel made of polyglycerol
sulfate-based PEG showed intrinsic anti-inflammatory actions when tested in an in vitro
model of osteoarthritis (329). However, for most biomaterials, either of natural or synthetic
origin, loading of anti-inflammatory therapeutics is necessary to modulate the inflammatory
cardiac microenvironment. Anti-inflammatory cytokines share the same challenges for in vivo
delivery as other bioactive factors, most prominently a short half-life. IL-10 is a pleiotropic
cytokine with broad immunoregulatory and anti-inflammatory activities (330). Daily

subcutaneous injection of IL-10 in a rat MI model resulted in significantly decreased express

ion of pro-inflammatory cytokines and reduced macrophage infiltration (331). Its half-life of
only 2.7-4.5 hours (332), however, means that high doses and repeated injections are needed,
leading to an increased risk of side effects and high treatment cost. To overcome these issues,
an injectable coacervate hydrogel was recently implemented for the delivery of IL-10
combined with bFGF in a mouse model of acute MI (333). A single coacervate treatment of
500 ng each of bFGF and IL-10 led to long-term synergistic benefit post-MI with ameliorated
LV contractile function and LV dilation. Besides the delivery of exogenous anti-inflammatory
factors, inhibition of endogenous pro-inflammatory molecules may also achieve
immunomodulation. Tumour necrosis factor (ITNF)-a antagonism ameliorates
ischemia/reperfusion injury (334) and hydrogels delivering anti-TNF-a have been used for
several applications such as burns (335), wound healing (336) or inflammatory bowel disease
(IBD) (337). Therefore, a therapeutic strategy using the same approach to salvage myocardial

tissue post-MI could be promising.

An emerging and translationally relevant therapeutic approach to mitigate post-MI
inflammation and remodelling involves the localised augmentation of tissue inhibitor of

metalloproteinases-3 (TIMP-3), a negative regulator of MMP activity. The cause-effect
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relationship between MMP induction and adverse LV remodelling has been established
through pharmacological MMP inhibition (338). However, translation of systemic
administration of MMP inhibitors has encountered concerns around potential off-target side
effects when the delivery is not localised (339). Injectable hydrogels represent an attractive
alternative means of delivery for TIMP-3. After the first proof of concept showing that
sustained regional delivery of TIMP-3 through a degradable hyaluronic acid hydrogel can
effectively block adverse LV remodelling (340, 341), the hydrogel was recently modified with
an MMP-cleavable peptide (253). TIMP-3 release by this system was tested in pigs following

coronary artery ligation, with promising results showing improved cardiac geometry and
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function (253). Table 1.3 summarises the studies using injectable biomaterials for the delivery

of anti-apoptotic and anti-inflammatory factors (adapted from (342)).
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Table 1-3. Exemplar injectable biomaterials used for the in vivo delivery of anti-apoptotic and anti-inflammatory bioactive
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1.6.3 Delivery of pro-angiogenic factors

Angiogenesis refers to the development of blood vessels from a pre-existing vascular bed.
Clinically, the objectives can be to either block vessel formation to treat tumours or to
stimulate angiogenesis in states of insufficient blood flow, such as ischemic heart disease (343).
In the context of myocardial infarction, angiogenic therapy may salvage the ischemic tissue,
especially in the early stages post-MI. Angiogenesis occurs in the granulation tissue during
the proliferative phase post-MI. However, supporting neovascularisation of the viable,
surrounding myocardium at the infarct border zone may improve the process of tissue
remodelling (344). Most studies have focused on the regenerative potential of VEGF and FGF.
Localised and low-dose delivery of pro-angiogenic factors is particularly important because,
regardless of how efficient the uptake, a considerable proportion of an angiogenic factor
injected into a vessel supplying the target tissue will spill into the systemic circulation and
expose non-target tissue to its biological effects (345, 346). This is highly relevant for VEGF
and its angiogenic effects because high doses of VEGF may result in the unregulated
formation of haemangiomas (347) or vascular leakage that leads to oedema and nitric oxide-
dependent hypotension (348, 349). Thrombocytopenia and renal toxicity are the most likely
side effects of high doses of FGF (350). Additionally, the immune system is not generally
exposed to high doses of these factors and can potentially develop antibodies against them,
leading to decreased administration efficacy. Hence, the use of injectable hydrogels that allow
a sustained yet localised delivery of pro-angiogenic factors is a promising option for post-MI
treatment. Examples of delivery of angiogenic factors in animal models are summarised in

Table 1.4.

Vascular endothelial growth factor (VEGF)

VEGEF is a 45 kDa polypeptide and the major regulator of angiogenesis in the heart. The first
study showing its cardioprotective effects dates back to 1997 (351). Since then, many
approaches have been tested for VEGF delivery to the ischemic heart, including gene therapy
(352-354) and intravenous and intracoronary administration (355, 356). The clinical trial VIVA
assessed the effects of intracoronary infusion of recombinant human vascular endothelial

growth factor (thVEGEF) in patients with chronic myocardial ischemia, showing a well-
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tolerated safety profile but no clinical improvements over placebo by day 60 (357). However,
by day 120, rhVEGF at high dose led to significant improvement in angina and increasing
trends in the Exercise Treadmill Test (ETT). As in several other trials (355, 358, 359), VIVA
showed a dose-dependent effect, highlighting once more the need for controlled and

sustained release.

Various types of hydrogels, either of natural or synthetic origin, have been used for the
delivery of VEGF. PEG-based hydrogels provide several advantages for in vivo applications,
and they have been extensively used in regenerative medicine due to their high water content
and the fact that they can provide a three-dimensional environment similar to soft tissue,
allowing distribution of oxygen, nutrients and metabolites (360-362). Recently, an injectable
biosynthetic hydrogel consisting of polyethene glycol and fibrinogen (PEG-fibrinogen) loaded
with VEGF and administered by intramyocardial injection showed myocardial function

protection and improved vascularisation in a rat MI model (363).

The most common approach for the encapsulation of bioactive factors into an injectable
hydrogel is simply by mixing it with the polymer solution. However, previous studies have
shown that if angiogenic factors are immobilised on a scaffold, their angiogenic potential is
enhanced (364, 365). Along these lines, a slightly different approach undertaken by Wu and
colleagues was to conjugate VEGF to a [Poly (d-valerolactone)-block-poly (ethylene glycol)-
block-poly (d-valerolactone) (PVL-b-PEG-b-PVL)] instead of mixing it with the solution (366).
All the conditions (hydrogel alone, hydrogel mixed with VEGF and hydrogel conjugated with
VEGF) were able to significantly attenuate adverse cardiac remodelling. However, VEGF-
conjugated hydrogels were better in boosting angiogenesis, likely because the conjugation
was able to extend the biological activity of VEGF over the 42 days of biomaterial degradation
(366).

Basic fibroblast growth factor (bFGF)

bFGF, a 16 kDa monomeric factor, is the most potent angiogenic factor in the FGF family, and
it affects migration and proliferation of endothelial cells, smooth muscle cells and fibroblasts
(239). However, its short half-life of only 3 minutes and side effects induced by high dose

administration have hindered a robust clinical translation so far. Since it was first
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demonstrated that FGF could increase the number of capillaries and arterioles in the infarcted
dog heart (367), it has been widely used in animal models (346, 368) and clinical trials (291,

369, 370), showing treatment safety but not yet demonstrating efficacy.

The first biomaterials used for local delivery were bFGF-impregnated acidic gelatin hydrogel
microspheres (AGHM), improving collateral circulation to the infarcted area after coronary
occlusion in dogs significantly more than the free-form bFGF (371). Gelatin microspheres were
also used to deliver bFGF in several hindlimb ischemia large animal models (372, 373). These
studies showed promising results, leading to progression to clinical trials in patients with
critical limb ischemia (374, 375). Currently, the same approach is being tested in small (376)
and large animal models (377) of chronic MI. The improved cardiac contractile function seen
in these recent studies shows how treatment with the sustained release of bFGF from gelatin
hydrogels could be clinically translated not only for peripheral cardiovascular diseases but
also for chronic MI. In addition to gelatin microspheres, temperature-responsive chitosan was
used for the delivery of FGF post-MI by Wang and colleagues (378). In this study, FGF was
encapsulated in a thermo-responsive chitosan hydrogel upon intra-myocardial injection. This
system significantly improved cardiac function compared to injecting FGF alone in a rat
model of chronic MI (hydrogel injection 1-week post-MI) (378). bFGF also retains its
bioactivity when delivered through natural-derived hydrogels such as decellularized
pericardial ECM (379) or synthetic materials such as poly(N-isopropylacrylamide-co-propyl
acrylic acid-co-butyl acrylate) (p[NIPAAm-co-PAA-co-BA]) (380).

As an example of the immunomodulatory responses to hydrogels, Garbern and colleagues
designed a dual responsive polymer made of p[NIPAAm-co-PAA-co-BA] which is a liquid at
pH 7.4 and 37 °C and forms a gel at pH 6.8 and 37 °C. They hypothesised that the ability of
this polymer to form a reversible gel under the acidic conditions of the ischemic myocardium
(pH 6.8) would allow it to first act as a depot system for the release of bFGF, and secondly to
promote polymer dissolution once the tissue has returned to physiological pH (252). The
system was tested for its efficacy in vivo in a rat model of MI, showing that it was able to
provide a spatiotemporally controlled release of bFGF which in turn promoted angiogenesis,
and improved cardiac function (252). Interestingly, the inflammatory response quantified by

CD45 staining at day 28 was higher in animals injected with the polymer compared to saline.
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Near the polymer injection site, there was a significant macrophage infiltration, and foreign
body giant cells were also found, evidencing a chronic inflammation response. Macrophages
promote angiogenesis and produce proangiogenic factors such as VEGF, IGF-1 and bFGF
(381). Hence, it is possible that the enhanced presence of macrophages in polymer-treated
animals has a beneficial effect by further improving the angiogenic response. However, time
points past 28 days are needed to elucidate if the inflammatory response will be resolved

appropriately to avoid detrimental effects long-term.
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Table 1.4 summarises the studies using injectable hydrogels for the delivery of pro-angiogenic

growth factors (adapted from (342)).

Table 1-4. Exemplar injectable biomaterials used for the in vivo delivery of pro-angiogenic growth factors
88

in animal models of MI.



1.6.4 Combined delivery of multiple growth factors

It is likely that a synergistic approach with simultaneous administration of multiple factors
may more accurately mimic their natural mode of action and show more robust beneficial
effects. Further, incorporation of multiple agents in an optimised ratio may allow for
spatiotemporally controlled sequential delivery of several bioactive factors with synergistic
effects. A PEG-fibrinogen hydrogel was used for dual delivery of VEGF and angiopoietin-1
(Ang-1), another growth factor known to induce angiogenesis and maturation of newly
formed blood vessels both in vitro (382) and in vivo (383, 384). The study demonstrated
significant improvement in cardiac function at 4 weeks in rats treated with this combination
of factors (385). VEGF was also combined with HGF in a bioactive hydrogel composed of PEG
crosslinked with a protease-degradable peptide to take advantage of the high levels of
proteases found in the ischemic myocardium (386). This stimulus-responsive system triggers
the release of the encapsulated factors when remodelling occurs, and it was tested in a rat
model of MI (387). Interestingly, when cardiac function was measured at day 7 post MI, only
the empty hydrogel showed a significant improvement in function, as measured by fractional
shortening. Conversely, at day 21 there was a significant improvement in function only in the
group that received the hydrogel with the combination of factors (387). This suggests that
VEGF and HGF are not released fast enough to have an effect in the acute phases, but they
were efficient in inhibiting fibrosis and inducing angiogenesis at later time points and only if

administered together.

Another common approach is to couple VEGF with other factors such as platelet-derived
growth factors (PDGF) that support the stability and the connectivity of new vessels by
recruiting smooth muscle cells (388). PDGF signalling plays an essential role in cardiovascular
development (389), protecting cardiomyocytes from apoptosis and improving the contractile
function of engineered heart tissue (390), and endothelial cells promote cardiomyocyte
survival via PDGF signalling (237). A recent proangiogenic combination strategy involved the
delivery of stromal derived factor-1 (SDF-1) and an angiogenic small tetrapeptide (Ac-SDKP)
for bone marrow stem cell recruitment and angiogenesis, respectively (391). It showed how
dual therapeutic factors could provide an injectable 3D microenvironment for recruiting

MSCs into the ischemic area and, at the same time, play a role for stimulating neoangiogenesis.
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IGF-1 has been coupled with several other factors for dual delivery and tested in vivo in MI
models. Sequential delivery of regenerative factors is thought to be more effective than
simultaneous delivery because it mimics the naturally-occurring healing phases (368).
Alginate hydrogels were used for the sequential delivery of IGF-1 and HGF in a rat model of
MI (392). To increase the local potency of the factors at the infarct exploiting a localised
stimulus, the delivery was carried out in a partially crosslinked alginate solution, previously
shown to undergo gelation in response to the high concentration of calcium ions that
characterise the ischemic myocardium. The alginate hydrogel formed in situ, creating a local
reservoir for the factors and providing an additional barrier against protein diffusion (392).
The sequential release was achieved by varying the initial loading concentrations of the two
factors. The study showed attenuated infarct expansion and diminished fibrosis, together
with enhanced angiogenesis at the infarct site following dual delivery. Furthermore, dual
delivery of IGF-1 and VEGF was implemented in a study using injectable gelatin microspheres
in a rat MI model (393). This showed how the neoangiogenesis promoted by VEGF can
potentiate the anti-apoptotic actions of IGF-1, resulting in a marked reduction of infarct size
associated with improved cardiac function. Nelson and colleagues encapsulated both IGF-1
and bFGF in a thermo-responsive synthetic hydrogel made of Poly(NIPAAm-co-HEMA-
coMAPLA) (368) which was previously described (394). Interestingly, cardiac function in the
hydrogel-treated animals was improved at the 16 weeks timepoint compared to saline
injection. However, both functional and histological evaluation showed no further benefit
with the encapsulation of the factors compared to the empty gel (368). This could be due to
the late time point chosen for gel injection in this study (2 weeks post-MI) since IGF-1 is more
effective in preventing apoptosis in the early phases after an infarction (395). The material
used in this study had a slow in vivo degradation rate (4-5 months); while the gold-standard
for in situ degradation timing is still debated, a material designed to provide mechanical
support should have a degradation time longer than 2 months (368, 396). The improvement
shown in this study, regardless of growth factor incorporation, could then be explained by the
slow degradation rate, which allowed a slow shift of load-bearing responsibilities to the newly
formed tissue. Moreover, a slow-degrading material remains in the tissue for enough time to
support cell recruitment at the injection site, contributing to the overall success of the

approach.
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A combination of IGF-1 and bFGF increased ejection fraction and reduced pathological
hypertrophy when delivered through a pH-switchable hydrogel (397) in a porcine model of
chronic MI with catheter-based state of the art technology (398). These results are particularly
promising not only for the use of a highly translatable delivery system in a large animal model
but also due to the time of injection (4 weeks post-MI) which has clinical relevance for chronic
MI in patients. A synergistic effect of stromal-derived factor-1 (SDF-1) and the small
angiogenic tetra peptide Ac-SDKP was demonstrated in a rat chronic MI model using an
injectable biomimetic hyaluronic acid hydrogel for dual delivery to the heart (391). SDF-1
increases cardiomyocyte survival in the infarct zone and promotes stem cell mobilisation and
stabilisation (399, 400). Examples of combined delivery of growth factors tested in vivo in

animal models are summarised in Table 1.5.

Recently, Awada and colleagues demonstrated that proper spatial and temporal cues from
proteins are essential by using for the first time a combination of three complementary factors,
TIMP-3, bFGF and SDF-1a embedded in heparin-based coacervates for sustained release
regulated in a timely fashion (401). TIMP-3 reduced ECM degradation early after MI, while
bFGF and SDF-1a triggered a robust angiogenic process and progenitor cell recruitment over
an 8-week period (401). A recent trend involves the delivery of a cocktail of stem cell-derived
bioactive molecules known as the secretome, which includes cytokines, growth factors, and
exosomes. A nanocomposite injectable hydrogel loaded with secretome from human adipose-
derived stem cell has been tested for its regenerative potential in vitro and in vivo in an acute
MI rat model (402). The injection of the secretome-loaded hydrogel in the peri-infarct area
provided cardioprotection promoting increased angiogenesis and reduction of cardiac
remodelling (402). In summary, a successful outcome of this approach is dependent upon the

choice of the right growth factors, in the right combination and at the right concentration.

Table 1.5 summarises the studies using combinations of growth factors delivered through

injectable hydrogels (adapted from (342)).

91



‘uonouny oeipies parosdui ‘uonepelbap JusLyINIoal S|[23 Jojluaboid Dl-40S

92

1102 "Je 18 epemy D3 puE UolELWIWEUI ‘UOHE|IP JE[NOLUSA PaoNpay W Jaye Ajzjelpawiw| [TRLHY] +o1uaboibue-oid + Aiojewweyy + 4949 + §-dWIL |26 ajen0E00 ULGI
“eale pajosejul ayl
10 UONEZIIE|NISEAR] PEOUEYUT "UORE|IP AT PojEIOl|BWE |eBoiphy
§L0Z ‘e 38 usyn pue uonouny 3|oeRUeD AT wis)-Buol ul juswanoidw) W 1aye Ajajeipawiw| I @snojy sisauabolbue-oid + fojewweyur-nuy 4949 + 011l ajenIaoe00 paseq-uledaH
‘Weshs YO 1d-93d PUB YO 1d Usamiaq sajoipedoioiw
L10Z [ }3 15-|enaseq aoualaylp o ‘sisausboibueoau pue 43 pssueyug 1w isod sfep ¢ [IRLH] sisauaboibue-oid + sisojdode-juy 4949 + 198N v91d-93d Pue y91d
|eBoiphy
‘uonjezue|idea W Adnrenoasjowesdns
+10Z “'Je ja |eeyspnoy| paseailoul pue Aydospad~y |eaiBojoyied paonpay 1A 1sod syeam 21U0IY2 BUIDIog sisauaboibue-oid + sisojdode-nuy 4949 + L-49| a|qeyoyms-Hd
[9BaIpAy (Y 1dvod
‘uonippe 49 JoJyauaq pappe “YINTH-e2-WyYdIN)Alod
#7107 /e Je uos|aN oN ‘[eb Aydwa yym uonauny oelpIeD Ul Juswasodw| |\ Jeyesysam z TR sisauaboibue-oid + sisojdode-uy 4949 + L-49I| anlisuodsal-owlay |
uorjouny oelpies pasoiduwi
puE 3zIs JoIEjuI JO UoloNpal payle| ‘sisauabolbueoau salaydsolaiw
LLOZ “/B 18 IUIpERID 615 "uonewwepul pue sisojdode pasealsaq 1IN Jeye AjsjeIpawiw] W ey sissusboibue-cid + sisojdode-nuy 493A + 149 |efoiphy unejeg
"sisoiqy speagouoiw
LLOZ “'[B J8 AOUIAMY Je2S paonpal pue uoisuedxs J2JejU| JO UoENUSRY W Jaye A|sjeipawiw| TR sisausfolbue-oid + sisojdode-juy 49H + 1-49I ajeu|ble Buipuig-Auiy
"SSaUNoIU} JusW}InIoal |eBoipfy
#10z “1e 5 Buog |lem puesissusBolBue paseasoul ‘uenouny A7 pasciduw 1IN Jeye AjsjeIpawiw] W ey I92 wes mouew auoq + oluabolbue-old  4YAS-9Y + L-4QS  PI9E dluoIn[eAy answiwolg
“uonaUNy JEIPIED s|@sSaA Mau poddns o} s|j@a3|9snw
100Z “/e 18 oeH ujuswaAoidwl pue s|9ssan anjeuw Jo Aysuap Jaybiy 1IN Jeye AjsjeIpawiw] W ey YlooWs Jo Jusujinioal + sisauaboibue-oid 490d + 493A |aboupAy sjeulbly
A1anljap |ENP YUM SIS0IqI Ul 8SEI29D
pue uopisodap uabe|jo2 jo uonigiyul ‘JuaLLyinoal uoisnyadal |eBoipAy paseq
Z10Z “Ie Ja ylewi|eg 1129 ways ‘sisauabolbue ul aseasourjueoyubis Ainfur Jaye A|aye1patuw| [elwayas| 1ey sisauabolbue-oiq 49H + 493A -53d ansucdsal-asea)old
‘fanjep
J10)oe} a|Buis o) pasedwoa Aiaaijap [enp yymiueayiubis S|assan pawoy
2102 /e 18 yeyieiny alow ‘sisauaboiBueosu pue 43 ul Juswanoidw| 1IN Jaye Ajsjeipaww) TR Aimau jo uonezi|iqe;s + sissusboibue-oig L-Buy + 493A |eboupfy usbouuqy-934
2JuaIajay awonno UORENSIUIWPE JO Wil |apow |ewiuy wisiueyaau pasnpuj 10j0E4 UYymoI9 |eu2jeworg

Table 1-5. Exemplar injectable biomaterials used for the in vivo combined delivery of multiple bioactive

I models of MI.
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1.7 Scope of the thesis

In recent years, the use of stem cell-derived cardiomyocytes and stimuli-responsive
biomaterials has emerged as a promising option for cardiac repair following myocardial
infarction and heart failure. The work presented in this thesis can be divided into two main
parts. The first part addresses the issue of the effect of the ischemic microenvironment on
therapeutic stem cells and how Insulin-like Growth Factor-1 can be used as a protective
strategy. The second part consists in the synthesis, in vitro and in vivo characterisation of a
thermoresponsive injectable hydrogel for the delivery of Insulin-like Growth Factor-1 after

myocardial infarction.

Chapter 1 reviews the principle concepts and the state of the art of the four key areas pertinent
to this thesis. First, it discusses heart anatomy and development and the pathophysiology of
cardiovascular diseases. Limitations of the available treatments for myocardial infarction and
heart failure are discussed, and the endogenous regenerative capacities of different model
organisms are compared. Then, the chapter presents an overview of tools that can be used to
tackle the issue of cardiac regeneration in humans, specifically the use of cell therapy,
biomaterial strategies and bioactive molecules. Considering the wide range of topics covered
in this thesis, some of the literature specific to each chapter is included at the start of the

respective chapter.

Chapter 2 investigates the effects of acidic pH on human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CM). Although there is a growing use of hiPSC-CM in pre-
clinical studies, the potential effects of the ischemic microenvironment on these therapeutic
cells have not being studied yet. Specifically, the consequence of acidic extracellular pH on
their viability and the differentiation capacity remains to be investigated. The work presented
in this chapter sought to determine the effect of different pH values (from acidic to neutral)
on CM differentiation from hiPSCs and on terminally differentiated cardiac cells. In addition,
the addition of IGF-1 for the rescue of the low pH-induced phenotype in terms of cell survival
and CM yield is tested. Potential harmful effects of acidic pH on differentiating hiPSC-CM
and on already differentiated hiPSC-CM were assessed in terms of viability, metabolic activity

and CM yield. Next, the hypothesis that the pro-survival factor Insulin-like Growth Factor-1
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(IGF-1) would be able to protect hiPSC-CM from the same acidic pH found in the ischemic
myocardium was tested. Results regarding the rescue of hiPSC-CM at acidic pH thanks to
IGF-1 are presented. Finally, the twofold implications of the results are discussed. First, in
relation to the insights they provide into hiPSC culture and differentiation condition, then in

relation to the protective effects of IGF-1 both for in vitro culture and potential in vivo delivery.

Chapter 3 describes the synthesis and the in wvitro characterisation of several Poly
Caprolactone-Polyethylene Glycol-Poly Caprolactone (PCL-PEG-PCL) triblock copolymers
with varied weight ratios of each block. The aim of this part of the work was to identify the
triblock copolymer that would form an hydrogel with the desired characteristics of
injectability, gelation time and mechanical properties. The addition of a biodegradable
hydrophobic segment such as PCL to the biocompatible hydrophilic PEG enhances self-
assembly through the formation of aggregates such as core-shell micelles, which have been
extensively characterised in vitro for their drug delivery vehicle potential; the reports of in vivo
testing for regenerative medicine applications, however, are very few. Therefore, the aim was
to optimise a fully synthetic PCL-PEG-PCL hydrogel to be applied in vivo for cardiac repair
purposes. 'H-NMR, GPC, tube inversion test and rheometry were used for the
characterisation. A PCL-PEG-PCL copolymer with the desired thermo-responsive behaviour
was identified and further characterised. Its injectability, gel formation at the physiological
value of 37 °C, and stability, when subjected to the frequencies of the beating heart, were

tested and deemed appropriate for in vivo applications.

Based on the results from chapter 2 and the material synthesised in chapter 3, chapter 4
illustrates the in vivo assessment of the thermo-responsive injectable hydrogel for cardiac
repair. The model utilised for the study is a mouse model of myocardial infarction (MI),
followed by heart failure (HF) development. Delivery of hydrogels to the LV wall represents
a novel therapeutic strategy aimed at achieving long-term functional stabilisation and
improvement post-MI, reducing the likelihood for HF progression. In this context, injectable
hydrogels can have two different and complementary functions. First, they can be used for a
controlled and localised delivery of therapeutic agents (such as growth factors, drugs, stem
cells or a combination of these). Specifically for growth factors, hydrogels can protect them

from degradation and increase their half-life and therefore, their efficacy. In addition to their

94



use as drug delivery vehicle, in situ forming hydrogels can also act as a bulking agent and
provide mechanical support against LV dilation. Here, following MI induction, animals are
either left untreated, treated with empty hydrogel injection or IGF-1-loaded hydrogel
injection. At the experimental time point of 6 weeks, cardiac function is assessed through 2D
and 4D echocardiography, strain analysis and histology. The ability of the hydrogel alone or
the hydrogel with IGF-1 to prevent HF progression is assessed. The chapter presents the
results of the cardiac function evaluation and discusses the differences between 2D and 4D
echocardiography. Then, the chapter goes on to outline the effects of hydrogel injection + IGF-
1 on myocardial mechanics. Strain, velocity and displacement were assessed in the infarct,
peri-infarct and remote area. Finally, histological assessment and morphometric analysis of
the cardiac tissue in the different experimental groups are discussed. Infarct size, left ventricle
wall thickness, and left ventricle expansion were measured and compared. Overall, the
differences between empty hydrogel injection and IGF-1-loaded hydrogel injection are

illustrated.

Finally, Chapter 5 summarises the significant findings of this thesis and, where appropriate,
goes on to discuss future work. The clinical translational implications of the results of chapter
2, 3 and 4 are discussed. Additionally, chapter 5 aims at providing a broader context for the
research, establishing its contribution to cardiac tissue engineering and regenerative

medicine.
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Chapter 2 Investigating the effects of acidic
pH on hiPSC-CMs

‘ ‘ I am among those who think that science has great beauty.
A scientist in his laboratory is not only a technician: he is also a child placed before

natural phenomena which impress him like a fairy tale.

Marie Sktodowska-Curie
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2.1 Introduction and rationale

The role of pH as a potent modulator of several cellular functions has long been investigated,
and mammalian cells have evolved very efficient mechanisms to maintain intracellular (pHi)
and extracellular (pHe) pH under control (403). Despite these, local or systemic pH
fluctuations frequently occur under pathological conditions where a significant decrease in
pHi is usually accompanied by an even more significant pH. decrease (404). For example,
following an ischemic insult such as myocardial infarction (MI) or cerebral stroke, a rapid
drop in pH from the physiological value of 7.4 to 6.0-6.8 occurs (405, 406). Local acidification
may also develop in chronic and acute inflammation (407). In acute inflammation, the pH
decrease is a result of the infiltration of immune cells, which leads to increased energy demand
and oxygen consumption through glycolysis and consequently increased lactic acid (407-409).
Moreover, it has been shown that the local acidosis is an endogenous signal alerting the innate
immunity itself, contributing to inflammation in pathologies associated with low pH such as
myocardial ischemia (407). Chronic inflammation conditions characterised by acidification are
atherosclerotic plaques (410), the joint fluids of patients suffering from gout or rheumatoid

arthritis (411, 412) and obstructive airway diseases such as asthma (413).

MI occurs when localised ischemia causes the development of a defined region of necrosis
(414). Due to oxygen depletion, oxidative phosphorylation ceases and anaerobic glycolysis is
the only significant source of ATP, causing a profound ATP depletion status, an increased
lactate production and a rapid decrease in intracellular pH (29). To counteract the decrease in
intracellular pH, the transmembrane Na‘/H* exchanger extrudes excess H* into the
extracellular space, in exchange for Na‘, thus lowering extracellular pH (415). As a
consequence of the ATP depletion status, several ATPases such as ATP-dependent Ca*
reuptake and Ca? excretion are inactivated, resulting in Ca?" overload (29). Ca? overload
triggers the activation of intracellular calcium-dependent proteases that initiate the apoptotic
cascade, eventually leading to cell death. Therefore, one of the main consequences of the
switch to an anaerobic metabolism in acute myocardial ischemia is a decreased pH and
consequent acidification of the extracellular and intracellular space, due to metabolic reactions
producing acid equivalents as well as from the accumulation of acid products after cessation

of perfusion (38) as exemplified by the schematic in Figure 2.1.
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Figure 2.1 Metabolic switch following ischemia. Soon after the onset of ischemia, anaerobic glycolysis substitutes
mitochondrial oxidative phosphorylation as cellular respiration, leading to an ATP depletion status, with decreased pH and
increased lactate production.

It has been shown that extracellular pH is lowered in ischemic hearts of animal models and
clinically in patients during pacing-induced ischemia in coronary artery disease (416). It was
first studied in rats and rabbits that following myocardial ischemia pH falls to 6.7, causing
significant inhibition of myocardial contractility (40, 417). The pH of the tissue (pHt) decreases
within 5 s of the onset of ischemia and fall continuously hereafter. In rabbit hearts, the fall
after 60 min was found to be 1.41 + 0.9 units and preceded any decrease in mechanical function
(417). In a pig model of coronary artery occlusion, extracellular [H*] started to increase 5 to 10
s after the onset of ischemia from a control value of 7.4 reaching about pH 5.5 after 50 min of

ischemia (418).

The magnitude of the damage produced by an MI depends on several factors, such as the area
involved and the degree of ischemia. However, an average human infarct causes the
permanent loss of up to 1 billion cardiomyocytes (CMs) (419) and this, given the limited
endogenous regenerative capacity of the heart, results in irreversible damage to the cardiac
muscle, eventually leading to heart failure (HF). Currently, there is no definitive therapy for
end-stage HF other than heart transplantation, with the several drawbacks that this approach
carries, such as scarcity of donor and immunological rejection (420). To address this clear need
for new therapies for cardiovascular diseases, stem cell-based therapies, and in particular
human Pluripotent Stem Cell-derived Cardiomyocytes (hiPSC-CMs), are emerging as the next

98



major revolution in the field of regenerative medicine. However, a deeper understanding of
the biological activity of stem cells and their ability to regenerate the injured heart is needed

for the development of tissue-engineered modalities for cardiac regeneration.

Modulation of pH in vivo and in vitro has been shown to greatly affect proliferation and
differentiation of stem cells (421-424). For example, it has been shown that cardiac
differentiation of murine Embryonic Stem Cells (mESCs) is strongly inhibited by acidic pH
(425). However, the effect of culture pH in a more clinically relevant model such as hiPSCs
remains to be investigated. Given the significant role of pH in cardiac cells, it is important to
understand the sensitivity of hiPSCs to extracellular pH changes in vitro as it could affect
cardiomyocytes differentiation outcome and cardiomyocyte survival post-transplantation.
Moreover, in the context of cardiac cell therapy, it is crucial to understand the effect of the
acidic ischemic environment on cells that could be potentially delivered to the infarcted

myocardium and how they can be protected.

Another promising therapeutic route to prevent myocardial remodelling is the administration
of bioactive molecules such as cardioprotective growth factors (GFs) (288) that have shown
anti-apoptotic (398), immunomodulatory (341) or pro-angiogenic (238) effects and that can be
delivered through an injectable biomaterial system (190). The protective role of these GFs
could be twofold: first, they can act on the target cells in the tissue. Then, if encapsulated into
a cell-containing biomaterial, they can increase the survival of transplanted cells such as
hiPSC-CMs. Amongst cardioprotective GFs, Insulin-like Growth Factor-1 (IGF-1) is known to
promote CMs survival by reducing myocardial necrosis post-MI (302) or by increasing the
survival of transplanted heart-derived Sca-1*cells (279). The hormone Insulin-like Growth
Factor 1 (IGF-1) is a small peptide consisting of 79 amino acids (Molecular Weight 7.6 kDa)
which share 50% homology with insulin (426). It is mainly synthesised by the liver in response
to the hypothalamic Growth Hormone (GH) (302). It exhibits pleiotropic effects in many
organs and is involved in the development of several pathologies. At the cellular level, IGF-1
plays critical roles in regulating proliferation, metabolism, differentiation, and cell survival
acting in different subcellular compartments. IGF-1 exerts its cellular effects by binding to
IGF-1R and activating the tyrosine kinase receptor which leads to the autophosphorylation of

tyrosine and serine residues and the subsequent phosphorylation of IRS-1 and IRS-2 and
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downstream signalling pathways such as the PI3K-Akt pathway and MEK 1/2-Erk 1/2 (288,
395) (Figure 2.2). The majority of the cellular responses attributed to IGF-1 are mediated by
the activation of the PI3K/Akt/mTOR phosphorylation cascade which leads to upregulation
of the translational machinery (427) and to cardiac prosurvival signalling in vivo (428).
Cardiovascular risk is doubled in patients lacking GH/IGF-1, highlighting how this growth
factor may be important for cardioprotection (429). Also, the plasma levels of IGF-1 have been

reported to be lower in patients presenting with acute myocardial infarction (19).
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Figure 2.2. IGF-1 pathway. IGF-1 binds to IGF-1 receptor (IGF-1R). IGF-1R initiates the intracellular signalling pathway
leading to pro-survival and cell proliferation. IRS = insulin receptor substrate; PI3K = phosphatidylinositol 3-kinase; Akt =
serine/threonine-specific protein kinase; mTOR = mammalian target of rapamycin; Bad = BCL2 associated agonist of cell
death; Grb2 = growth factor receptor-bound protein 2; Ras = rat sarcoma GTPase; Raf = proto-oncogene serine/threonine-
protein kinase; ERK = extracellular signal-regulated kinase.

The Rosenthal group has extensively studied IGF-1 in skeletal muscle (430) and the heart (304,
306, 309, 431, 432). Using transgenic mice overexpressing a locally acting isoform of IGF-1
(mIGF-1), it has been shown that the restoration of cardiac function post-MlI is facilitated due
to IGF-1 (309). This enhanced repair is due to the modulation of the inflammatory response
by IGF-1 and increased antiapoptotic signalling (309). Moreover, it was demonstrated by
Vinciguerra et al. that the expression of a locally acting IGF-1 pro-peptide (mIGF-1) enhances
SirT1 expression in CM in vitro, conferring protection from hypertrophic and oxidative stress

(432). Further molecular analysis revealed that mIGF-1 enhances this protection mechanism
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by upregulating genes such as adiponectin, uncoupling protein 1 (UCP1), and
metallothionein-2 (MT-2) (309).

The aims of the work presented in this chapter were twofold, and a schematic representing
timepoints and readouts is showed in Figure 2.3. The first aim was to determine the effect of
acidic pH during cardiomyocytes differentiation of hiPSCs in the range 6.8-7.4, applying
media at different pH from day 0 of differentiation onwards. Then, the effect of different pH
values on already differentiated hiPSC-CMs was assessed, and it was evaluated whether the
addition of Insulin-like Growth Factor 1 (IGF-1) could rescue the low pH phenotype observed

in terms of cell survival and cardiomyocytes yield.

Live pH
measurement
Do D3 D7 D10 D15 D21 D30
hiPSCs expansion Cardiomyocyte differentiation
Apply acidic pH
Viability and Metabolic Gene Metabolic activity and Gene
metabolic activity activity expression cardiomyocytes vielkd expression

Figure 2.3 Schematic representation of study design to evaluate the effect of acidic pH on hiPSC-CM.

2.2 Materials and methods

2.21 Human Induced Pluripotent Stem Cells culture

Cells and cell culture reagent were from Life Technologies (UK) unless otherwise specified. A
commercially available hiPSC line derived through episomal reprogramming (Human
Episomal iPSC line, Thermo Fisher Scientific, UK) was maintained in E8 medium in 6-well
plates coated with growth-factor reduced Corning® Matrigel 1:60 in DMEM/F12 (v/v).
Maintenance medium was changed daily, and cells were passaged upon reaching 85-90% of

confluence using 0.5 mM EDTA in D-PBS. When passaging the cells, 75 x 10° cells/well were
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plated in a 12-well plate for cardiomyocyte differentiation, and the remaining were used for
hiPSCs culture maintenance. For the first 24 h after passage, the cells were cultured with 2 uM
ROCK inhibitor Thiazovivin (Stratech Scientific, UK) to avoid cell dissociation-induced

apoptosis and improve cell survival.
2.2.2 Cardiomyocytes differentiation

hiPSC were grown for 4 days before starting the differentiation. On day 0, differentiation was
initiated, according to the protocol published by Lian et al. (141, 433). The pH of the media
was adjusted to 6.8, 7.1 and 7.4 by adding 1 M HCI while the control was kept at 7.6-7.9 with
no pH adjustment. Once prepared, the pH-adjusted media were equilibrated for 24 h at 37 °C
and 5% CO: as previously described (422). To avoid equilibration towards neutral pH for the
conditions with adjusted pH, RPMI without HEPES was used. RPMI-1640 with 2% B27-
insulin supplement (v/v) (all Life Technologies, UK) and 1% Pen-Strep (v/v) was used as
differentiation medium for the first 7 days. On day 0, 12 uM Gsk3p inhibitor CHIR99021
(Tebu-Bio, UK) was added to the medium. On day 1 of differentiation (24 h after CHIR99021
addition), Gsk3f inhibitor was removed, and the medium was replaced with fresh RPMI/B27-
insulin. On day 3 of differentiation (72 hours after CHIR-99021 addition) the medium was
supplemented with 5 uM Wnt inhibitor IWP2 (Sigma Aldrich, UK) prepared as a combined
medium with half the volume of freshly prepared medium and half from the wells. On day 5
the medium was replaced with fresh RPMI/B27-insulin and from day 7 and every 3 days
thereafter cells were fed with RPMI with 2% complete B27 supplement (v/v) (with insulin).
Differentiation progress was monitored daily, and spontaneous contraction of the cells was

observed from days 10-11 onwards.
2.2.3 IGF-1 addition on hiPSC-CM at acidic pH

To test the potential protective effects of IGF-1 on beating hiPSCs-CMs at low pH, day 10 was
selected as relevant time point. At the same time of lowering the pH to 6.8, RPMI/B27 was
supplemented with IGF-1 (Sigma Aldrich, UK) at 1, 5, 10, 50, 100 and 500 ng/mL. Full media
replacement was performed every 3 days with freshly prepared media supplemented with

IGF-1.
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224 Live pH monitoring on differentiating hiPSC-CM

A BioTrode pH electrode (Hamilton Company, USA) was used to continuously monitor
media pH over a 24 h period. The pH electrode was interfaced with in-house built electronics
to allow data recording and analysis by LabChart (ADInstruments, UK). Small holes,
minimising evaporation, were made in the plate lid, through which the pH meter could be
immersed in the media solution containing the cells. The pH electrode and cells remained in
the incubator over the 24 h period. The pH meter was calibrated both before and after the 24
h. Minor drift was observed, and initial pHs varied slightly, likely due to calibration solutions

and stabilisation.
225 RNA extraction and RT-qPCR

To evaluate the expression of pluripotency, early and late cardiac markers, RNA extraction
and RT-qPCR were performed at specific time points during the differentiation. Cells were
lysed for RNA extraction with RLT Plus Buffer (Qiagen Ltd, UK). 10 uL of 3-Mercaptoethanol
per 1ml of RLT Buffer were added to ensure inactivation of RNases. RNA was extracted with
the RNeasy Plus Mini kit (Qiagen Ltd, UK) according to the manufacturer’s instructions.
Isolated RNA was quantified using Nanodrop 2000c (Thermo Fisher Scientific, USA). Up to
1000 ng of RNA were retro-transcribed in single-stranded cDNA using the High-capacity
cDNA Reverse Transcription kit (Life Technologies, UK). 2.5 ng of cDNA were used for qPCR
with TagMan™ Gene Expression Assay, TagMan™ Fast Advanced Master Mix and
StepOnePlus™ Real-Time PCR System (all Life Technologies, UK). Unless otherwise specified
in the figure caption, qPCR data are from three independent experiments performed in
technical triplicates. Relative gene expression was assessed using the AAC: method
normalising to the control and using glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

as a reference gene.
2.2.6 Flow Cytometry

In order to evaluate the presence of the cardiac-specific marker Troponin T and to quantify
the differentiation efficiency, Flow Cytometry was carried out on hiPSC-CMs at specific time
points. Cells were dissociated using TRypLE Express (Life Technologies, UK) for 7 minutes at

37°C and cells were counted using Countess II FL. Automated Cell Counter (Thermo Fisher
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Scientific, USA). 1 x 10° cells were transferred to flow cytometry tubes, washed with 1% FBS
(v/v in D-PBS) and incubated with Fixable Viability Dye eFluor® 450 (Affymetrix eBioscience,
USA) for 30 minutes at 4 °C. Based on the protocol published by Bhattacharya and colleagues
(434), cells were then fixed with 4% PFA (v/v in D-PBS) for 15 min and permeabilised with
0.2% Triton-X (v/v in D-PBS) for 30 min. After blocking with 10% horse serum (v/v in D-PBS)
for 25 min, cells were stained with mouse IgG2a cTnT primary antibody (R&D system, USA)
and mouse IgG2a isotype control (R&D system, USA) for 45 min. Cells were then washed
twice and pellets resuspended and incubated in 10% horse serum (v/v in D-PBS) with
secondary antibody Alexa Fluor 488 goat anti-mouse IgG2a (Life Technologies, UK) for 30
min. Finally, pellets were incubated for 10 min in 0.1% PFA (v/v in D-PBS) and resuspended
in 350 puL of D-PBS for processing. All the steps described were performed on ice and using
pre-cooled centrifuges at 4 °C. This protocol, however, resulted in a high percentage of cells
being lost during the numerous washing steps, so I switched to the FIX and PERM Cell
Fixation and Cell Permeabilization Kit (Life Technologies, UK) and stained the cells according
to the manufacturer’s instructions. Briefly, cells were dissociated and incubated with Fixable
Viability Dye eFluor® 450 (Affymetrix eBioscience, USA) for 30 minutes at 4 °C as previously
described. Cell pellets were incubated with fixation reagent A for 15 minutes at room
temperature, washed with 10% FBS in PBS (v/v), incubated with permeabilisation reagent B
together with mouse IgG2a c¢InT primary antibody (R&D system, USA) and mouse IgG2a
isotype control (R&D system, USA) and washed again. Finally, cells were incubated with
secondary antibody in reagent B and resuspended in 0.1% PFA (v/v) for analysis. Antibodies
incubations were carried out for 20 minutes at room temperature, and washing steps involved
adding 2 mL of cell wash solution/tube and centrifugation for 5 minutes at 1500rpm. Cells
were analysed using the FACS Fortessa II (BD Biosciences, USA) at the Flow Cytometry

Facility of Imperial College London. Flow cytometry data were analysed using FlowJo V10.
2.2.7 Immunocytochemistry

Immunocytochemistry followed by confocal imaging was performed to assess the expression
of the cardiac-specific markers cInT, cInl and a-actinin. Beating CMs were dissociated with
TrypLE Express (Life Technologies, UK) and plated onto four-chamber glass slides coated
with fibronectin. Cells were fixed with 4% PFA (v/v in D-PBS), permeabilized with 0.1%
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Triton-X (v/v in D-PBS), blocked with 5% horse serum (v/v in D-PBS) and stained with mouse
IgG2a cTnT, cTnl and a-actinin primary antibody (R&D system, USA) overnight at 4°C in 3%
horse serum (v/v in D-PBS). Cells were then washed and incubated for 1h at room temperature
with secondary antibody Alexa Fluor 488 goat-anti-mouse IgG2a (Life Technologies, UK) in
3% horse serum (v/v in D-PBS). DAPI (Sigma Aldrich, UK) was used as nuclear staining.
Vectashield was used as mounting media and slides were imaged on a Zeiss LSM-510

Confocal Microscope.
2.2.8 MITT assay

Metabolic activity of the cells at specific time points was evaluated with the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay as an indirect measure of
viability. This colourimetric assay is based on live cells ability to reduce orange tetrazolium
salt (MTT) to water-insoluble purple formazan crystals in mitochondria. Since the reduction
of MTT can only occur in metabolically active cells, the level of activity is a measure of the

viability of the cells.

At given time points, cell culture media was removed and 12 mM MTT solution was added
to the culture; after 4h incubation at 37°C the medium with MTT was removed, and the
formed formazan crystals were dissolved in DMSO. Absorbance at 540 nm was then measured

using a SpectraMax M5 Plate Reader (Molecular Devices, USA).
2.29 Trypan Blue Exclusion assay

To quantify cell viability, Trypan Blue Exclusion assay was used. The dye exclusion test is
based on the concept that viable cells do not take up impermeable dye such as Trypan Blue,

while dead cells with permeabilised membranes do.

At indicated time points, cell culture media was removed, cells were washed twice with PBS
to remove non-adherent cells and debris and then dissociated with TRypLE Express (Life
Technologies, UK) for 7 minutes at 37°C and quenched in 10 ml of RPMI/B27 media. The cell
suspension was centrifuged at 1500 rpm for 5 minutes and the supernatant resuspended in 2
ml of PBS. 10 ul of this cell suspension were mixed with 10 pl of Trypan Blue Solution 0.4%
(Thermo Fisher Scientific, USA) and cells were counted using a Countess II FL Automated

Cell Counter (Thermo Fisher Scientific, USA), discriminating live and dead cells.
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2.2.10 LIVE/DEADP® staining

The viability of hiPSC-CMs cultured at different pH values was also assessed through
LIVE/DEAD® viability assay (Thermo Fisher Scientific, USA), which provides a two-colour
fluorescence-based assay to observe live and dead cells in a sample simultaneously. The two

dyes used for the staining are:

1) Ethidium homodimer-1 (EthD-1), a red fluorescent molecule that enters
cells with damaged membrane integrity and undergoes a 40-fold
enhancement in fluorescence upon binding to nucleic acids, thereby
resulting in a bright red fluorescence in dead cells.

2) Calcein acetoxymethyl (Calcein AM), a non-fluorescent, cell-permeable
dye that is converted to green fluorescent Calcein in the cytoplasm of
live cells that have active intracellular esterases. The dye is well
retained within living cells, resulting in an intense uniform green stain

in live cells.

At indicated time points, cell culture media was removed, cells were washed twice with PBS
to remove the non-adherent cells and debris and then samples were incubated with 4 uM
EthD-1 and 2 uM Calcein AM for 30 minutes at 37°C in the dark. The live cells (green
fluorescence) and dead cells (red fluorescence) were viewed using an Olympus IX51 inverted

microscope.
2.2.11 Statistical analysis

GraphPad Prism V.5°for Windows (GraphPad Software, LaJolla, USA) was used for statistical
analysis and statistical tests implemented are provided in each figure caption. Unless
otherwise stated, values are shown as mean + standard error of the mean. Comparison of 3 or
more samples was performed by analysis of variance (ANOVA). Bonferroni post-test or
Tukey multiple comparisons (comparing all pairs of columns) was included where relevant.

Statistical significance is reported as * p <0.05, ** p <0.01 and *** p < 0.001.
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2.3 Results and discussion

2.3.1 hiPSC-derived cardiomyocytes characterisation

Amongst the different methods currently available for deriving hiPSCs lines, the non-
integrating methods such as episomal reprogramming are the most clinically relevant since
they yield transgene-free hiPSCs lines (115). Therefore, a commercially hiPSC line derived via
episomal reprogramming was differentiated into beating cardiomyocytes to study the effects
of acidic pH on the differentiation and already differentiated CMs. The cardiomyocytes
differentiation protocol used has been published by Lian et al. in 2013 (27) and consists of an
accurately timed application of small-molecule regulators of the Wnt/$ catenin pathway. A
phasic modulation of the Wnt pathway is crucial to enable an orderly recapitulation of cardiac
development (140). It has been shown that continuous activation of the canonical Wnt
pathway is counterproductive for cardiac differentiation, while a discrete inhibition enhances
CMs differentiation of hiPSCs (140). Regulation of the Wnt pathway is obtained through
regulation of Gsk3f3. First, the inhibition of Gsk3f with the small molecule CHIR99021 (CHIR)
suppresses (3-catenin phosphorylation and its consequent degradation. 3-catenin accumulates
in the cytosol and transfers to the nucleus, where it activates the Wnt pathway target genes.
Then, the Wnt pathway is inhibited by IWP2, a small molecule inhibitor of Wnt, and this
results in (3-catenin degradation by Gsk3f and no activation of the Wnt target genes (435). A
biphasic effect of Wnt pathway on cardiac differentiation has also been shown in zebrafish
and mESCs, with early Wnt signalling enhancing, and later Wnt signalling repressing cardiac

development (436).

Although Lian’s protocol is well-established and it has been tested in several cell lines, there
are multiple pieces of evidence of cell line- and cell-culture- dependent variability (435, 437-
439) which makes optimisation critical to avoid heterogeneous results in the differentiation.
Moreover, it has recently been shown that CHIR regulates differentiation in a cell density and
confluency-dependent manner (435). Hence, optimal starting seeding density and CHIR
concentration were assessed for the line used (data not shown). hiPSCs were expanded for 4
days before starting the differentiation and on day 0 were exposed to the Gsk3@ inhibitor

CHIR-99021 to enhance the Wnt pathway toward the mesodermal lineage. From day 3 to day
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5 the Wnt signalling was conversely inhibited via the small molecule inhibitor INP-2. As Wnt,
also insulin has a biphasic role on cardiac differentiation, inhibiting it in the early phases and
enhancing it in the later phases (141, 440). Hence, up until day 7, RPMI-B27 without insulin
was used, while from day 7 onwards it was substituted with RPMI with standard B27
containing insulin. A schematic representation of the differentiation protocol with its different
stages is shown in Figure 2.4A. Figure 2.4B depicts a representative image of the appearance
of the undifferentiated hiPSCs colonies at day -2, while Figure 2.4C is a representative of the
beating monolayer of cardiac cells at day 10-11 onward. hiPSC-CMs obtained through
differentiation were characterised by flow cytometry analysis, immunocytochemistry staining
and RT-qPCR to profile the expression of pluripotency and cardiac markers. These are the
standard techniques to assess differentiation efficiency and CM yield (141, 441, 442). The
cardiac marker Troponin T was used to quantify the CMs yield by FACS. As shown in Figure
2.4D, > 80 % of the cell’s population were positive to cardiac Troponin T, in agreement with
the values reported in the literature. Inmunocytochemistry analysis was further done, and
the hiPSC-CM at day 21 were positively stained for cardiac structural markers such as cardiac
Troponin T, cardiac Troponin I and a-actinin (Figure 2.4E). a-actinin, an actin-binding
protein, followed a punctuate periodic pattern throughout the cell. Cardiac troponin I and
cardiac troponin T, which together with cardiac troponin C form the troponin complex on the
actin filament, presented the expected fibrous striation pattern. As also suggested by other
groups, this phenotype suggests a sarcomeric organisation similar to the one of foetal
cardiomyocytes but not yet structured as in adult cardiomyocytes (146, 443). The sarcomere
is the fundamental unit of CM contraction, and during development, sarcomeric structures
become more and more organised. Therefore, although the expression of sarcomeric protein
cannot be used as a sole assessment of hiPSC-CMs maturation and specialisation, it is still

relevant to assess it as a differentiation readout.
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Figure 2.4 Characterisation of hiPSC-CM used for the study. A) Schematic of the differentiation protocol steps with
relative media, small molecules inhibitors and developmental stages. B) Picture of hiPSC colonies. Scale bar = 200um. C)
Light microscopy image of clusters of beating hiPSC-CM at day 13. Scale bar = 200 um. D) Representative FACS results
quantifying Cardiac Troponin T-positive cells (>80%), showed in red (negative isotype control in blue). E)
Immunocytochemistry for cardiac structural markers (in green) and DAPI (in blue). Scale bars = 50 um.

Next, gene expression analysis of selected pluripotency and cardiac markers was performed
as further characterisation of the hiPSC-CM. As shown in Figure 2.5A, expression of
pluripotency markers Oct4 and Nanog was decreased during the differentiation while the
expression of early (Isll and Nkx2.5) and late (Myh6 and Mhy7b) cardiac markers was
increased as previously demonstrated (133, 433) (Figure 2.5B and Figure 2.5C). Overall, the

CMs derived from hiPSCs used in this study were characterised by robust expression of
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cardiac markers associated with the cardiomyogenesis process and were in general agreement

with other cardiac developmental models (444) and hESCs differentiation systems (445, 446).
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Figure 2.5 Gene expression profile at days 3, 7, 10 and 15 of hiPSC-CM differentiation. A) Expression of
pluripotency markers. B) Expression of early cardiac markers. C) Expression of late cardiac markers. Relative gene
expression to GAPDH. N = 3 biological replicates, n =3 technical replicates. Data are shown as mean + SD.
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2.3.2 Live pH monitoring on differentiating hiPSC-CM
% Measurements performed with the assistance of Dr Marsilea Booth.

Once the differentiation protocol was optimised, and the hiPSC-CM were characterised, the
effect of acidic pH on CMs differentiation of hiPSC and hiPSC-CMs were studied in the range
6.8-7.4. The rationale for selecting these values was as follows: 6.8 is the pH of the ischemic
myocardium (acidic), 7.1 is an intermediate condition (mildly acidic), 7.4 is the standard pH
recommended for cell culture and the typical value of the bloodstream (physiological pH) and

control, where the pH of the media was not adjusted, and it was around 7.3.

In order to study the effects of pH on the differentiating cells, HEPES-free RPMI/B27 medium
titrated to the desired pH with HCI was used. When the extracellular pH (pHe) is decreased,
the elimination of intracellular protons by the Na*/H* antiporter, the main cell alkalinising
mechanism, become less efficient, resulting in a lower intracellular pH (pHi) (447). Hence, the
experimental acidification reproduced in vitro reflected the in vivo situation after MI, where
pHe. has been measured to be 6.6 and pHi consequently around 6.9 (38). Regulation of culture
pH is usually achieved by two main mechanisms: “natural” buffering systems, where gaseous
CO:balances with the COs/HCO:s content of the culture media and chemical buffering using a
zwitterion such as HEPES. Bicarbonate is a weaker buffer system than HEPES. Since
bicarbonate buffered media are CO:-dependent, a bicarbonate-free media has been used
before to eliminate pH-sensitivity to CO: (448). To avoid equilibration of the media towards
neutral pH in 5% CO., experiments have also been performed in a non-CO: incubator (407).
In this study standard CO: incubators and standard bicarbonate-buffered media altered with
HCI were used, in accordance with most of the previously published work (422, 449-453).
However, to reduce neutralisation of the pH-adjusted cell culture media, HEPES-free RPMI
was used, and it was effective in maintaining media pH stable over 24h at 37°C, as shown in

Figure 2.6A.
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HEPES has no nutritional benefit to the cells, and it is only added to the media for buffering
capacity. Nevertheless, more than 30 years ago, it was shown for the first time that HEPES
had some pharmacological activity (454). Recently it also has been demonstrated that optimal
dendritic cells differentiation only occurs in RPMI media without HEPES (455) and that
HEPES at its commonly used concentrations (<20 mM) can inhibit GABA receptors in neurons
(456). Therefore, before proceeding with the pH-adjusted experiments, the differentiation
efficiency of hiPSC-CMs cultured with RMPI with or without HEPES was evaluated. As
shown in Figure 2.6B, there was no significant difference between the yield of CM obtained
with standard RPMI media (77.37 + 5.138, N =3 ) and the one obtained with HEPES-free media
(75.57 +3.474, N = 3).
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Figure 2.6. Live pH monitoring of HEPES-free cell culture media. A) 24 h measurement of the pH of the media (no cells,
media only) at low pH (orange) and control pH (green). B) CM yield obtained through differentiation with HEPES-free media.

Percentage of cTnT-positive cells quantified by FACS at day 21 comparing standard RPMI and HEPEs-free RPMI. N = 3
biological replicates. Data are shown as mean + SEM.

Most of the previous studies that investigated the effects of an acidic microenvironment on
cells in culture report details of pH-adjusted media preparation but do not report monitoring
of pH over continuous time (448, 449, 451, 452). The most commonly used technique to verify
pH stability is a colourimetric test (448). While colourimetric tests were also used, more
thorough monitoring of pH over time was implemented. The effects of acidic pH on mESCs

have been studied by Teo and colleagues in a rotary perfused bioreactor to ensure control over
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medium pH drift and ensure uniform pH environment (425). While a bioreactor setup is
undoubtedly an effective method to achieve pH control for stem cell expansion and
differentiation (457), in our study, a more straightforward system with a glass electrode pH
meter was implemented. Figure 2.7 shows a schematic of the system. The bioTrode pH
electrode is specially made for measurements in small volumes since it requires an immersion
depth of only 7 mm. Having a unique Protelyte electrode it is also particularly suited for

solutions containing proteins such as cell supernatant.
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Figure 2.7 Schematic of bioTrode live pH monitoring system.

Figure 2.8 displays the results from three biological replicates of 24 h measurements of cells
cultured at control pH and pH 6.8. The shaded area across the lines represent the SD. The first
2 h are characterised by a probe stabilisation period, and from 18 h to 24 h some of the
instabilities observed can be explained with the high sensitivity of the system to the lab
environment (e.g. people coming into the room, door opening and closing). The
measurements between 2 h and 16 h were taken overnight, thus being the most stable. As
expected, a slight decrease in pH was observed in both conditions during the chosen
incubation period, as previously shown for fibroblasts (458). However, this was only a minor
reduction in pHe Therefore, the following experiments could be carried out under well-

controlled conditions.
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Figure 2.8 Live pH measurement of hiPSC-CM cultured in different media. Measurements acquired between day 2 and
day 3 of differentiation. N = 3 biological replicates. Data are shown as mean + SD (shaded areas).

2.3.3 Effect of pH on viability and metabolic activity of hiPSC-CMs

The effects of pH on cell viability have been studied in several cell types and pathological
processes. For example, it has been shown that gastric cancer cell lines can maintain higher
viability even at pH < 6.5 when compared to non-cancerous cell line (459), in an in vitro
microenvironment that reproduces the one found in the tumour. On the other end of the
spectrum, alkaline pH > 7.8 increases osteoblast viability, eventually accelerating terminal
differentiation and mineralisation and making an elevated pH beneficial for bone formation
(460). Wound healing is another process where pH fluctuations play an important role, but it
has been found that primary keratinocytes and fibroblasts tolerate a wide range of pH (6.5 to

10.5) with no significant differences in viability (461).

In the present study, macroscopic evaluation of differentiating hiPSCs was used as a first
mean to compare their morphology under the four pH conditions, with no major
morphological differences between them. As expected, more cell death was observed at acidic
pH (6.8) as shown in the representative picture from day 5 (Figure 2.9A). Differences in
viability between control and pH 6.8 in the first stages of differentiation were assessed
through LIVE/DEAD® staining at day 3, which identify dead cells in red and live cells in green.

As depicted in Figure 2.9B, cells cultured at pH 6.8 were less viable, as observed by a higher
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number of red cells, than cells cultured at control pH. To assess the viability and metabolic
activity at later stages of differentiation, Trypan Blue Exclusion Assay at day 21 and MTT
assay at days 3, 7, 10 and 21 were carried out. Trypan Blue Exclusion Assay showed that the
percentage of live cells at pH 6.8 was 68.2 + 6.3% compared to control which was 84.2 +4.1%;
viabilities for pH 7.1 and 7.4 were 76.2 + 11.3% and 74 + 1.8%, respectively (Figure 2.9C).
Overall, pH 7.1, 7.4 and control had comparable viability rates (around 80% of live cells) while
culturing at pH 6.8 significantly decreased hiPSC-CM:s viability to around 60%. These findings
are in agreement with what previously reported for mESCs-derived CMS (425) and adipose-
derived mesenchymal stem cells in acidic conditions mimicking degenerative intervertebral
discs (423). Trypan Blue Exclusion Assay is commonly used as a simple and inexpensive
assessment of cell viability. However, it has been shown that it lacks in reliability since
cardiomyocytes can still take up the dye and be viable (462). Therefore, hiPSC-CMs viability
was further measured by MTT assay at days 3, 7, 10 and 21 of differentiation. MTT assay is a
colourimetric assay which provides a reliable indicator of cell viability as a measure of
metabolic activity, with higher reproducibility than dye exclusion methods such as Trypan
Blue. MTT is preferred over other methods such as lactate dehydrogenase leakage assay
(LDH) or SH-thymidine incorporation assay, the latter employing radioactivity (463, 464) and
itis a widely used assay to determine cardiomyocytes viability in response to different insults
and cardioprotective conditions (464-468). Figure 2.9D shows the results of the MTT assay at
days 3, 7, 10 and 21. A reduction of culture pH to 6.8 significantly decreased the viability of
hiPSC-CMs with increasing viability for pH 7.1, 7.4 and control at day 3 and day 10. The same

trend, although not reaching statistical significance, was observed at day 7 and day 21.
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Figure 2.9 Effects of different pH values on hiPSC-CMs viability. A) Representative pictures of hiPSC-CM at day 5
cultured at different pH values. Scale bars = 100 um. B) LIVE/DEAD® staining of hiPSC-CM cultured at control media and
pH 6.8 at day 3 of differentiation. Live cells in green, dead cells in red. Scale bars = 100 um. C) Percentage of live cells
quantified by Trypan Blue Exclusion Assay at day 21. N = 3 biological replicates. Data are shown as Mean + SEM. 1-way
ANOVA followed by Bonferroni’s Multiple Comparison test, * p < 0.05. D) MTT assay at different timepoints during the
differentiation comparing hiPSC-CM metabolic activity under a range of pH values. N = 3 biological replicates and n=3
technical replicates per each time point. Data are shown as mean + SEM. 2-way ANOVA followed by Bonferroni’s Multiple
Comparison test, * p <0.05, *** p < 0.001.

Taken together, these results show that acidic pH can negatively affect the viability and
metabolic activity of hiPSC-CMs derived at early stages of differentiation (day 3) and more
mature stages (day 21). These findings have implications in different contexts. First, in the
context of scaling up hiPSC-CMs production for downstream applications, it is crucial to keep
culture pH under control from the beginning since small changes can have detrimental effects
on cell viability. Second, in the context of potentially delivering differentiated hiPSC-CMs to

the infarcted myocardium at pH 6.8, it is important to consider the effect of the ischemic
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microenvironment on the beating cells and to apply protective strategies. Finally, the effects
of acidic pH on hiPSC-CM represent another parameter to consider and potentially exploit for
disease modelling and in vitro recapitulation of phenotypes for drug testing. It has recently
been shown by Hidalgo and colleagues that an extracellular pH of 6.2 was essential in order
to recapitulate in vitro the robust cardiomyocytes death following ischemia/reperfusion injury
(IRI) in vivo (415). Interestingly, in their hiPSC-CMs model of IRI, they found that
cardiomyocytes cell death following I/R, measured by LDH assay and propidium iodide (PI)
staining, was significantly more pronounced when the cells were cultured at pH 6.2 compared
to control pH of 7.4 (415). These results, together with ours, highlight the importance of
mimicking tissue microenvironment changes for a better in vitro recapitulation of pathological

status.
2.3.4 Effect of pH on cardiac gene expression in hiPSC-CMs

Changes in extracellular pH reflect in changes in intracellular pH, and it is known that these
can lead to changes in gene expression in many cell types (449, 451, 469, 470). One disease
where the effects of pH on gene expression have been studied in detail is the degeneration of
the intervertebral discs (IVD). Acidic pH (6.2 - 6.8) was found to have a drastic effect on gene
expression not only on resident nucleus pulposus cells in IVD (452) but also in MSC used for
IVD regeneration strategies (471). Here, the effect of acidic pH was evaluated on hiPSCs
during CMs differentiation. First, gene expression levels of the commonly used cardiac
markers Myosin Heavy Chain 6 (Myh6), Myosin Heavy Chain 7B (Myh7b), Myosin Light
Chain 7 (Myl7) and Myosin Light Chain 7B (Myl7b) were evaluated at days 7, 15 and 30 of
differentiation. At day 7, a lower expression of Myh6 and Myl7 at pH 6.8 could be observed
(Figure 2.10). However, since day 7 is still an early time point during differentiation, no major

conclusions can be drawn from these results.
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Figure 2.10 Expression of late cardiac markers at day 7. Myh6, Myh7b, Myl2 and Myl7 expression in hiPSC-CM at day
7 cultured at different pH values from day 0 of differentiation onwards. N = 3 biological replicates, n = 3 technical replicates.
Gene expression relative to GAPDH, normalised to control. Data are shown as mean + SEM.

At day 15 of differentiation, the expression of Myh6, Myh7b and Myl7 was significantly
reduced at pH 6.8 and pH 7.1, when compared to control (Figure 2.11). pH 7.4 did not change
the expression of these markers as compared to control pH value. For Myi2, a significant
downregulation under all three pH conditions (6.8, 7.1 and 7.4) when compared to control

was observed.
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Figure 2.11 Expression of late cardiac markers at day 15. Myh6, Myh7b, Myl2 and Myl7 expression in hiPSC-CM at
day 15 cultured at different pH values from day 0 of differentiation onwards. N = 3 biological replicates, n = 3 technical
replicates. Gene expression relative to GAPDH, normalised to control. Data are shown as mean + SEM. 1-way ANOVA
followed by Bonferroni’s Multiple Comparison test, * p < 0.05, ** p < 0.01, *** p <0.001.
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For gene expression analysis at day 30, only pH 6.8 was chosen to assess the effect of acidic
pH as found in the ischemic myocardium (29) on relatively mature hiPSC-CM. At day 30 of
differentiation, the expression of all cardiac markers was significantly reduced at pH 6.8
compared to control (Figure 2.12).

Gene expression at day 30
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Figure 2.12 Expression of late cardiac markers at day 30. Myh6, Myh7b, Myl2 and Myl7 expression in hiPSC-CM at
day 30 cultured at control pH and pH 6.8 from day 0 of differentiation onwards. N = 3 biological replicates, n = 3 technical
replicates. Gene expression relative to GAPDH, normalised to control. Data are shown as Mean + SEM. 1-way ANOVA
followed by Bonferroni’s Multiple Comparison test, *** p < 0.001.

In addition to markers of mature CMs, also the early markers of cardiac specification Isl/1 and
Nkx2.5 and the pluripotency marker Oct4 were assessed at days 7, 15 and 30. Is/1 and Nkx2.5
expression showed a similar trend to the late cardiac markers, with their expression decreased
at pH 6.8 in all the three time points analysed (Figure 2.13). Interestingly, at day 15 and day

30 a higher expression of the pluripotency marker Oct4 was observed (Figure 2.13).
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Gene expression at day 30
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Figure 2.13 Expression of pluripotency and early cardiac markers at day 7, 15 and 30. Isl1, Nkx2.5 (early cardiac
markers) and (pluripotency marker) expression in hiPSC-CM at day 7,15 and 30 cultured at different pH values from day 0
of differentiation onwards. N = 3 biological replicates, n = 3 technical replicates. Gene expression relative to GAPDH,
normalised to control. Data are shown as mean = SEM.

Overall, a significant decrease in cardiac gene expression in cells cultured at pH 6.8, compared
to control media, was observed. A plausible explanation for this could be that hiPSCs under
mildly acidic conditions tend to differentiate less and retain their pluripotency, as indicated
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from the slightly higher expression of Oct4 at pH 6.8. Although the study of acidic pH and
pluripotency retention was outside the scope of this work, it was an interesting observation.
In 2014, following the excitement for the discovery of adult somatic cell reprogramming, a
Japanese group proposed a revolutionary technique called stimulus-triggered acquisition of
pluripotency (STAP). They claimed that they could generate pluripotent stem cells just by
exposing differentiated cells at low pH (5.7) for 30 minutes. STAP would have meant the
possibility of generating Oct-4* pluripotent stem cells without any nuclear transfer or addition
of transcription factors. These findings were welcomed with excitement but scepticism at the
same time and were found hard to reproduce (472, 473). The paper, published in Nature, was
later retracted for data falsification (474). However, despite this particular controversy and its
implications, it is known, and it has been shown by many groups that acidic pH promotes a
more “stem cell-like” phenotype (425, 449, 475) and stress-triggered in vitro Oct4 expression
has been previously reported (476). In agreement with our findings, it has been shown that
acidic culture medium (pH < 7.0) promotes the retention of pluripotency in mESC through
Oct4 expression (477). mESC at pH 6.8 also showed suppressed cardiomyogenesis and higher
residual pluripotency as measured by Oct4 and Nanog expression (425). In addition to acidic
pH, other kinds of stresses have been shown to affect cardiac markers expression in hiPSC-
CM, for example, X-ray irradiation (478) and acute cardiotoxicity from anti-cancer drugs (479).
Here, the effects of acidic pH on human iPSC-CM were studied for the first time, showing that
the acidic pH found in the ischemic myocardium significantly downregulates the expression

of cardiac markers, even in mature hiPSC-CM at day 30.
2.3.5 Effect of pH on CMs yield

pH is a potent modulator of several cellular processes; hence, the effect of pH on cell
differentiation has extensively been studied for different lineages. It was demonstrated that
an alkaline medium is a potent chondrogenic differentiation enhancer for Bone Marrow
Mesenchymal Stem Cells (480), and it also promotes megakaryocytic maturation (422). On the
other hand, extracellular acidic pH has been shown to decrease migration, proliferation and
survival of oligodendrocyte precursor cells and reduce their differentiation into
oligodendrocytes (448). Slightly acidic pH of 6.6 - 7.2 has been linked with a decreased

embryoid body yield during differentiation of mESCs (477) and a decreased differentiation
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into the mesodermal lineage (481). It is also known that the proliferation of mouse pluripotent
stem cells is significantly decreased if the pH decreases or increases beyond 7 - 7.5 (482).
Cardiac cells are particularly sensitive to changes in pH homeostasis, and pH is one of the
factors determining the rate of anaerobic glycolysis during ischemia, together with being an
essential determinant of active tension development in the cardiomyocytes (404, 483).
Therefore, it is likely that stem cell differentiation towards the cardiac lineage will be pH-
dependent. pH sensitivity of cardiac differentiation of mESCs has been studied in a bioreactor
system by Teo and colleagues (425); their results showed that culturing mESCs at pH 6.8
significantly impaired their cardiac differentiation, with lower cardiomyocytes yield.
However, the main aim of their study was to test the bioreactor culture system, while our
work focuses more on the biology underlying the effects and how these can be rescued.
Quantitative assessment of the CMs yield obtained through differentiation under different pH
values was performed using Flow Cytometry analysis at day 21. For the control, the yield of
CMs was 83.8 + 1.3%. A reduction of culture pH to 6.8 significantly decreased the CMs yield
(40.2 £ 8.8%). CMs yield at pH of 7.1 and pH of 7.4 was slightly lower than the control but
higher than pH 6.8: 60 + 8.8% and 59.6 + 10.6%, respectively (Figure 2.14A). In summary, when
applying different pH values on hiPSCs from day 0 onwards, it was observed that the yield
of cardiomyocytes obtained through differentiation at pH 6.8, the value of the ischemic
myocardium, was significantly lower than the control value. A slightly acidic pH of pH 7.1

and the physiological value of 7.4 did not have a major impact on hiPSCs-CMs differentiation.

In order to assess the effects of pH on a cellular setup that is more relevant to a potential
cardiac cell therapy approach, where the differentiated cells would be delivered to the acidic
environment of the ischemic heart, we lowered the pH to 6.8 at later time points during
differentiation (instead of from day 0), specifically at days 7 and 10, and analysed the yield at
day 21. For this set of experiments, only the pH 6.8 condition was selected for its relevance
since it is the value found in the ischemic myocardium (404). As shown in Figure 2.14B, the
CMs yield of the control condition was 84.8 + 13.8%, consistent with previous experiments
and previous work (133, 137, 141). Lowering culture pH to 6.8 at day 7 and day 10 significantly
reduced the CMs yield obtained, in a similar manner to lowering the pH from day 0 onwards,

resulting in a yield of 53.3 + 12.7% and 53.5 + 13% of cTnT-positive cells, respectively.
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Figure 2.14 Effect of pH on CM yield. A) hiPSC-CM yield quantified by FACS at day 21 following culture at different pH
values from day 0 onwards, N = 3. B) hiPSC-CM yield quantified by FACS at day 21. hiPSC-CM were cultured at pH 6.8
starting from day 0, from day 7 or from day 10 onwards, N = 3. Data are shown as Mean + SEM. 1-way ANOVA followed
by Bonferroni’s Multiple Comparison test, * p < 0.05, ** p <0.01.

Recently, pHi dynamics have been identified as a previously unrecognised regulator of (3-
catenin stability in mammalian cells (484). Specifically, 3-catenin was found to have decreased
stability at higher pHi. Since cardiac differentiation of hiPSC is dependent on a fine regulation
of the Wnt/B-catenin pathway through small molecules, it could be possible that the negative
effects of acidic pH on the differentiation and the CMs yield obtained are due to an altered {3-

catenin pathway.
2.3.6 Effect of IGF-1 on hiPSC-CMs at acidic pH

Next, we aimed to evaluate whether the addition of Insulin-like Growth Factor-1 (IGF-1) to
the culture at acidic pH could rescue the effect observed. IGF-1 is a growth factor that activates
several pathways regulating important physiological functions including cell growth,
proliferation and survival (485). Both IGF-1 ad IGF-1R are expressed in cardiomyocytes (486,
487), and its cardioprotective actions were first discovered in 1995 (303). Since then, a variety
of experimental studies have confirmed the cardioprotective benefits of IGF-1 and explored

the underlying mechanistic pathways (288, 304, 309, 488).
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To test whether the addition of IGF-1 has the potential to protect hiPSCs-CMs at low pH,
concentrations ranging from 1 to 500 ng/mL were added to the media at day 10, at the same

time when the pH was lowered to 6.8 (Figure 2.15).
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hiPSCs expansion Cardiomyocyte differentiation
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Figure 2.15 Schematic representation of study design to evaluate the protective effect of IGF-1 on hiPSC-CM at
pH 6.8.

The protective effect was assessed in terms of CMs yield measured by FACS (Figure 2.16A)
and viability and metabolic activity measured by MTT (Figure 2.16B). As previously seen,
both CMs yield and their metabolic activity were significantly reduced at pH 6.8. Here, it was
compared whether the addition of IGF-1 increased CMs yield and metabolic activity
compared to hiPSC-CMs at acidic pH with no IGF-1. Interestingly, IGF-1 at a concentration of
10 ng/mL was able to significantly increase the yield of hiPSC-CM and their viability close to

the control pH values. For the CMs yield only, also IGF-1 at 50 ng/ml led to a significant

increase.
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Figure 2.16. Protective effect of IGF-1 on hiPSC-CM at acidic pH. A) hiPSC-CM yield quantified by FACS at day 21
following addition of IGF-1 (1-500 ng/ml) on cells cultured at acidic pH. FACS performed at day 21. B) hiPSC-CM metabolic
activity measured by MTT assay following addition of IGF-1(1-500 ng/mL) on cells cultured at acidic pH. MTT performed at
day 21. A) and B) N =3 biological replicates. Data are shown as Mean + SEM. 1-way ANOVA followed by Bonferroni’s Multiple
Comparison test, * p <0.05, ** p <0.01, *** p <0.001.
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To further demonstrate that the rescue effect was due to IGF-1, Wortmannin, was used in
combination with IGF-1 at 10 ng/mL on the cells at acidic pH from day 10 onwards.
Wortmannin is a broad phosphatidylinositol 3-kinase (PI3K) inhibitor which is also
commonly used as IGF-1 pathway inhibitor (489, 490) (Figure 2.17A), First, a Wortmannin
concentration that was nontoxic for the cells (1 nM) was identified (Figure 2.17B), and it was
confirmed that adding Wortmannin to the hiPSC-CM did not affect the differentiation (Figure
2.17C). CMs were analysed with MTT assay (Figure 2.17D) and FACS (Figure 2.17E) at day
21. As depicted in Figure 2.17D and 2.17E, the rescue effect of IGF-1 on the metabolic activity
and the CM yield was abrogated when IGF-1 pathway was blocked through Wortmannin.
The metabolic activity and the CM yield of cells receiving IGF-1 and Wortmannin were the

same of cells at low pH not receiving any protective treatment.
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Figure 2.17. Reverting IGF-1 protective effect with IGF-1 receptor inhibitor Wortmannin. A) Wortmannin inhibits
IGF-1 pathway by inhibiting IGF-1 receptor. B) Trypan Blue Exclusion Assay was used to identify the optimal concentration
of Wortmannin to maintain cells viability. C) Wortmannin did not affect hiPSC-CM yield as showed by FACS at day 21.
Addition of Wortmannin together with IGF-1 on hiPSC-CM at pH 6.8 reverted the protective effect of IGF-1 both in terms of
metabolic activity (D) and CM yield obtained through differentiation (E). (B-E) N = 3 biological replicates. Data are shown as
mean + SEM. 1-way ANOVA with Bonferroni multiple comparison test. * p < 0.05, ** p < 0.01, **p < 0.001.
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Other studies showed that IGF-1 has protective effects in vitro in several cell types:
cardiomyocytes under hyperosmotic (491) and septic (492) stress, neurons (493) and
cardiomyocytes (431) under oxidative stress, mouse embryonic fibroblasts under hypoxic
stress (494) and others. These results are the first evidence of a protective effect on IGF-1 on
human cardiomyocytes under acidic pH, and they provide useful insights for hiPSC-CM

protection in the context of MI.
2.3.7 Effect of IGF-1 on hiPSCs-CMs in normal culture

To verify that the observed rescue effect can be ascribed to a cytoprotective action of IGF-1
and not to an enhancement in the hiPSC-CMs differentiation efficiency, the outcome of the
growth factor addition on cells at the control pH was assessed. IGF-1 was added at day 10 at
the same concentrations (0-500 ng/mL), and cells were analysed by FACS at day 21, showing

no effect of IGF-1 on the differentiation at control pH (Figure 2.18).
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Figure 2.18. Effect of IGF-1 on hiPSC-CM at standard pH. IGF-1 (1-500 ng/mL) added at day 10. FACS performed at
day 21. N = 3 biological replicates. Data are shown as Mean + SEM.

IGF-1 is a broad-spectrum growth factor that plays an important role in the proliferation and
differentiation of stem cells. For example, it has a strong positive effect on cardiomyocyte
proliferation during embryonic heart development (495), and it enhances the proliferation of
cardiomyocytes derived from hESC (496). Regarding the effects of Insulin and Insulin-like GF
family on cardiomyocytes differentiation of pluripotent stem cells, there are discrepant

reports which are likely due to the different developmental stage at which IGF-1 has been
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applied. It has been shown that IGF-1 promotes cardiac lineage induction in vitro by selective
expansion of mESC at the mesoderm stage (497). It has also been reported that IGF-1 slightly
promotes the expression of cardiomyocytes phenotype in ESC delivered in an MI model in

vivo model (498).

On the other hand, insulin strongly inhibits cardiac differentiation of PSC if used in the very
early phases of cardiomyogenesis (499), which is the reason why B27 supplement without
insulin is used up to day 7 of the most widely used PSC differentiation protocols. Interestingly,
IGF-1 is used to enhance the maturation of neonatal rat myocytes (500) or PSC-CM (501, 502).
The results presented here show that adding IGF-1 to already differentiated hiPSC-CM does
not significantly change the yield of cTnT* cells quantified at day 21. The effects of IGF-1 on
the cells have a dose-dependent bell-shape curve, as commonly seen with homodimeric

receptors (503).

2.4 Conclusions

In summary, the findings presented in the first part of the chapter show the harmful effects of
acidic pH on CM differentiation of hiPSC and already differentiated hiPSC-CM. In the second
part of the chapter, it was shown that the addition of IGF-1 can revert the adverse effects of
acidic pH on hiPSC-CM. To date, numerous papers have reported the detrimental effect of
pH change on mammalian cells. However, there are a few studies that elucidate the effect of
pH on pluripotent stem cells and particularly on cardiomyocytes derived from pluripotent
stem cells. Here, it was demonstrated that the same extracellular pH found in the ischemic
myocardium (pH 6.8) negatively affects the viability, the cardiac gene expression and the CMs
yield of hiPSC-CM.

Further investigation is needed in order to understand the mechanisms behind the decrease
observed in the CM yield, viability and cardiac gene expression. One possible explanation can
be attributed to Akt pathways. A fine regulation of Akt/B-catenin is known to be crucial for
the success of the CMs differentiation protocol (441, 504). Akt phosphorylation is reduced at
acidic pH (505, 506), hence Akt is expected to be less active at pH = 6.8, which could potentially

explain why the differentiation is compromised. Moreover, since Akt is a key downstream
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component of the IGF-1/IGF-1R pathway, this could further explain the rescue of IGF-1

achieved at acidic pH.

The results of this chapter have two main implications. The first one is related to the insights
they provide into hiPSC culture and differentiation condition, while the second one is related
to the protective effects of IGF-1 both for in vitro culture and potential in vivo delivery. It is
known that optimal culture conditions are a key factor in the cardiac differentiation potential
of iPSC (439). Therefore, considerations about the effects of culture pH on cardiac
differentiation of hiPSC are particularly important in the context of small-scale cultures in
academic laboratories, without any robotic feeding systems. iPSC cultured without daily
feeding deteriorates dramatically on the third day (507), and this is due to media acidification,
amongst other factors. The results from the first part of this chapter provide insight into the
optimal pH range for hiPSC-CMs differentiation. They suggest that careful consideration of
media pH is of the utmost importance for proper maintenance and differentiation of
pluripotent stem cells. Our findings agree with a recent study showing that extracellular
acidification results in growth arrest of iPSC independent of nutrient exhaustion (507). In this
study, Wilmes and colleagues also demonstrated that artificially reducing medium to 6.8
significantly attenuates glycolysis in iPSC and increases the percentage of cells in the Go/G1
phase of the cell cycle (507). The proposed solution is culturing the cells in a restricted growth
area (RGA), using a coverslip for example, which provides more medium per cell without
changing the medium volume to surface area (507). iPSC cultured in RGA maintained
differentiation potential into the three germ layers (507). Hence, given our results about the
effects of acidified media on hiPSC-CMs, an RGA culture system could be potentially applied

not only to iPSC expansion but also to hiPSC differentiation.

Moreover, it has recently been shown that medium acidosis is one of the main factors altering
cell cycle, gene expression and cell metabolism in hPSC cultured at high density (508).
Suppression of medium acidosis with sodium bicarbonate (NaHCO:s) significantly increased
stem cell survival, maintenance and differentiation (508). NaHCO: treatment also improved
BMP4-driven cardiac differentiation at high density (508). While increasing the medium
buffer capacity can be a feasible approach for stem cell maintenance and downstream

applications, there is a need for protective approaches of already differentiated hiPSC-CM.
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The ability of IGF-1 to protect the cells from acidic pH presented in the second part of the
chapter may provide an attractive strategy for promoting cardiac differentiation and cells
delivery. The addition of IGF-1 was able to rescue the phenotype observed at acidic pH in
terms of metabolic activity and CM yield. Hence, it could be used as a cytoprotective factor in
the context of long-term culture or delivery of stem cell-derived cardiomyocytes to the

infarcted heart, for example, through a biomaterial approach.

Finally, in the context of tissue-engineered (TE) constructs, for example, a stem cell-containing
cardiac patch or hydrogel, the effect of the construct microenvironment on the stem cells is
often overlooked but important to consider. As shown here, acidic pH could significantly
inhibit the cardiac differentiation of hiPSC. Therefore, it is important not only to consider the
effect of the ischemic microenvironment on the cells but also the effect of the biomaterial
microenvironment. For example, cell density in a cell-laden biomaterial must be tightly
optimised to avoid excessive acidification, and the addition of a bioactive factor like IGF-1
could potentially help to protect the cells. Myocardial infarction is not the only disease where
a deviation from physiologic pH occurs. pH change is an indicator of altered cellular
metabolism in other ischemic insults such as stroke and critical limb ischemia (509). It would
then be important to assess the effects of acid pH and potential protective strategies on other
types of hiPSC-derived cells such as neural cells or endothelial cells which are currently being
tested in pre-clinical trials for brain ischemia (510, 511) and critical limb ischemia (512, 513).
These cells, if delivered, will encounter an acidic tissue microenvironment which will likely

affect them in a similar manner to the hiPSC-CM studied here.

In conclusion, we have shown, for the first time, that differentiation of hiPSC towards the
cardiac lineage is negatively affected by culture pH. This is a crucial factor to consider since
the success of many stem cells-based regenerative therapies will depend on culture
production and the understanding of their environmental tolerance. Moreover, stem cells
must remain viable and maintain their function in the harsh microenvironment of the ischemic
myocardium, which is characterised by low pH level, low oxygen concentration and limited
nutrition. Our observation that IGF-1 could be used as a cytoprotective factor in this context

is of great importance to the field of cardiac regeneration.
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Chapter 3 Synthesis and characterisation of
a thermoresponsive and injectable hydrogel
for cardiac repair

‘ ‘ The only real mistake is the one from which we learn nothing

Henry Ford
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3.1 Introduction and rationale

In the last few decades, there has been active development of polymeric materials for a wide
range of biomedical applications. Amongst them, “smart” materials that are highly responsive
to external stimuli have been developed (514). Smart polymers have self-alterable dynamic
properties, and thermoresponsive polymers are amongst the most widely employed smart
polymers. Thermoresponsive hydrogels are injectable if they are designed to be in aqueous
form at room temperature and to initiate gelation at body temperature. Injectable hydrogels
are frequently used for drug delivery and tissue engineering applications. In addition to the
advantages of typical hydrogels such as biocompatibility and exhibiting properties similar to
the native ECM, they have the possibility of being delivered in a minimally invasive manner

and can adapt to irregularly shaped target sites.

As discussed in chapter 1, injectable hydrogels can be made from a vast range of polymers
that can be classified as natural or synthetic in origin. Ideally, hydrogels should be
biocompatible, biodegradable and bioresorbable to prevent triggering an immune response.
Among synthetic polymers, PEG hydrogels have been extensively used as matrices for drug
delivery and tissue engineering applications (515). PEG is non-toxic and cleared by the Food
and Drug Administration for internal use in the human body. However, conventional PEG-
based hydrogels are limited by their lack of injectability and relatively poor cytocompatibility.
PEG hydrogels exhibit minimal intrinsic biological activity due to the bioinert and
nonadhesive nature of the PEG molecule. Limited cytocompatibility can be overcome with
the addition of bioactive molecules to enhance cell binding. PEG hydrogels are also not
degradable, but their applicability in regenerative medicine can be augmented by
incorporating degradable segments in the polymer network. Pluronics or Poloxamers, for
example, are families of triblock copolymers composed of varying mixtures of polyethylene
glycol (PEG) and polypropylene glycol (PPG) segments. They have been widely studied as
injectable hydrogel systems for drug delivery (516); however, their long-term accumulation
and limited biodegradability in the body limit their applications (517). Poly(lactic-co-glycolic
acid) (PLGA)-based thermosensitive copolymers have a texture resembling a sticky paste,
which makes the preparation of an injectable solution difficult. PLGA-PEG-PLGA copolymers

also have the disadvantage of requiring several hours to be dissolved in water with very slow
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redissolution/reconstitution (518). Moreover, polyglycolic and polylactic acids have a fast

degradation rate, and their acidic by-products can cause an inflammatory response (519).

PCL is a semi-crystalline, biodegradable and hydrophobic polymer and, being FDA-
approved, is also widely used in medical devices (520, 521). PCL can be combined with PEG
to form amphiphilic triblock copolymers which have been mainly studied as drug delivery
systems. The addition of a biodegradable hydrophobic segment to the biocompatible
hydrophilic PEG, in fact, enhances self-assembly through the formation of aggregates such as
core-shell micelles, which have been extensively characterised in vitro for their drug delivery
vehicle potential;, the reports of in vivo testing for regenerative medicine applications,
however, are very few. PEG-PCL hydrogels loaded with anti-angiogenic and anti-
inflammatory peptides have shown promising results in a peripheral artery disease (PAD)
mouse model (522). Interestingly, iPSC-CM have been delivered in a rat model of MI through
a PEG-PCL hydrogel resulting in improved cell engraftment compared to the injection of cells

only (523).

Other than just hydrogels, a PCL-PEG electrospun scaffold was shown to enhance the in vitro
maturation of hiPSC-CMs (524), and a PEG-PCL hydrogel-fibre composite was synthesised
for heart valve tissue engineering applications (183). In this study, highly tuneable PEG was
combined with the strength and anisotropic behaviour of electrospun PCL, and valvular
interstitial cells seeded on these scaffolds exhibited promising actin alignment. This evidence,
together with PEG-PCL's injectability, biodegradability, and ease and low cost of synthesis,
suggests that it is a suitable candidate for cardiac tissue engineering applications. Therefore,
it was hypothesised that a thermoresponsive PCL-PEG hydrogel could be appropriate for
growth factor delivery post-MI but also as an injectable material providing mechanical

support to the left ventricle during HF progression.

The work presented in this chapter aimed to synthesise and characterise PCL-PEG-PCL
triblock copolymers with varied weight ratios of each block. Multiblock PCL-PEG-PCL
copolymers are sold by Merck (UK) at specific molecular weights and PCL:PEG ratios, which
are appropriate for drug delivery and nanoparticle formation but do not give the desired
thermo-responsiveness and injectability. From the literature, it was known that the required

Mw to trigger gelation at 37 °C was around PCLiooo-PEGuo00-PCL1000, while the commercial
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copolymers from Merck (UK) were only available as PCLs-PEGiok-PCLsk, PCLsk-PEG2k-PCLsk,
PCL2-PEGx-PCL2, and PCLe-PEGek-PCLek.  PCLiooo-PEGi000-PCL100c0 was commercially
available (sold by Polysciences, Inc), but had several disadvantages, including its high cost
($500 for 1gr of product). First, its dissolution/reconstitution took a very long time and was
not reproducible. Also, a postdoc in the group demonstrated in previous work that its 'H-
NMR spectrum did not resemble the NMR spectrum of a pure PCL-PEG-PCL copolymer.
Hence, the in-house synthesis not only allowed a significantly lower cost of production but
also more control over the composition and purity. The PCL-PEG-PCL with the desired sol-
gel behaviour, thermo-responsiveness and mechanical properties was then evaluated in a

mouse model of MI, and the results of the in vivo study are presented in chapter 4.

3.2 Materials and methods

3.2.1 Synthesis of poly(e-caprolactone)-poly(ethylene glycol)-poly(e-caprolactone)

copolymers

The polycaprolactone — poly(ethylene glycol) — polycaprolactone (PCL-PEG-PCL) triblock
copolymers were prepared by ring-opening polymerisation of caprolactone in the presence of
PEG, providing the hydroxyl initiation points, and stannous octoate as a catalyst, adapting
the protocol from several other groups (518, 525-527). All reagents were purchased from
Sigma-Aldrich (UK). The e-caprolactone and stannous octoate were analytical reagent (AR)
grade and were used as received. A pre-weighed amount of PEG (Mw=1000 Da) was vacuum-
dried overnight at room temperature in a two-necked, round-bottom flask to remove any
water absorbed by the polymer. To start the reaction, the dried PEG was melted at 90°C in an
oil bath while stirring. Once the PEG was fully melted, 17.5 molar equivalents of liquid &-
caprolactone were added, with respect to moles of the terminal -OH on PEG. A catalytic
amount of Tin (II) ethyl hexanoate (stannous octoate) was then added to the reaction mixture.
After degassing under vacuum for 15 minutes, the reaction was heated to 140°C, and the
mixture was stirred under a dry nitrogen atmosphere for 6 hours. A slow and progressive
increase in viscosity of the reaction mixture was consistently observed. The resulting
copolymer was cooled to room temperature. The mixture was first dissolved in

dichloromethane, precipitated by slowly adding it to excess ice-cold N-hexane and then
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filtered over Whatman filter paper. At this point, the product was air-dried overnight at room
temperature to remove the remaining solvent and then lyophilised. The freeze-dried

copolymer was stored in air-tight containers at -20°C before further use.
3.2.2 Characterisation of PCL-PEG-PCL copolymers

'H-Nuclear Magnetic Resonance (NMR) spectra in CDCls were acquired on a Bruker Avance
III HD 800 MHz machine to characterise the chemical composition and macromolecular
weight ratios of the polymers. Spectra were analysed with Mestrenova software (Mestrelab

Research).

The molecular weight distribution of the copolymers was determined by Gel Permeation
Chromatography (GPC) (Viscotek GPCmax VE 2001, Agilent Technologies). The
measurements were run in DMF with 0.075% (w/v) of LiBr and 2% (v/v) of water as eluent

with a flow rate of 0.8-1.0 mL/min at 40 °C.

The size of the amphiphilic micelles formed by PCL-PEG-PCL was measured by Dynamic
Light Scattering (DLS) (Zeta Sizer Nano-ZS, Malvern Instruments) using a 0.2 wt% solution
of the polymer. Measurements were performed in triplicates and were carried out at room

temperature (25 °C) and 37 °C.
3.2.3 Preparation of thermo-responsive PCL-PEG-PCL hydrogel

To dissolve the polymer, a 20 wt% solution in water (w/v) was maintained in a ThermoMixer®
(Eppendorf, UK) for 2 minutes with gentle shaking at 60°C, resulting in an opaque solution.
To obtain a clear, free-flowing solution, the tube was kept on ice for 1 minute. As a first
evaluation of the sol-gel transition behaviour, the tube inversion method was used as
previously described (528-530). The 20 wt% aqueous solution in 10 mL tightly screw-capped
glass vials was heated to 37 °C. The sol-gel transition was visually observed by inverting the

vials and classifying the behaviour as “flow” or “no flow” after 1 minute.
3.24 Characterisation of PCL-PEG-PCL thermo-responsive hydrogel

In situ gel formation and injectability were tested by injecting a 20 wt% solution of polymer
number 5 (P5, see Table 3.1) at room temperature into an excess of 37°C water slowly over 5s

as described elsewhere (518). Sulphorodamine (red dye) was added to the polymer solutions
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to allow better visualisation of the hydrogel gelation. For comparison, an aqueous solution of

dye only was injected into 37°C water using the same procedure.

Mechanical characterisation of 20 wt% PCL-PEG-PCL was performed using parallel plate
rheometry in rotational operating mode. Rheology, from the Greek peoc, meaning “stream”,
refers to the study of viscosity and elasticity of materials and its goal is to quantify the
relationship between applied forces and the geometrical effects induced by these forces in a
material. It is a useful tool to measure characteristics such as viscosity and storage and loss
modulus, which are essential determinants of hydrogel injectability. Viscosity is defined as
the ability of liquid material to resist deformation in response to applied stress (531) and can
be used as a direct measure of the ability of hydrogel formulations to withstand shear stress
during the injection. The storage modulus (G’) represents the elastic behaviour or the extent
to which the hydrogel is able to retain energy in response to stress (indicative of solid-like
properties); and the loss modulus (G”) denotes the viscous behaviour of a material or the
ability to undergo stress relaxation to dissipate energy (indicative of liquid-like properties).

The sol-gel transition of a hydrogel occurs when G"> G”".

For each experiment, 250 ul of gel solution was applied to the lower plate of an AR2000Ex
rheometer (TA Instruments, Newcastle, DE) with a 25 mm diameter stainless steel platen set
at a 250 um gap distance between the base plate and the platen. Temperature sweep
measurements were used to establish the temperature-induced sol-gel transition.
Temperature sweep measurement was performed between 10° and 60°C with a constant
applied shear stress of 0.4 Pa and 1 rad/s frequency, with a heating rate of 1 °C/min. Dynamic
oscillatory time sweeps to assess gelation time were also collected at an angular frequency of
1 rad/s and 0.5% strain for 45 minutes at 37 °C. An oscillatory frequency sweep (0.1-100 rad/s)
at a fixed strain amplitude of 0.5% and 37 °C was examined to ensure that uniform mechanical
properties were maintained across the range of frequencies relevant for a human (1.17 Hz),

mouse (6.67 Hz) or rat (9.58 Hz) beating heart.
3.2.5 Cell encapsulation

1 x 10°human dermal fibroblasts (HDF, Cell Application, Inc) were encapsulated in 200 pl of
a 20 wt% polymer solution prepared in cell culture medium and UV-sterilised. Briefly, a cell

pellet containing 1x10° HDF was resuspended in the polymer solution at room temperature.
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The solution was pipetted at the centre of a 35 mm petri dish, and it was incubated at 37°C for
30 minutes for gel formation. HDF culture medium (DMEM high glucose with 10% FBS v/v
and 1% Pen-Strep v/v) was then added to cover the gel. 48 hours after encapsulation, cell
viability was evaluated with a LIVE/DEAD® viability/cytotoxicity kit (ThermoFisher
Scientific) following the manufacturer’s instructions. The live cells (green fluorescence) and

dead cells (red fluorescence) were viewed using an Olympus IX51 inverted microscope.

3.3 Results and discussion

3.3.1 PCL-PEG-PCL copolymer synthesis

The PCL-PEG-PCL triblock copolymer was prepared by ring-opening polymerisation of PCL
on the terminal hydroxyls of PEGioo in the presence of stannous octoate as a catalyst. A

schematic of the PCL-PEG-PCL synthesis is shown in Figure 3.1.

PEG g—caprolactone

sn(Oct),

H‘Q"\/\/\j%(/\/");(r\/\/\);“

PCL-PEG-PCL copolymer

Figure 3.1 Schematic of the PCL-PEG-PCL copolymer synthesis.
The synthetic procedure used here utilised a two-necked flask and took approximately 6
hours. Recently, microwave-assisted polymer synthesis (MAPS) has emerged as a new
method for copolymerisation. MAPS” advantages include a precise temperature and pressure

control and, most importantly, higher chemical yields with a total reaction time of no more
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than 25 minutes (532). However, not having access to a microwave synthesiser, the two-neck

flask method, still the most used in the literature, was deemed appropriate for this work.
3.3.2 PCL-PEG-PCL copolymer characterisation

The molecular weight and chemical composition of the obtained PCL-PEG-PCL copolymers
were determined by 'H-NMR and GPC. Interpretation of the 'H-NMR spectra was conducted

in accordance with previous studies (518, 525, 526), and a representative spectrum is shown

. .
in Figure 3.2.
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Figure 3.2 Representative 'H-NMR characterisation of the obtained copolymers.
The sharp peak at 3.64 ppm (e) is assigned to ethylene protons of -CH>-CH:O- in the PEG
repeat units. Peaks at 1.38, 1.64, 2.32 and 4.06 ppm are attributed to the a, b, ¢, and d methylene
protons of the oxycarbonyl-1, 5-pentamethylene unit homosequence derived from &-CL ring
opening. The weak peaks at 4.23 and 3.82 are respectively assigned to methylene protons of -
O-CH2-CH:- in the PEG units that are directly linked to PCL. The ethylene peak (-CH>-CH:O-
) of PEG at 3.64 ppm and the methylene peak of caprolactone (COCHCH2CH-CH:CH2CO-)
units at 2.32 ppm in the "H-NMR (CDCls) spectra were used to determine the molar ratio of
caprolactone relative to PEG, which was then used to estimate the number average molecular
weight (Mn). Molecular weight distribution and polydispersity index (PDI) were determined
with GPC. PDI was attained between 1 and 1.2, in accordance with previously published work

(533, 534). A sample of a synthetic polymer will always contain polymer chains with a range
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of chain lengths and thus a range of molecular weight. The polydispersity index is a measure
of how broad the distribution of the molecular weights of the polymer chains is. PDIis defined
as Molecular weight (Mw)/Number average molecular weight (Mn). The more monodisperse
a sample is, the more its chain lengths are equal and the closer the PDI is to 1. Therefore, the
GPC results showed that the molecular weight distribution of the polymers synthesised here
was narrow, and the samples are quite uniform with a low polydispersity (PDI close to 1 in

all the samples).

Table 3.1 provides a summary of all the synthesised copolymers with their respective PCL

and PEG blocks Mw, PCL/PEG ratio, total Mx and PDI.

P1 (1254-1000-1254) 251 3508 Not soluble in 1.23
water

P2 (1118-1000-1118) 2.231 3236 Not soluble in 1.16
water

P3 (1087-1000-1087) 2171 3174 Not soluble in 1.21
water

P4 (1472-1000-1472) 2.94:1 3944 Not soluble in 1.22
water

P5 (936-1000-936) 1.87:1 2872 Soluble 1.19

P6 (593-1000-593) 1.18:1 2186 Not soluble in 1.07
water

P7 (564-1000-564) 1.12:1 2128 Not soluble in N/A
water

P8 (658-1000-658) 1.31:1 2316 Not soluble in N/A
water

P9 (861-1000-861) 1.72:1 2722 Not soluble in N/A
water

P10 (942-1000-942) 1.88:1 2884 Soluble 1.19

Table 3-1 Summary of all different PCL-PEG-PCL synthesised with their respective features. The number assigned
to the polymer (P1-P10), their molecular weight of each block calculated by "H-NMR, the PCL:PEG ratio, the total number
average molecular weight, their solubility and the PDI calculated by GPC are reported.
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3.3.3 Sol-to-gel transition and thermo-responsiveness characterisation

The sol-to-gel transition of a copolymer depends on a delicate balance between hydrophilicity
and hydrophobicity. The PCL-PEG-PCL copolymers are amphiphilic due to the
hydrophilicity of PEG and hydrophobicity of PCL. When the PCL:PEG ratio was greater than
2:1, the polymer was insoluble in water due to its high hydrophobicity. When the PCL:PEG
ratio was lower than 1.5:1, the polymer was not soluble in water in a physiologically relevant
range of temperature, and it had an extremely sticky and viscous nature which made
weighing and handling difficult. Moreover, it was known from the literature that PCLooo-
PEGaioo0-PCL1000 was the right ratio for temperature responsiveness around body temperature
(532, 535). Hence, for here onwards only P5 and P10 were taken forward for further
characterisation. Being very similar in their PCL:PEG ratio and Mw, P5 and P10 showed
comparable behaviours. P5 is shown here as a representative for the characterisation. The
polymers had a powder morphology at room temperature (Figure 3.3, left panel) and the
reconstitution was performed by heating the polymer in aqueous solution for 2 minutes above
the melting point of the polymer (60 °C), followed by 1-minute cooling in an ice bath. At this
point, the polymer was a clear, free-flowing solution, as shown in the right panel of Figure
3.3. If the polymer solution was left at room temperature, increased turbidity was observed,
and this was due to the gradual crystallisation of the polymer in water, as has been reported

by others (534). The solution returned to a clear state upon cooling on ice again.

20 wt% polymer solution

2 min at 60°C
followedby 1 minat 4 °C

»

Figure 3.3 Appearance of a 20 wt% polymer (P5) solution before and after dissolution.

As a first assessment of phase transition behaviour, the tube inversion test was used. After
being kept for 30 minutes at 37 °C, the glass vial containing P5 polymer solution was inverted,

and the gel did not flow down (Figure 3.4, left panel). Hydrogels can absorb a significant
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amount of water while remaining insoluble in aqueous solution, and to assess this behaviour
water was added on top of the gel, which stayed as a gel as shown in the middle panel of
Figure 3.4. The gel, although being very soft, could also be scooped out of the vial and handled

(Figure 3.4, right panel).

Figure 3.4 Appearance of a gel formed with a 20 wt% solution of P5 at 37 °C.

PCL-PEG-PCL forms micelles in aqueous solution, due to the hydrophobic PCL core and the
hydrophilic PEG corona. The micelle formation is attributed to the aggregation of the PCL-
PEG-PCL loop structures (536). At room temperature, these small micelles flow freely in
solution. With increasing temperature, the size of the micelles slightly increases due to
increased molecular flexibility, and they form bridging connections between them because of
the diffusion of the hydrophobic PCL block to interconnect with other micelles. PCL-PEG-
PCL polymers form flower-like amphiphilic micelles composed of a hydrophobic core (PCL)
and a hydrophilic corona (PEG).

The size of the micelles and the temperature-dependent change was measured by DLS at room
temperature (25 °C) and body temperature (37°C). DLS measures the scattered light intensities
of particles under motion, and it is the most commonly used technique for particle size
analysis in the nanometer range. The primary weighting output of DLS is intensity-based
because the intensity fluctuations of the scattered light over time are detected. Intensity-based
distribution can then be recalculated as to a volume- or number-based distribution. Although
intensity, volume and number distribution are just three different representations of the same
physical reality, there are some considerations to be made. Larger particles scatter more light
than smaller particles. Therefore, if a sample contains some aggregates, these are going to have
a bigger contribution to the intensity than the smaller particles. This means that a small

amount of aggregation, which is likely to occur in polymeric samples like ours, can be
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overweighed. In an ideal situation, with all the particles existing as single particles, number
and intensity would exactly coincide. The number distribution has a more substantial
contribution from the smaller particles and is appropriate samples that are known to form

aggregates.

Therefore, here, both the intensity (%) and the number of particles (%) are reported in Figure
3.5 with the corresponding size at room temperature and body temperature. Each curve is the
average of three separate measurements. As just discussed, secondary peaks in the intensity
distribution at room temperature can be observed due to the presence of aggregates in the
sample. However, results showed that the main peak at room temperature contributed to the
intensity for 79.7%. Micelles at room temperature measured 21 + 6.9 nm while micelles at body

temperature measured 3125 + 768 nm, confirming a phase transition at 37°C.
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Figure 3.5 Dynamic light scattering measurements of PCL-PEG-PCL micelles in solution at room temperature
(25°C) and body temperature (37°C).

Another commonly used method to assess micelles size is transmission electron microscopy
(TEM) (537). The internal morphology and porosity of the hydrogel could instead be

measured with scanning electron microscopy (SEM). However, since polymers with similar
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composition have already been characterised with TEM and SEM by other groups, we used
these as references (535, 537, 538).

Therefore, DLS results confirmed that the gelation mechanism of PCL-PEG-PCL copolymers
is based on the enhancement of hydrophobic interactions and associated micelle packing at

37°C, and a representative schematic of the temperature-trigged gelation is shown in Figure

3.6.
PCL — PEG — PCL
sol Gel
25°C arc
Individual micelle IV PCLPEGPCL  [\\/\Wi\/\/\ PEG block
copolymer S
Micelles with bridge & .=  PGL-PEG-PCL loop PCL block
e -

Figure 3.6 Schematic of PCL-PEG-PCL temperature-triggered gelation.

If the PCL block is too large compared to the PEG block, the polymer is not soluble in water
because of the hydrophobicity of PCL. If the PEG block is too large compared to the PCL block,
the aggregation into micelles is hindered, and the polymer aqueous solution does not show a
sol-to-gel transition in the physiologically relevant range of 10 °C — 50 °C (525). P5 and P10,
being respectively PCLo3e-PEGio00-PCLo36 and PCLo42-PEGi000-PCLo42, have a PCL:PEG ratio of

around 1.8:1 which was shown to be appropriate for temperature-triggered gelation at 37 °C.

Regarding potential future directions of this work, the role of tissue pH could be considered
for further modification of the material. As discussed in chapter 2, the ischemic tissue is

characterised by acidification to pH 6.8, which persists up to 1-week post-MI. Therefore, an
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idea for the future development of the PCL-PEG-PCL hydrogel is to functionalise it with a
pH-responsive peptide to take advantage of the acidification for a more localised and
controlled delivery of a growth factor, or potentially stem cell-derived cardiomyocytes. More
specifically, the PCL units could be end-functionalised with a maleimide to then be coupled
to a poly-histidine peptide, resulting in a 5-block copolymer (pHis-PCL-PEG-PCL-pHis).
Poly-histidine has been used in pH-sensitive systems such as nanoparticles for cancer drug
delivery, demonstrating a pH-responsive delivery around pH 6.5 due to the pKa of the
histidine (pKa = 6) (539). The peptide-coupled copolymer is hypothesised to form flower-like
micelles in solution at room temperature and physiological pH. At 37 °C and physiological
pH, these micelles should increase in size and form physical crosslinks via hydrophobic
interactions (resulting in a sol-to-gel transition like the one for PCL-PEG-PCL). At 37 °C and
pH 6.8 the poly-histidine will be protonated, making the micellar structure leaky and inducing
the release of the cargo, while maintaining a hydrogel structure. A hypothetical schematic of

the pH-triggered release is shown in Figure 3.7.
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Figure 3.7 Schematic of pH-triggered release following functionalisation of the PCL-PEG-PCL polymer with poly
Histidine peptide.

3.3.4 Assessment of injectability
A prerequisite of PCL-PEG-PCL hydrogels as an injectable system is that they form a gel in
situ within an appropriate amount of time. Hence, the injectability of the solution into 37 °C

water was tested using a 20G needle. This needle size is bigger than what would be used in a

rodent model for intramyocardial injection, but it was adequate for a first assessment of the
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injectability. A more thorough characterisation of the phase-transition behaviour was

subsequently carried out with rheometry.

A dye was added to the polymer solution to visually monitor the behaviour of the hydrogel
upon coming into contact with the solution at its gelation temperature. The PCL-PEG-PCL
copolymer aqueous solution was injected into an excess of 37 °C water. It can be seen in Figure
3.8 that the gel formed a “worm-like” structure in water (left panel), indicating initiation of

gelation, while the dye only was found to diffuse in water immediately (right panel).

Figure 3.8 Injectability in water at 37°C of a 20 wt% solution of P5 (left) and dye only control (right).

3.3.5 Rheological characterisation

To further investigate the sol-to-gel transition and assess the mechanical properties of the
hydrogel, rheological characterisation of a 20 wt% P5 solution was carried out. First, the
storage modulus (G’, indicating elastic behaviour) and the loss modulus (G”, indicating
viscous behaviour) were investigated as a function of temperature in the range 10 — 55 °C. A
gel is defined as being formed when the storage modulus G’ is greater than the loss modulus

G”, meaning that the material has properties more similar to a solid than a liquid.

In Figure 3.9, the rheological profile of the thermo-responsive hydrogel formed with P5 is
illustrated. At lower temperatures, the solution was not very viscous and existed as liquid-
like. As shown in Figure 3.9A, G”” was greater than G’ between 10 °C and 34 °C, meaning that
the material was still in its sol state. At 33.9 °C, G’ became greater than G”, indicating the

progression to a gel-like state (semisolid solution). As the temperature increased, G” further
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increased, reaching its highest value of around 2000 Pa between 37 °C and 42 °C. When the
temperature raised above 45 °C, the macroscopic phase separation of the copolymer with
water occurred. At this point, the PCL-PEG-PCL polymer precipitated out of solution,
becoming once again a sol. This phenomenon has been previously observed, and it is
attributed to the molecular motion of PCL strongly increasing above 45 °C (535, 540). The
gelation time of a polymer solution can be obtained by measuring viscosity over time at a
constant temperature, in this case, 37 °C. The time taken to reach 50% gelation is defined as
the time required for a gel to reach half of its maximum G’, which in this case is 1000 Pa. The
20 wt% solution of P5 took 12 minutes to reach ~1000 Pa and 24 minutes to reach complete
gelation, as depicted in Figure 3.9B. Different biomedical applications require different
gelation rates. Slower gelation time can be advantageous because it allows the formation of a
more uniform space-filling gel, while a faster gelation time is crucial for some applications
such as rapidly filling a defect or a blockage in vivo. For in situ gel formation, the gelation time
should be relatively fast. Indeed, for applications in cardiac tissue repair, a slow gelation time
is advantageous because the gel can better spread within the tissue without forming a bolus-
like structure that could potentially interfere with the electrical signal conductivity. Finally,
an oscillatory frequency sweep showed that the material maintains the form of a stable gel
when a physiologically relevant strain is applied. Under the frequency range for a beating
heart (around 1.17 Hz for humans, 6.67 Hz for rats, 9.58 Hz for mice) at 37 °C, G’ was still
greater than G” (Figure 3.9C). These results are in agreement with previous work reporting

that the incorporation of PCL makes a PEG hydrogel endure a stronger strain (537).

149



™
]

10000 . 2000
- G . G
1000 -.\ B " "
g ) “ g o ¢
— 1004 - : k —
E f00% 3 o0- :
3 10- 1] T g frmmso%geuim
1 3
2 1_%\’4 i 500-
01 . 0
0 2 B ' 0 60 0 5 10 15 20 X% 3
Tempenrature (°C) Time (min}
C
4000 - - - .
 Human {Rat Mouse - G
— :'hiﬂ'l . heart :heart - G
e 300 L
o : ;
% 20001 "..,-.—-—
3 : :
= 1000
0 ; T T T I T ;\ T T
0 2 4 6 8 10 12 14
Frequency (Hz)

Figure 3.9 Rheological characterisation of P5 PCL-PEG-PCL hydrogel. A) Phase transition behaviour as function of
temperature in the range 10-55 °C. B) Time sweep at 37 °C to assess gelation time. C) Oscillatory frequency sweep at 37 °C
within physiologically relevant frequencies range. (A-C) Representative plots from N=1 assessment on a 20 wt % solution of
P5. G'(red) = elastic modulus, G"'(green) = viscous modulus.

3.3.6 Cell encapsulation

Although PEG- and PCL-PEG-PCL-based materials have been mainly optimised for drug
delivery applications, several groups have shown their potential as cell encapsulating
materials (523, 541, 542). Materials for cell encapsulation are usually developed with tissue
engineering applications in mind, such as forming 3D cell-laden scaffolds or enhancing
engraftment when transplanting cells. Hydrogels have emerged as a particularly promising
option for 3D cell culture and downstream applications because they mimic elements of the
native ECM and have mechanical properties similar to many soft tissues. It has been shown
that co-culturing chondrocytes with BMSCs in a photocrosslinked PCL-PEG-PCL hydrogel
promotes chondrocytes differentiation and cartilage regeneration in vitro and in vivo (527).
Interestingly, hiPSC-CMs also maintained high viability for two weeks when cultured in a

PEG-PCL microgel (523, 543). This microgel, however, was conjugated with a collagen-
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binding peptide while the PCL-PEG-PCL hydrogel synthesised here does not present any

functionalisation to increase its cytocompatibility.

The stiffness of a hydrogel is of particular interest for cell encapsulation applications because
it is known that different substrate stiffness can significantly influence cell attachment,
proliferation, and differentiation (544). As shown by the rheological characterisation of P5
hydrogel, the stiffness of this material is 2 kPa, which is considered “soft”. Interestingly, a soft
PEG-based hydrogel (~1 kPa) has recently been found to be able to rescue hMSC regenerative
properties. hMSC are, in fact, prone to decrease their proliferation and differentiation
potential if cultured on normal tissue culture plastic substrate (545). These results suggest that
our soft PCL-PEG-PCL hydrogel might be used for cell encapsulation for regenerative

medicine applications.

To assess the cytocompatibility of P5, Human Dermal Fibroblasts were used as a model cell
line. Once dissolved, the 20 wt% solution of the gel was sterilised through germicidal UV
irradiation, as previously used for biodegradable polymers (546). This specific method for
sterilisation was chosen because it does not interfere with the chemical structure of the
polymer. In the case of peptide-modified hydrogels, on the other hand, other methods of
sterilisation such as filtration or ethanol disinfection are recommended to avoid UV-mediated
peptide degradation (546). As shown in Figure 3.10A, the cells were encapsulated in a gel
which was kept at 37 °C, and over the course of 48 h, the cells did not appear to diffuse out of
the gel (Figure 3.10B). At day 2, the majority of HDF cells encapsulated were alive (Figure
3.10C) and, as indicated by imaging different focal planes within the material, appeared to be
well distributed in three dimensions. Hence, the hydrogel seems to have good
cytocompatibility and is a promising candidate to be used in vivo. A longer time point (>48h)
could have highlighted the diffusion behaviour of the cells in the hydrogel or the erosion
process by the cells. Another method to assess cytocompatibility could have been culturing
cells with supernatant collected from “empty” hydrogels to assess their potential toxicity.
However, since both PEG and PCL are biocompatible and FDA-approved, we could safely

assume that they would not release any toxic components.

151



Figure 3.10 Encapsulation of Human Dermal Fibroblasts into the PCL-PEG-PCL hydrogel. A) Picture of a el formed
with a 20 wt% solution of P5 containing Human Dermal Fibroblasts (HDF). B) Picture of the edge of the gel + HDF composite.
Scale bar = 200 um. C) LIVE/DEAD® staining of Human Dermal Fibroblasts encapsulated in the gel after 48h of culture.
Scale bar =100 pm.

The primary aims for which the PCL-PEG-PCL was synthesised and characterised were
growth factor delivery and mechanical support to the infarcted heart. Nevertheless, having
shown good cytocompatibility of the material, in the future, hiPSC-CM could be encapsulated
and potentially delivered in an MI model for cardiac regeneration. Furthermore, IGF-1 could
be added to the hiPSC-CM in the gel to protect them from the acidic pH that they will

encounter in the ischemic myocardium.

3.4 Conclusions and future outlook

The aim of the work presented in this chapter was to optimise the synthesis of a PCL-PEG-
PCL polymer characterised by its injectability, gel formation at 37 °C, and stability when
subjected to the frequencies of the beating heart. A library of ten PCL-PEG-PCL polymers was
synthesised and characterised with 'TH-NMR and GPC. Two of these polymers (P5 and P10,
respectively PCLo6-PEGioo0-PCLo3¢ and PCLos2-PEGio-PCLos2) demonstrated the desired
characteristics of good solubility, the ability to form a stable gel, and thermo-sensitivity at 37
°C. Mechanical properties were assessed with rheological characterisation, showing an
increase in storage modulus with increasing temperature, and the formation of a stable gel in
the physiologically relevant range of 34 — 45 °C. The relatively slow gelation time of 12 — 24
minutes makes the polymer appropriate for the intended application. In that range of time,
the gel will be able to spread within and fill the interstitial space in the cardiac tissue, and this
is less likely to interfere with the conduction of the electric signal in the tissue than a quick-
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gelling material. Materials with faster gelation times tend to form a bolus in the tissue and are
more likely to lead to the development of arrhythmias (235). Slow-gelling and high-spreading
materials like this one, on the other hand, do not impact action potential propagation and thus
might represent a safer option for cardiac tissue engineering applications. Moreover, it was
demonstrated that the gel maintains its mechanical properties when the frequency of the
beating heart is applied to it. This injectable thermoresponsive hydrogel could be used for
drug delivery and growth factor delivery in the context of myocardial infarction.
Additionally, the gel could be used without any loaded factors or cells, acting as a bulking
agent and potentially preventing left ventricular dilation post-MI. The results from the in vivo
study, which assessed the use of the hydrogel in a mouse model of MI, will be presented in

the following chapter.

Other than the functionalisation with the pH-responsive peptide presented before, another
potential future direction of this work could be increasing the polymer’s bioactivity and use
it not only for drug delivery but also for cell encapsulation and potentially cell delivery. For
example, an RGD peptide might be linked to it to enhance cell attachment or, more
interestingly, the PCL-PEG-PCL could be combined with a myocardial decellularised matrix.
This hybrid kind of hydrogel has been synthesised with PEG in the past (547). A hybrid
approach like this would exploit the advantages of the thermoresponsive PCL-PEG-PCL
hydrogel and its controlled synthesis with the complex biochemical cues provided by the

tissue-specific ECM-derived material.
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Chapter4 In vivo assessment of a
thermoresponsive and injectable hydrogel for
cardiac repair

‘ ‘ Simplicity is the ultimate sophistication

Leonardo Da Vinci
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41 Introduction and rationale

Heart failure (HF), an incurable condition where the heart is unable to meet the body’s need
for blood supply, is a significant contributor to morbidity and mortality worldwide (548).
Currently, more than 20% of patients surviving a myocardial infarction (MI) will eventually
develop HF (549). HF is characterised by thinning and dilation of the left ventricular (LV) wall
which compromise the ability of the heart to contract efficiently. Delivery of hydrogels to the
LV wall represents a novel therapeutic strategy aimed at achieving long-term functional
stabilisation and improvement post-MI, reducing the likelihood for HF progression (227). In
this context, injectable hydrogels can have two different and complementary functions. First,
they can be used for a controlled and localised delivery of therapeutic agents (such as growth
factors, drug, stem cells or a combination of these). Especially for growth factors, hydrogels
can protect them from degradation and increase their half-life and therefore, their efficacy. In
addition to their use as drug delivery vehicle, in situ forming hydrogels, like the one described
in the previous chapter, can also act as a bulking agent and provide mechanical support

against LV dilation (190).

Delivery of growth factors and bioactive molecules through injectable biomaterial systems is
a promising intervention route for tackling post-MI remodelling. As reviewed in section 1.6
of the introduction of this thesis, deliverable bioactive factors can be anti-apoptotic but also
pro-angiogenic and immunomodulatory (342). Cardiomyocyte apoptosis is a hallmark of
several cardiovascular diseases, including MI, and has been shown to occur in ischemic and
reperfused hearts in several animal models (550-552). Studies on human cardiac tissues from
MI patients have shown that human cardiomyocytes undergo apoptosis both in the presence
(553) and absence of reperfusion injury (554). After MI, myocytes in the peri-infarct region are
in a delicate balance between survival and death. They might be protected from necrosis due
to low but sufficient blood flow; however, inflammatory mediators, acidic pH and stretching
stress can induce apoptosis. While increased apoptosis is mainly observed in the core ischemic
area and its border zone, there is also evidence that apoptosis is increased in remote non-

infarcted areas up to 4 weeks post-MI (297).
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Interestingly, the rate of apoptosis in the remote myocardium has been positively linked to
the rate of ventricular dilation (297). Therefore, any intervention that can protect
cardiomyocytes from apoptosis will eventually reduce the size of the formed non-contractile
scar and slow the progression towards HF. Amongst anti-apoptotic factors, IGF-1 is one of the
most well characterised, and it has been extensively studied in the Rosenthal group (304, 306,
309).

In Chapter 1, it was shown that IGF-1 at a concentration of 10 and 50 ng/mL could protect
hiPSC-CMs from the same acidic pH value found in the ischemic myocardium. In Chapter 2,
an injectable hydrogel made of PCL-PEG-PCL copolymer was synthesised and characterised.
This hydrogel is liquid at room temperature, and it undergoes sol-to-gel transition at body
temperature. The aim of the work presented in this chapter was to test the ability of the PCL-
PEG-PCL hydrogel to prevent ventricle dilation and improve cardiac function in vivo. This
assessment was carried out in the presence or absence of IGF-1 to evaluate whether a co-
delivery of the anti-apoptotic factor with the thermoresponsive hydrogel was beneficial or if
the hydrogel alone was sufficient to provide mechanical support and enhance the heart’s
capacity to pump. To test this hypothesis, a mouse model of MI was used, and the extent of
cardiac remodelling following hydrogel injection was assessed through 2D and 4D
echocardiography, myocardial mechanical analysis, macroscopic evaluation of the collected

hearts and histology.

4.2 Materials and methods

4.2.1 In vitro release of IGF-1 from PCL-PEG-PCL

The release pattern of IGF-1 from the PCL-PEG-PCL hydrogel was assessed through an in
vitro release study followed by an ELISA assay. First, a 96-well plate was pre-treated for 30
minutes with 2% BSA (v/v in water) to prevent protein adhesion to the plate. A 20 wt%
solution of PCL-PEG-PCL polymer was prepared as described in chapter 3, and IGF-1 was
added to the solution. 50 ul of hydrogel loaded with 33 ng of IGF-1 were added to a well of a
96-well plate. The gel was formed by incubation at 37 °C for 30 minutes and covered with 200

ul of pre-warmed PBS. The in vitro release study was carried out in an incubator at 37 °C with
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gentle shaking (80 rpm) to simulate the beating of the heart. At determined time points, the
supernatant was collected and replaced with fresh PBS. Samples were stored at -20 °C until
IGF-1 cumulative release was assessed with an IGF-1 ELISA kit (Sigma Aldrich, UK) following
the manufacturer’s instructions. Absorbance at 450 nm was read on a SpectraMax M5 Plate
Reader (Molecular Devices, UK). To calculate cumulative release, the amount released at each
time point was added to the amount released at the previous time point and divided by 100

to calculate the percentage.
4.2.2 Animal handling

All animal experiments were performed at The Jackson Laboratory (Bar Harbor, ME, USA)
and were approved by The Jackson Laboratory’s Institutional Animal Care and Use
Committee (AUS#16010-A16, Nadia Rosenthal). The mice were bred and supplied by The
Jackson Laboratory (Bar Harbor, ME, USA). The mice were housed in temperature-controlled
facilities on a 12h light/dark cycle with chow and water supplied ad libitum. Experiments were
performed on 10-week-old male C57BL/6] (Black 6], B6J) mice, weighing on average 24 gr.
Mice were divided into three treatment groups: MI followed by empty hydrogel injection (MI
+ gel), MI followed by IGF-1-loaded hydrogel injection (MI + gel + IGF-1) and MI control (no

injection, just needle punctures, MI).
4.2.3 Left ventricular infarction and hydrogel injection

% I personally planned every step of the procedure and carried out troubleshooting
based on the literature and on expertise within the National Heart and Lung
Institute at Imperial College London. Surgeries were performed by Dr Milena
Bastos Furtado with my technical assistance for the preparation of the gel and the

syringes.
Overview of the procedure:

1. Hydrogel preparation and syringe loading
2. Anaesthesia

3. Myocardial infarction induction

4. Syringe inspection

5. Syringe priming
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Needle insertion
Hydrogel extrusion

Needle withdrawal

R

Incision suturing

Before starting the surgeries, PCL-PEG-PCL polymer solutions were prepared as previously
described (531, 555). The polymer powder was sterilised under germicidal UV irradiation for
30 minutes and subsequently dissolved in sterile PBS solution. The solution was loaded into

a 1 mL syringe with a 29-gauge needle and kept on ice.

Left ventricular infarction was induced by permanent ligation of the proximal left anterior
descending (LAD) coronary artery (or LCA), as depicted in Figure 4.1A. Procedures were
performed in a sterile environment on a heating pad. For prophylaxis of surgical site infection,
the skin was disinfected twice with a surgical scrub (chlorhexidine) and 70% ethanol using
sterile swabs. Mice were anaesthetised with tribromoethanol, administered through
intraperitoneal injection at a dose of 250 mg/kg. Mice were then attached to an artificial
respirator (stroke volume of 200 ul at 160 strokes per minute) via endotracheal cannulation

and maintained under 1% v/v isoflurane anaesthesia through the surgery.

The heart was accessed through a left thoracotomy with an incision between the fourth and
the fifth intercostal space. After identification of the LCA under a dissection scope, a 6 mm
tapered point needle with an 8-0 nylon suture was passed through the myocardium
underneath the LCA approximately 1 mm below the tip of the left auricle. The ligature was
permanently tied around the LCA with two knots. The onset of myocardial ischemia
following successful LCA ligation was confirmed by epicardial cyanosis and blanching of
myocardial tissue distal to the suture. The obtained infarcts were positioned anterolaterally,

and a corresponding anterolateral infarct on a human heart is shown in Figure 4.1B.
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Figure 4.1 Myocardial infarction model. A) Schematic of the coronary ligation used to induce MI in the mouse model. The
left anterior descending coronary artery (LCA) was consistently ligated above the branching into the diagonal artery to ensure
comparable infarct sizes (medium-size infarcts). The obtained infarcts were positioned anterolaterally. B) Anterolateral infarct
on a human heart. Adapted from Servier Medical Art (https://smart.servier.com/).

For hydrogel administration, before use, the syringe was pre-warmed at room temperature in
order to not induce a cryogenic shock in the animals. Before injection, the syringe was
carefully inspected for air bubbles, which have the potential to cause embolisation. The
syringe was then primed by manually applying pressure until the hydrogel began to extrude
from the needle. After LCA ligation and ischemia onset, the needle was inserted, with the
bevel down, under the surface of the cardiac tissue at an angle of 20°-30° (531). The manual
pressure for the injection was finely controlled, and the injection was performed slowly,
taking care not to inject the hydrogel into the ventricular lumen or allow it to undergo phase
transition inside the needle. For mice receiving hydrogel injection (+/- IGF-1, 100 ng/mL), a
total volume of 20 pl of hydrogel solution in PBS was injected on both sides of the infarct area
(2 x 10 pl injections). The hydrogel solution was liquid at the time of injection and started to
solidify into a gel upon exposure to physiological temperature (38°C in the mouse). Injections
were confirmed by a slight lightening of the myocardial tissue as the solution entered the wall.
For mice in the control group, the same procedure with a 29-gauge needle was used to
punctuate the cardiac tissue with no injection of materials. 0.1% bupivacaine was applied as
a local anaesthetic in the intercostal muscles before suturing the incision. The incision was
closed in layers with 5-0 absorbable continuous sutures for all groups. After surgery, the

animals received a subcutaneous injection of sustained-release buprenorphine for
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postoperative analgesic treatment and one of warm sterile subcutaneous saline (1ImL/25g
body weight) for rehydration. The animals were allowed to recover from anaesthesia on the
heating pad under artificial ventilation in 100% oxygen until involuntary respiration was

achieved and they were returned to their cage.
4.2.4 Echocardiography acquisition

Cardiac morphological and functional parameters were assessed with standard transthoracic
echocardiography with a Vevo 3100 Ultrasound imaging system (FUJIFILM Visualsonics,
Toronto, Ontario, Canada, shown in Figure 4.2A) using a MX550D small rodent transducer.
Echoes were carried out by Dr Milena Bastos Furtado at The Jackson Laboratory (Bar Harbor,
ME, USA). Mice were anaesthetised with 4% isoflurane in oxygen (v/v) and placed in a supine
position on a temperature-controlled imaging platform (Figure 4.2B) under a continuous

supply of 2.5% isoflurane (v/v).

A B

Figure 4.2 Echocardiography set up. A) Vevo 3100 MX550D Ultrasound imaging system. B) Temperature-controlled
imaging platform.

The chest area was carefully waxed to avoid interference of fur with the imaging and
ultrasound transmission gel (Aquasonic, Parker Laboratories, USA) was applied on the
thorax. Heart rate (HR) and respiration rate (RR) were continuously monitored and
maintained between 450-550 bpm and 45-120 breaths per minute, respectively. Images were
acquired from a parasternal angle to minimise sternum interference. For each infarcted
animal, the Simpson method was utilised, which included a long axis B-mode and three short
axes clips (base, middle and apex). 4D imaging was also acquired in B-mode. For each sham
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animal, a long axis and a short axis clip were acquired in B-mode instead of Simpson, due to

the lack of post-MI heart wall deformations.
4.2.5 2D Echocardiography analysis

Measurements were performed using VevoLAB (v1.7) software package (FUJIFILM
VisualSonics, Toronto, Ontario, Canada). All the analyses were performed blinded to the
treatment assignment and outside the respiration cycle. To ensure a high level of accuracy and
reproducibility, all measurements were performed in triplicate and then averaged (SD <0.5).
Since the shape of a control heart is different from the shape of a failing dilated heart, the
analysis carried out is also different (Figure 4.3). The algorithm used by the VevoLAB software
gives accurate volume measurements if the shape of the heart is normal. After an MI, where
the shape of the heart is distorted, the volumes given by the algorithm are also distorted. The

Simpson method used for the analysis of infarcted hearts accounts for these shape distortions.

Healthy heart Failing heart

Figure 4.3 Schematic of a healthy and failing heart with annotation of the respective short and long axes used for
2D echocardiography analysis.

In control animals that only received sham surgery, a parasternal long-axis view (PLAX) and
a parasternal short axis view (SAX) were used for measurements. On PLAX, the length of

internal (EndoMajor) and external (EpiMajor) cavities was measured from the base of the
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aorta to the apex of the heart in systole and diastole (Figure 4.4A). On SAX, the diameter of
the internal (EndoArea) and external (EpiArea) areas was measured in systole and diastole

(Figure 4.4B).

ENDO area

Figure 4.4 Schematics and representative screenshots of 2D echocardiography analysis on sham hearts. A) Long
axis (PLAX) lengths measurements. B) Short axis (SAX) areas measurements. A and B are combined to calculate LV volumes.
Echo performed by Dr Milena Bastos Furtado, analysis performed by myself.

To calculate LV volumes, the ventricular shape was approximated to an ellipsoid. With these
measurements, the software algorithm calculated the cardiac function parameters according

to the formulas reported in Table 4.1.

163



Endocardial Volume; d ul 47t End Major;d End Area;d \°

3 X 2 x (End Major;d)
T[ _— -
2
Endocardial Volume; s ul 4m « End Major;s o End Area;s
3 2 (End Major;s)
o (21 R Ajor, s
2
Endocardial Stroke Volume ul Endocardial Volume; d — Endocardial Volume; s
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Endocardial Fractional Shortening % Endocardial Major;d — Endocardial Major; s
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2

Table 4-1 Formulas used for the calculation of cardiac function parameters with echocardiography on control
hearts. End Major; d = Endocardial major in diastole (mm); End Area; d = Endocardial area in diastole (mm); End Major; s
= Endocardial major in systole (mm); End Area; s = Endocardial area in systole (mm).

In animals with MI, Simpson’s protocol was used for the analysis. The Simpson method
corrects for LV distortion following dilation and is the most commonly used and
recommended approach to quantify LV diastolic post-MI (556). A PLAX view was used for
initial measurements of maximum length (SimpLength) in systole and diastole (Figure 4.5A).
Three SAX views are used for areas measurements: proximal (base of the heart, AreaProx,
Figure 4.5B), middle (AreaMid, Figure 4.5C) and distal (apex of the heart, AreaDist, Figure
4.5D). With Simpson’s protocol, endocardial and epicardial areas are not measured separately

because the LV wall has thinned and has been partially replaced by the non-contractile scar.
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B
Simpson’'s SAX
Base area
C
Simpson’s SAX
Middle area ;
D

Simpson’s SAX
Apex area

Figure 4.5 Schematic and representative screenshots of Simpson’s method for 2D echocardiography analysis on hearts
that underwent MI. A) Long axis (PLAX) length measurement. B) Simpson’s short axis (SAX) base areas. C) Simpson’s SAX
middle area. D) Simpson’s SAX Apex area. A-D are combined to calculate LV volumes. Echo performed by Dr Milena Bastos Furtado,
analysis performed by myself.
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The software calculated volumes and cardiac function parameters according to the formulas

depicted in Table 4.2.
i ; h =
e u (AreaProx; d + AreaMid; d) X h + AreaDist;d X 2 + s X h3
where h= Simpson lengthin diastole
i : h =
Simp Volume;s u (AreaProx;s + AreaMid; s) X h + AreaDist; s X 2 + ‘ X h3
where h=5impsonlengthin systole
Simp Stroke Volume 1] Simp Volume; d — Simp Volume;s
Simp Ejection Fraction % 100 x Simp Stroke Volume
Simp Volume; d
Simp Fractional Area Change % AreaMid;d — AreaMid;s
100 x -
AreaMid; d
Simp Fractional Shortening % 100 x Simp Lenght; d — Simp Lenght; s
Simp Lenght; d
Simp Cardiac Output mL/min Simp Stroke Volume X Heart Rate

Table 4-2 Formulas used for the calculation of cardiac function parameters with 2D echocardiography on
infarcted hearts (Simpson’s protocol). Simp Area Prox; d=Simpson’s area proximal, diastole (mm’); Simp Area Mid;

d=Simpson's area mid, diastole (mmz); Simp Area Dist; d=Simpson’s area distal, diastole (mm’).

4.2.6 4D Echocardiography acquisition and analysis

With conventional two-dimensional (2D) echocardiography, volumes are calculated by the
software relying on geometric assumptions of the shape of cardiac chambers, and areas are
derived from diameters assuming a circular shape of the orifices. Contrariwise, three-
dimensional (3D) echocardiography allows a more accurate measurement of chamber
volumes through a reconstruction of their endocardial surface without any assumption on the
shape or the dynamic of the heart. 3D echocardiography acquires a 3D image at every time-
point of the cardiac cycle. The final image displays the three dimensions of the heart as well
as the motion, and it is thus often called four-dimensional (4D) (Figure 4.6A). Some limitations
of 4D echocardiography are that it is highly dependent on the image quality, and there are
still few published papers that provide reference physiological values measured by 4D. For
4D measurements, the ultrasound probe was clamped to a specialised 3D-motor (FUJIFILM
VisualSonics, Toronto, Ontario, Canada), allowing automated and stepwise movement of the
probe. ECG gating (T1) and respiratory gating were used to avoid imaging artefacts during

acquisition. Images were recorded with the following settings: total scan distance: 8 — 12 mm
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(depending on heart size covering the whole LV); step size: 0.14 mm, acquisition type:
standard; process quality: sharp; frame rate: 300 fps. All acquired images were digitally stored
in raw format for further offline analyses. Endocardial border detection was carried out in a
semiautomatic mode (Figure 4.6B). 4D volumes and ejection fraction (EF) were assessed by
multi-slice reconstruction, starting from a picture at the minimum expansion of the LV in SAX
(heart apex to base) (Figure 4.6C). The accuracy of endocardial border detection over the
circumference was confirmed by manual tracing of 8 - 10 images for any time-points. The
VevoLab software automatically chose three time-points over the cardiac cycle (end-systolic,
mid-systolic and end-diastolic). Finally, a 4D cast of the LV was developed (Figure 4.6D), and
the volume was measured by counting the voxels within the 4D cast without any geometrical
assumptions. This was particularly important for highly dilated hearts that have a “balloon”

shape, significantly different from the ellipsoid approximation of the 2D analysis.

A Spatial dimension

Temporal dimension

)
-«

Figure 4.6 4D reconstruction with Vevo 3100. A) Volumetric measurements are acquired across all points in the
cardiac cycle. B) Semi-automatic border detection. C) Reconstruction of the heart slices acquired. D) Full 4D
reconstruction to assess heart’s shape. Echo performed by Dr Milena Bastos Furtado, analysis performed by myself.

167



4.2.7 Imaging acquisition and analysis of myocardial biomechanics

Three different types of contraction mechanics characterise the heart (Figure 4.7). In addition
to the radial contraction, the heart also shortens its length longitudinally and contracts in its

circumferential aspect, which results in a twisting motion.

Radial Circumferential Longitudinal

Figure 4.7 Different directions of myocardial contractions.

Preserved myocardial mechanics are essential for systolic and diastolic function, and
conditions such as MI and HF disrupt wall movement. Changes in myocardial movement
precede changes in systolic function and are a more sensitive method of evaluating heart
dysfunction. Variables that can be used to describe myocardial mechanics are strain,
displacement and velocity. Strain represents the magnitude of myocardial deformation, while
velocity represents the velocity at which it moves in the different segments. For the assessment
of regional LV function, the Mid view of the SAX plane on B-mode images was used. The
software divides the wall into six standard anatomic segments, that reflect the coronary
perfusion territories. These segments are anterior free wall, lateral wall, posterior wall, inferior
free wall, posterior septal wall and anterior septum. To obtain global values, velocity, strain
and displacement were averaged through the six segments, as recently described (557). The
infarct area was considered the average of anterior free wall and lateral wall, the peri-infarct
area was the average of the anterior septum, and posterior wall and the remote area was the

average of the posterior septal wall and the inferior free wall (Figure 4.8).
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Figure 4.8 Anatomical segments of the left ventricle used for strain analysis. First, the left ventricle is divided in six
segments (anterior free wall, lateral wall, posterior wall, inferior free wall, posterior septal wall and anterior septum). Then,
these six segments are combined into infarct, peri-infarct and remote area based on the position of the infarct.

Speckle-tracking-based strain and velocity analyses were carried out offline with the
VevoStrain™ application of the VevoLab software (FUJIFILM VisualSonics, Toronto, Ontario,
Canada). A screenshot of the software interface is shown in Figures 4.9, 4.10 and 4.11. The
circumferential strain, velocity and displacement were measured using the Mid view on the
SAX of MI hearts and the standard SAX view for controls. Endocardial wall circumference
was manually traced as per manufacturer’s instructions. The longitudinal strain was not
measured because the presence of the scar precludes accurate manual endocardial wall
tracing in the PSLAX view. The strain is the deformation resulting from an applied force. By
convention, positive strain indicates lengthening while negative strain indicates shortening.
Time-to-peak analysis was applied to regional circumferential strain (CS) and velocity. Time-
to-peak was calculated as the time from the reference axis (0.000) to the maximum peak for
each of the six segments. Low time-to-peak (less mobile segments) was displayed in blue and
high time-to-peak (more mobile segments) was displayed in red in the wheel graph (Figure
4.9B, 4.10B and 4.11B). The circumferential strain expressed in percentage, the velocity
expressed in deg/s and the displacement expressed in deg were displayed as tabular results
(Figure 4.9C, 4.10C and 4.11C). The segmental strain curves over a cardiac cycle were also
displayed (Figure 4.9D, 4.10D and 4.11D) and used to assess consistency between different

samples.
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Figure 4.9 Strain analysis software for strain calculation. A) Six anatomical segments calculated by the software. B)
Wheel graph representing time-to-peak for each segment. In the outer layer of the wheel a colour linked to each segment is
identifiable (e.g. pink for anterior septum). C) Tabular results of strain (%) and time-to-peak (ms). D) Segmental strain curves.
Each segment is identified with the colours from B). Echo performed by Dr Milena Bastos Furtado, analysis performed by
myself.

Figure 4.10 Strain analysis software for velocity calculation. A) Six anatomical segments calculated by the software. B)
Wheel graph representing time-to-peak for each segment. In the outer layer of the wheel a colour linked to each segment is
identifiable (e.g. pink for anterior septum). C) Tabular results of velocity (deg/s) and time-to-peak (ms). D) Segmental strain
curves. Each segment is identified with the colours from B). Echo performed by Dr Milena Bastos Furtado, analysis performed
by myself.
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Figure 4.11 Strain analysis software for displacement calculation. A) Six anatomical segments calculated by the
software. B) Wheel graph representing time-to-peak for each segment. In the outer layer of the wheel a colour linked to each
segment is identifiable (e.g. pink for anterior septum). C) Tabular results of displacement (deg) and time-to-peak (ms). D)
Segmental strain curves. Each segment is identified with the colours from B). Echo performed by Dr Milena Bastos Furtado,
analysis performed by myself.

A video loop was generated after the analysis where every point used for calculation was
represented with an associated vector as seen in Figure 4.12. Playing the video loop allowed
the visualisation of the directional tendencies for different parts of the wall at different time

points over the cardiac cycle.

Figure 4.12 Strain analysis video loop. Representative screenshot of the video generated by the VevoStrain™ application
of the VevoLab software. Every point used for the calculation of strain, velocity and displacement is represented by a vector
(arrow).
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4.2.8 Specimen collection and histology

At the experimental endpoint of 6 weeks after MI, mice were sacrificed by primary cervical
dislocation. Hearts were perfused with HBSS (Thermo Fisher Scientific, USA), excised,
cleaned to remove the excess blood and fixed in 10% formalin (v/v in PBS) at 4°C. Imaging of
whole-mount hearts was carried out using a Leica MZ10 F modular stereomicroscope (Leica
Microsystems Inc, USA) equipped with a Leica DFC450 C camera (Leica Microsystems Inc,
USA) and LAS V4.8 Software. To prevent the hearts from moving while imaging, they were
encased in 2% (w/v in water) agarose gels for support. Three representative images were taken
for each heart (ventral, dorsal and side view). Hearts were then dehydrated to remove the
water from the tissue before paraffin embedding. Paraffin wax is hydrophobic, and it does not
infiltrate the tissue if water is present. Dehydration was carried out with increasing
concentrations of ethanol to ensure that the water was gradually replaced by the alcohol and
to avoid excessive tissue distortion. Tissues were cleared with xylene and infiltrated with
paraffin wax before embedding using a Leica TP1020 tissue processing robot. Hearts in an
upright position (apex down into the mould) were then embedded in paraffin blocks. Hearts
were sliced transversally from the apex up until the LAD ligation knot became visible using a
Thermo Scientific Cryostar NX70 cryostat. Slices were 5 um thick with a 100 um interval
between each section. All sections were mounted on glass slides for staining. Slides were
stained with Masson’s trichrome to identify collagen deposition. Staining was performed at
the Histology Core Facility of The Jackson Laboratory following standard procedure. Stained
slides were scanned on a high-throughput Aperio AT2 whole slide scanner (Leica

Biosystems).
4.2.9 Morphometric analysis of the hearts

Files obtained through the slide scanner were opened with Image], and morphometric
parameters like collagen percentage and infarct size were measured through a macro
designed by Stephen Rothery, manager of the FILM Facility at Imperial College London,
whom we gratefully acknowledge. The macro allowed the quantification of the following
parameters: collagen percentage, average scar thickness (um) from 3 measurements of scar
thickness, scar area, LV cavity area (um?) and LV cavity perimeter (um), whole LV area (um?),

endocardial and epicardial circumference (um).
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The extent of fibrosis, expressed in percentage, was measured as the ratio of collagen-rich
areas (blue) to healthy myocardium (red) in all sections. For the assessment of infarct size, two
different methods were employed and compared to identify the most appropriate for the
study. A schematic of the methods is shown in Figure 4.13A and Figure 4.13C and
representative sections with relevant annotations are shown in Figure 4.13B and Figure 4.13D.
To evaluate which one of the two methods was the most appropriate, the infarct size obtained
by both was correlated with the ejection fraction obtained by 4D Echocardiography. Pearson
correlation coefficient was calculated in both data sets. The stronger the correlation between
the two variables (infarct size and ejection fraction), the closer the correlation coefficient is to
1. Pearson correlation coefficient was thus used to evaluate which of the two infarct size

measuring methods correlated more significantly with cardiac function.
Area-based infarct size measurement

The macro run on Image] identified the infarct area and the total LV area in each section based
on Masson’s Trichrome staining. Infarct size, expressed as a percentage, was calculated by
dividing the sum of infarct areas from all sections by the sum of LV areas from all sections

and multiplying by 100, as previously described (558) and commonly used (37, 368).
Length-based infarct size measurement

To perform length-based infarct size measurement as previously reported (558), four lengths
were automatically traced and measured on Image]: epicardial and endocardial
circumferences and epicardial and endocardial infarct lengths. Endocardial infarct ratio was
calculated by dividing the sum of endocardial infarct length from all section by the sum of
endocardial circumferences from all sections. Epicardial infarct ratio was obtained similarly.
Infarct size, expressed as a percentage, was calculated as [(endocardial infarct ratio +

epicardial infarct ratio)/2] x 100.
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Figure 4.13 Area-based and length-based histological assessment of infarct size. A) Schematic representation of the
area-based approach to determine infarct size from transversal serial sections of the heart. Infarct size = (sum of infarct areas
from all sections/sum of all LV areas from all sections) x 100. B) Brightfield representative picture of a transversal section of
the heart. Infarct area delimited in yellow. C) Schematic representation of the length-based approach to determine infarct size
from transversal serial sections of the heart. Epicardial ratio = sum of epicardial infarct lengths from all sections/sum of
epicardial circumference from all sections. Endocardial ratio = sum of endocardial infarct lengths from all sections/sum of
endocardial circumference from all sections. Infarct size = [(epicardial infarct ratio + endocardial infarct ratio)/2] x 100. D)
Brightfield representative picture of a transversal section of the heart. Endocardial and epicardial infarct lengths delimited in
yellow.
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4.2.10 Statistical analysis

All statistical analyses were performed with GraphPad Prism 5. A p-value of < 0.05 was
considered statistically significant. Results are shown as mean + standard deviation (SD).
Statistical analyses were performed with unpaired two-tailed Student’s t-test, one-way-
ANOVA or two-way-ANOVA for multiple comparisons followed by Bonferroni’s post-test,

as appropriate.
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4.3 Results and discussion

4.3.1 In vitro release of IGF-1

In order to study the in vitro release kinetics of a growth factor encapsulated in the hydrogel,
IGF-1 was encapsulated through entrapment in the polymer dissolved solution. Since the
hydrogel is a highly swollen polymer network, IGF-1 can be dispersed uniformly and this
method ensures preserved drug stability with no potential damages during the
polymerisation process. After IGF-1 entrapment, an ELISA on the supernatant of IGF-1 loaded

hydrogel collected at specific time points was carried out as previously showed (385).

The release was studied over 7 days. The cumulative release of IGF-1 from a PCL-PEG-PCL
hydrogel is shown in Figure 4.14. IGF-1 release was relatively steady over the first 120 hours
(5 days), and it reached 100% release at 168 hours (7 days). This profile indicated good control

of the release, highlighting the potential application of the material for in vivo delivery.
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Figure 4.14 Cumulative in vitro release of IGF-1 from the PCL-PEG-PCL hydrogel. Cumulative release of IGF-1
measured by ELISA in the supernatant of an IGF-1-loaded PCL-PEG-PCL hydrogel over a 7-day time period. N = 1.

PEG-based hydrogels have been developed for controlled delivery of several molecules,

ranging from small molecular weight drugs to large biomacromolecules such as nucleic acids
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and proteins (515). IGF-1 is a small peptide consisting of 70 amino acids and with a molecular
weight of 7 kDa. A challenge often encountered when delivering small therapeutics from
PEG-based hydrogel systems is the high permeability of PEG hydrogels that does not allow
simple control over the release kinetics (515). Here, the addition of the hydrophobic PCL block
increased the network’s physical crosslinking density, thereby tuning the gel permeability and

making the release more controlled.

It is worth noting that the release study was carried out at the physiological pH value of 7.4.
It is possible that the acidic pH value of 6.8 might affect the release pattern and, for increased

accuracy, this study could be repeated within a range of pH values (6.8 —7.4).
4.3.2 MI model

For this study, C57BL/6] (B6]) mice from The Jackson Laboratory were used. B6 mouse is the
most widely used inbred strain, and it was the first mouse strain to have its genome
sequenced. The Jackson Laboratory breeding programme is one of the best in the world, with
rigorous control of genetic drift from the strain founders. Moreover, the Rosenthal group has
extensive experience with using B6 mice for cardiovascular disease (CVD) models. Baseline
echocardiography to assess cardiac function was not performed because the B6 mice used are
inbred and have the same genotype. Additionally, hundreds of echoes had been carried out
at baseline for other studies in our group, showing that B6 mice show great reproducibility in
their homeostatic cardiac function (559). Interestingly, a recent paper from our laboratory
highlighted striking differences between mouse strains in their healing capacity after MI,
recapitulating the variable outcome seen in patients post-MI (559). In this context, B6 mice are
one of the worst-performing strain in terms of healing capacity/resilience after injury (559).
Hence, a strain like B6 that does not have remarkable healing capacity was chosen to ensure
that potential beneficial effects were imputable to the hydrogel injection rather than the

intrinsic healing capacity, consolidating the results.

As for other diseases, choosing the best experimental model of a human condition requires
decisions and compromises to obtain a balance between the clinical relevance of the data
obtained and the quantity and quality of such data. In the last two decades, mice have become
the most widely used model for CVDs (560). They present several advantages such as a low

cost of handling and maintenance, short generation times and the potential for transgenesis
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modelling genetic cardiomyopathies and a plethora of other conditions. 99% of human genes
have a murine ortholog gene, which makes the production of relevant transgenic models
relatively straightforward. On the other hand, their cardiovascular system is rather different
from the human one, so the experimental findings might not be easily clinically translated.
They also have very small hearts, which results in technically challenging microsurgeries and
limited availability of tissue for post-mortem examination. Rats are an alternative, and they
also have pros and cons. Microsurgeries in rats are technically less challenging than in mice
given their bigger size. However, rats are more expensive than mice, and fewer transgenic
models are available. Large animal models, especially swine models, are the closest to human
pathophysiology and the easier to translate in the clinic. Nevertheless, pigs and sheep models

are extremely expensive and require more extended ethical approvals and dedicated facilities.

+ Cheap * Microsurgery and injections technically
« Possibility to have transgenic challenging
Mouse animals * Limited tissue for post-mortem
+ Majority of human genes have a examination
murine orthologous + Farfrom clinical translation
« Short gestation time and lifespan
+ Microsurgery and injections * More expensive than mice for housing
Rat technically easier and maintenance
+ Larger amount of tissue for post- + Few transgenic models available

mortem examination

Rabbit « Rabbit myocardium more similar to + Expensive
human than small rodents
+ Good for atherosclerosis models

+ Cardiovascular systemofsheepand +« Very expensive

pigs anatomically very close to * Need for a dedicated facility and more
Large animals human trained staff
(sheep and pigs) + Surgery and hydrogel injections + Pigs are prone to arrythmias and
highly translatable in the clinical sheep to zoonctic diseases
setting *+ More complicated ethics approval

Table 4-3 Animal models for cardiac tissue engineering. Advantages and disadvantages of the main animal models
(rodents, rabbits and large animals) for in vivo studies of cardiac tissue engineering.

Moreover, rabbit and large animal genetics are not as well developed or controlled as inbred
mice. Table 4.3 summarises the pros and cons of the animal models used for cardiac tissue

engineering.

The PCL-PEG-PCL injectable hydrogel of this study was tested in a mouse model of M, given
the technical expertise of the group and the several advantages of this model. Our study
represents one of the first to test injectable hydrogels for the delivery of bioactive factors in

mice. Moreover, large animal models are usually considered the stage before clinical trials;
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hence, in order to test the preclinical feasibility of the construct, a small animal model used

here is more than adequate for the purpose.
4.3.4 Intramyocardial injection optimisation

MI was induced by ligation of the left descending coronary artery. The position of the ligation
was kept consistent between all animals, making infarcts comparable. Based on the LV area
involved with the infarct, the MIs were considered of medium size (561). As depicted in the
representative pictures of Figure 4.15, permanent coronary ligation resulted in structural

changes such as necrosis, wall thinning and ventricle dilation, compared to the healthy hearts.

B Ventral view Lateral view Dorsal view

Figure 4.15 Macroscopic evaluation of whole-mount hearts at 6 weeks. A) Representative pictures of healthy heart in
ventral, lateral and dorsal view. B) Representative pictures of infarcted hearts in ventral, side and dorsal views. The MI area
(red dotted line) is below the coronary ligation (black knot) and is identifiable by bleaching of the tissue. Surgeries performed
by Dr Milena Bastos Furtado with my assistance.

Intramyocardial injection of a hydrogel is a delicate procedure that needs to be finely
optimised to ensure consistent gel delivery, minimal bleeding and an overall high survival

rate. Additionally, the murine myocardium is very thin, making the injection even more
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technically challenging. Table 4.4 summarises the optimised parameters for intramyocardial

injection of the PCL-PEG-PCL hydrogel.

Needle calibre 29G
Number of injections 2
Volume injected 20 pl (2x10 i)
Syringe angle 20-30°
Gel temperature Room temperature

Table 4-4 Intramyocardial hydrogel injection. Summary of parameters for post-MI gel injection after optimisation of the
procedure.

Avoiding damage to large vessels and bleeding is particularly crucial in mice since the total
blood volume of an average 25 g mouse is less than 2 ml (562). Different sizes of needles were
tested, from 26G (too invasive, causing too much bleeding) to 30G (clogging with the viscous
solution of the hydrogel) to 29G (optimal). For intramyocardial injection of cells or
biomaterials, the number of injections and the volume injected varies significantly according
to the model used. For mice, the volume of material injected is usually between 20 - 40 ul (322),
for rats 100 - 400 ul (368), and for rabbits 200 - 400 pl (242) in a variable number of injections
in the peri-infarct area. Starting from 5 injections of 10 ul each (50 ul total injected volume),
the optimised condition was two injections of 10 ul each (20 pl total injected volume).
Interestingly, it has been reported that an excessive injected volume of the hydrogel may
compromise the efficacy of the treatment (563). According to this study, there is thus a
threshold for the injected volume above which the efficacy does not increase but may

decrease.

A 20 wt % solution of PCL-PEG-PCL hydrogel is a liquid from 4 °C up to 37 °C. Syringes
containing the hydrogel were prepared prior to surgery and kept on ice during the procedure.
The first injections that were tested were performed with the ice-cold polymer solution, but
this was inducing a cryogenic shock in the animal resulting in several casualties. Following
optimisation, the gel was ultimately injected at room temperature with the syringe tilted to a

30° angle (Figure 4.16).
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Figure 4.16 Intramyocardial injection of the gel post MI. A) After MI induction, a 1 ml syringe with a 29G needle at
~30° angle was used for gel injection. The total volume of gel injected was 20 ul, with 2x10 pl injections on either side of the
infarct area. B) Close-up of the mouse heart with the gel visible under the pericardial surface (black arrow). Surgeries
performed by Dr Milena Bastos Furtado with my assistance.

One of the main advantages of injectable hydrogels is the possibility to deliver them to the
heart with a minimally invasive approach such as catheter-based method. For thermosensitive
materials, however, it is important to prevent gelation prior to reaching the target site. To
address this issue and ensure a quicker and safer clinical translation, a robotic injection system
called Heart Lander has been recently developed (564) and tested in a swine MI model for
the delivery of a thermoresponsive hydrogel (565). While the efficacy of the hydrogel was
outside the scope of the study, it was shown that this system allows targeted injection with
local temperature control and could, therefore, potentially be used for hydrogel delivery in

MI patients.
4.3.2 Post-surgery follow-up and groups

Perioperative death within 24 h of surgery is usually caused by surgical error or very large
infarct size and, in established laboratories, is generally < 10%. In our study, once the injection
had been optimised, perioperative casualties did not occur. Postoperative death (death
occurring > 24 h post-surgery) is typically ~10-25 % (566, 567). In a model of permanent
occlusion MI, death occurs between days 3 and 7 and is usually due to rupture, acute heart
failure or arrhythmias (566). After optimisation of the hydrogel injection procedure,

perioperative survival of the mice following surgery was 100 % for all groups except the MI +
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gel group where 1 of the 8 animals was found dead 1-week post-MI (Table 4.5). Autopsy

assessed that this death was due to ventricular rupture. However, the overall postoperative

Sham N=3 N=3

MI N=7 N=7

MI + gel N=8 N=7

MI + gel + IGF-1 N=11 N=11

Table 4-5 Experimental groups and survival a 6 weeks.

survival rate in this study was > 95 %, which can be considered satisfying and in accordance

with the guidelines for this procedure (566).

The numbers of animals per group were as follow: N = 3 for shams (open chest surgery, no
MI), N =7 for MI with no treatment (MI only), N = 8 for MI followed by gel injection (MI +
gel), and N = 11 for MI followed by IGF-1-loaded hydrogel injection (MI + gel + IGF-1). The
timeline of the study included MI induction at time 0, followed by six weeks for HF
development at which time echocardiographic analysis, macroscopic evaluation of the tissues

and histologic assessment were carried out (Figure 4.17).

A
Myocardial infarction 4D echocardiography, strain
induction analysis and histology
Left ventricle remodelling
t=0 t=6 weeks
B

Figure — e 1ced by
ligation ™ h ssessed
througl Ml + Gel MI + Gel + IGF-1 nent, 8
receivec N=8 N=11
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HF is defined as “the inability of the heart to supply the peripheral tissues with the required
amount of blood and oxygen to meet their metabolic demands” (548). At each contraction, the
LV squeezes the blood out into the circulation (some but not all of it). EF is a measurement of
how much blood inside the LV is pumped out at each contraction. Heart failure with reduced
ejection fraction (HFrEF) is also called systolic HF because systole is when the blood is not
efficiently pumped out of the LV. According to the European Society of Cardiology
guidelines, a normal ejection fraction is > 50 % both in mice and humans (Table 4.6), and
HFrEF is defined as EF <40 %. An EF between 41 — 49 % is usually considered borderline. The
most common underlying cause of HFrEF is ischemic heart disease. HF with preserved EF
(HFpEF), on the other hand, is referred to as diastolic HF, and it is characterised by impaired
ventricle relaxation and filling and increased ventricle stiffness (548). The underlying cause of

HFpEF is usually chronic hypertension.

Ejection fraction 55-85% >55%

Fractional shortening 30-50% 25-43% (male) — 27-45% (female)
Stroke volume 45-55 ml/min 75-115mL
Cardiac output 20-35 ml/min 4.7L/min

Table 4-6 Physiological values of cardiac function parameters in mice and humans.

The model utilised in this study is HFrEF. The mean EF for sham animals was 62.67 + 6.9 %

while the mean EF for MI (no gel) animals was significantly lower at 22.32 +9.9 %.
4.3.5 Assessment of global ventricular function

The functional response of rodents” hearts to any intervention in vivo can be studied using
several non-invasive imaging techniques. The gold standard for cardiac imaging, including in
small rodents, is cardiac magnetic resonance imaging (MRI or CMR) (568, 569). CMR allows
an accurate assessment of the heart geometry and volumes in multiple planes. However,
CMR’s high costs and time-consuming image acquisition limit its widespread use.
Echocardiography provides a reliable, widely used and cost-effective way to assess cardiac
function in small animal models (569, 570). Additionally, novel 4D technologies result in

superior precision and more accurate reconstruction compared to the conventional 2D
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methods, making echocardiography an excellent alternative to CMR. It was recently
demonstrated that 4D echocardiography measurements of LV volumes and ejection fraction
in mice with experimental MI are in agreement with CMR (569). In this study, cardiac function
parameters were measured with CMR were compared with a sequential 4D reconstruction of
1 mm slices on the short axis (SAX) (569). Results not only showed that the measurements
were comparable, but it was also calculated that echocardiography was three times shorter
and cheaper than CMR, making it a novel, fast and cost-effective method for LV function

assessment in mice (569).

Here, cardiac function parameters were assessed with a Vevo 3100 Imaging system, a high-
resolution echo machine that allows advanced in vivo pre-clinical studies in small animals.
Conventional 2D measurements were first carried out, followed by 4D reconstruction. Figure
4.18A depicts the anatomical annotations on the PLAX in a sham-operated mouse and a
mouse with MI. In mice with MI, the akinetic scar was always identifiable at the apex of the
heart, and it was often accompanied by a surrounding hypertrophic myocardium (Figure

4.18B).
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Figure 4.18 Anatomical annotations on a 2D echocardiography. A) PLAX of a sham heart with respective anatomical
annotations. B) PLAX of an infarcted heart with visible scar. Echo performed by Dr Milena Bastos Furtado, analysis performed

by myself.

First, end-diastolic and end-systolic volumes were compared between the conditions. End-
diastolic volume measures how much blood is left in the LV just before the heart contracts,
while end-systolic volume measures how much blood is left after contraction. The volumes
were higher in all the conditions compared to sham, as an indication of a reduced cardiac
function following MI, and this increase was significant for end-systolic volume. A slight
decrease in the LV volumes was observed with the injection of gel only or gel + IGF-1
compared to MI (Figure 4.19A and 4.19B). Stroke volume is the end-diastolic volume minus

the end-systolic volume, measuring the volume of blood that is pumped with each

185



contraction. As for LV volumes, a slight increase in stroke volume was observed following gel
and gel + IGF-1 injection (Figure 4.19C). Cardiac output is the stroke volume in function of
the heart rate, hence a trend similar to stroke volume was observed. For this parameter, a
slightly more pronounced increase was observed with gel + IGF-1 condition, but statically
significance was not reached (Figure 4.19D). Fractional area change, one of the most basic
measurements in functional echocardiography, measures the degree of shortening between
end-diastole and end-systole. This parameter was significantly reduced in all the conditions
compared to sham, and slight improvements were observed following gel and gel + IGF-1
injection (Figure 4.19E). Ejection fraction is the ultimate cardiac function parameter, and it
measures the percentage of blood that is pumped with each contraction. After an injury such
MI, the heart will try to compensate for the reduced pumping efficiency with hypertrophy;
therefore, ejection fraction is usually the last functional parameter to decrease. Similar to
fractional shortening, the ejection fraction was also significantly decreased in all the
conditions compared to MI, and no statistically significant differences were observed between
MI, MI + gel and MI + gel + IGF-1. However, the gel and gel + IGF-1 treatments determined a
slight increase in the EF (around 7 - 8%) compared to MI (Figure 4.19F).
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Figure 4.19 2D echocardiographic assessment of cardiac function. A) End-diastolic volume (ul). B) End-systolic volume
(ul). C) Stroke volume (ul). D) Cardiac output (mL/min). E) Fractional area change (%). F) Ejection fraction (%). (A-F) Sham
(N=3), MI (N=38), MI + gel (N =6), MI + gel + IGF-1 (N = 11). Data are presented as mean + SEM.

Overall, all cardiac function parameters measured through 2D echocardiography were
slightly improved by the injection of gel and gel + IGF-1. A summary of all the cardiac

parameters results obtained in sham, MI, MI + gel and MI + gel + IGF-1 are shown in Table

4.7.
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End-diastolic 75.3+1.74l 159.9+17.9ul 137.1+£17.0pl 146.6 +14.7 pl

volume
End-systolic 28.2+x3.5l 123.5£19.6 96.8+14.8 pl 105.2+13.8 ¢l
volume
Stroke volume 47 £1.9pl 31.4+ 3.8yl 402+ 3.3l 41.3+£22l
Cardiac output 23.512 1.9 ml/min 16.6 £ 2.1 mi/min 17.9+ 3.1 ml/min 22.31 1.1 ml/min
Fractional 12.1£0.9% 41+£1.3% 5.1+ 0.6% 45+0.75%
shortening
Ejection fraction 62.6 +4% 22.3+£3.5% 304+£2.4% 29.7+£3.2%

Table 4-7 Cardiac function assessed through 2D echocardiography. Summary of all cardiac function parameters for
every experimental group. Mean + SEM.

Conventional 2D measurements as described above are a widely used method to assess
cardiac function. However, they are based on geometrical assumptions of shapes and
volumes. 3D measurements of LV volumes have been reported to be more accurate and less
underestimating than cardiac magnetic resonance (571, 572). There are several explanations
for this. First, in 3D analysis, there is no foreshortening of the LV in PLAX. Then, the
semiautomatic border detection algorithm significantly improves the reproducibility of the
measurements. Hence, 3D measurements (also referred to as 4D, as explained in the methods)
were also performed. Sham animals were not analysed through 4D analysis. Since the
geometrical assumptions are more accurate for healthy hearts, we can assume that cardiac
function measured with 4D or 2D does not change significantly in absence of MI. The number
of animals for which 4D analysis was possible is lower than for 2D (N =6 MI, N =4 MI + gel
and N =10 MI + gel + IGF-1) because the 4D analysis is highly dependent on the quality of the
imaging and for some mice the quality was high enough to allow 2D but not 4D. In a similar
trend to 2D analysis, all the cardiac parameters were either slightly or significantly improved
following gel and gel + IGF-1 treatment. End-diastolic volume did not show any differences
between the conditions, while for end-systolic volume a slight improvement (decrease in the
volume left at the end of the systole) was observed with gel treatment. Stroke volume, cardiac
output, dV/dT and ejection fraction all showed a similar trend, with cardiac function for MI +
gel mice significantly higher than MI and cardiac function for MI + gel + IGF-1 mice increased

compared to MI (Figure 4.20).

188



290 200-
@ [ ]
£ i & E
% 20 _3 150 &
o . 150 a > .
=1 & =27 &
2= - £ = 1007
100 -
: - & =T . F
E =2 i E b
ol — . : ol — : .
S N o
® F g * F
~ 2 %
& &
D
60- R 30
. 1 As
g D . it g.-—-. 210 oy
= " & =
g = Sr +
g-._.- a & !TE. Ay
e ™ : 25 107
o o
ol — . . ol — . .
"9 .
> &g & & &
N Y N
= »  x
% 5
- -
E F
504 - * 60+ .
400 1 ! & -
| Fed E 40—
5E ™ - ig *
22 ol s
& § =] :
104 ur
o . . 0-— T T
N o~ N N
» & < ¥ &g
& x Q\ \x\

Figure 4.20 4D Echocardiographic assessment of cardiac function. A) End-diastolic volume. B) End-systolic volume.
C) Stroke volume. D) Cardiac output. E) dV/dT. F) Ejection fraction. MI (N=6), MI + gel (N=4), MI + gel + IGF-1 (N=8).
Data are presented as mean + SEM. 1-way ANOVA with Bonferroni multiple comparison test. *p <0.05, ** p < 0.01, **p
<0.001.
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A summary of all the cardiac parameters results measured by 4D echocardiography in MI, MI

+ gel and MI + gel + IGF-1 are shown in Table 4.8.

Mi Ml + gel Ml + gel + IGF-1
(N=6) (N=4) (N=8)

End-diastolic volume 115.4£10.7 pl 99.5+9.9ul 109.7+£18.4 pl

End-systolic volume 90.6+£11.7 59.2+7.7ul 7T7.1+£16.4

Stroke volume 21.9+£22ul 40.3+4 pl 32.5+£3.7ul
Cardiac output 13.4+£ 0.6 ml/min 20.5 0.6 ml/min 17.6+ 2.1 ml/min
dV/dT 172 £ 36 pl/s 343.21+36.9pl/s 293.6£35.2l/s

Ejection fraction 22.7+£3.1% 40.8+3 % 329143%

Table 4-8 Cardiac function assessed through 4D echocardiography. Summary of all cardiac function parameters for
every experimental group. Mean + SEM.

When comparing 2D and 4D measurements for EF (Figure 4.21), a less pronounced difference
occurred in the MI condition, where the hearts were generally more dilated (more balloon-
shaped). A 4D echo analysis appears to be more appropriate to use when the shape is less
dilated and more irregular, and the geometrical assumptions of the 2D echo are less accurate.
This is the first study assessing cardiac function through 4D echo following a biomaterial

injection and, given its higher accuracy, more studies will likely follow soon.
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Ejection Fraction
(%)

Figure 4.21 Comparison of ejection fraction measured with 2D and 4D echocardiography. 2D, N=8 for MI, N=6 for
MI + gel, N=8 for MI + gel + IGF-1. 4D, N=6 for MI, N=4 for MI + gel, N=8 for MI + gel + IGF-1. Data are presented as
mean = SEM.

Overall, these findings show that the thermoresponsive hydrogel injection post-MI can
prevent LV dilation and consequent dysfunction, significantly improving cardiac function.
These results also suggest that the encapsulation of IGF-1 in the gel tended to improve cardiac
function with a consistent trend in all the parameters studied, despite not reaching statistical

significance.

There are several explanations for the absence of an added benefit of IGF-1 to the gel-only
condition. First, with a loading concentration of 100 ng/mL, the total concentration of IGF-1
delivered through the gel injections was 0.2 ng, which might have been simply too low to
produce a beneficial effect, as uncomplexed IGF-1 has a very short serum half-life (573).
Another explanation could be that the in vivo release pattern is different from the in vitro one,
with the pumping of the heart and the post-MI microenvironment potentially affecting and
accelerating the release. Third, six weeks may be too early to discern a longer-term functional

benefit of IGF-1, given the improvement in mechanical parameters.

The inability of growth factor delivery with biomaterials to show functional improvement is
not unprecedented. Delivery of bFGF with a gelatin hydrogel, for example, decreased infarct
expansion and the number of apoptotic cells but did not increase ejection fraction over the

material alone (574). Similarly, delivery of IGF-1 tethered to self-assembling peptides
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demonstrated bioactivity through Akt pathway activation but did not improve cardiac

geometry and function (575).

It has been previously shown that a stiffer injectable hydrogel (G” = 43 kPa) is more effective
at preserving cardiac function than a softer one (G” = 8 kPa) (230). While it is true that a stiffer
material provides stronger mechanical support, it is also worth considering that a stiff
material with low interstitial spreading could potentially be more harmful in terms of
arrhythmias generation and interference with cardiac conduction. In a study by Rane and
colleagues, a soft PEG hydrogel with a very low modulus (G" = 0.5 + 0.1 kPa) was able to
significantly improve wall thickness in a rat model of MI (576). However, this passive
structural reinforcement alone was not sufficient to prevent adverse remodelling, as indicated
by no improvement in cardiac function (576). Our study is the first evidence of an empty gel
(containing no cells and no factors) with low stiffness (G' = 2 kPa) able to prevent LV
remodelling. Although post-MI inflammation was not assessed in our study, the addition of
PCL to the PEG increases the biodegradability, making it more biocompatible and less likely
to induce an inflammatory response. A non-biodegradable hydrogel made of PEG alone
elicited a robust inflammatory response and was not able to prevent LV dilation in a rat model
of MI (577), highlighting how the PCL component may improve the overall efficacy of the
hydrogel.

Interestingly, a PEG-PCL hydrogel coupled with a collagen-binding peptide was synthesised
and tested in a rat model of MI for the delivery of iPSC-CM (578). The focus of this study was
cell survival and cell engraftment. Although the study showed somewhat promising results
in terms of cardiac function, improvements following iPSC-CM delivery were only assessed
by fractional shortening and decline in fractional shortening; ejection fraction and other

functional parameters were not reported.

Regarding the timing of the injection, it has been previously demonstrated that the injection
of a synthetic thermoresponsive hydrogel immediately after MI was not able to preserve
cardiac function in a rat MI model (37). On the other hand, the same hydrogel injected three
days after MI resulted in a significant improvement of cardiac function (37). While the gel
tested here significantly improved cardiac function when injected immediately after M, it is

possible that an even more pronounced effect would have been observed had the injection

192



been carried out at a later timepoint. One could speculate that IGF-1 would have added benefit
to the empty gel condition if delivered at the beginning of the fibrotic phase (3 days after MI)
rather than in the necrotic phase (immediately after MI). In a relevant study by Fujimoto et al.,
a thermoresponsive NIPAAm-based hydrogel was tested for its ability to act as a bulking
agent and prevent LV dilation following MI in a rat model (243). While this study has
extensive material characterisation, cardiac function is only assessed through end-diastolic
area and fractional area change (243). These parameters represent an indication of the extent
of the contraction, but they do not measure the actual pumping capacity of the heart. In our
study, a thorough evaluation of cardiac function was conducted through 2D and 4D
measurements, and a significant improvement in stroke volume, cardiac output and

ultimately, ejection fraction were shown.
4.3.7 Assessment of myocardial mechanics

To further characterise the effects of the gel + IGF-1 on the contractility of the infarcted heart,
velocity and strain analyses were carried out. Strain regional analysis is used to assess local
shortening and lengthening of the myocardium and to discriminate between akinetic
segments that are pulled from actively contracting segments (579). Velocity analysis
determines the velocity at which the segments move. Strain can be longitudinal or
circumferential, and it is a quantitative marker of myocardial deformation than reflects LV
function. Global longitudinal strain (GLS) is more accurate than LVEF as a measure of systolic
function and can be used to diagnose sub-clinical LV dysfunction in several cardiomyopathies
(580). For example, GLS is the recommended routine analysis to track LV function in patients
undergoing chemotherapy with potential cardiotoxicity (580). Since the contribution of
circumferential fibres is higher than the one of longitudinal ones for LV wall thickness, in HF
with reduced EF and a thinned LV wall, global circumferential strain (GCS) is more relevant
than GLS (579). It has been reported that GCS is an independent predictor of cardiac events
regardless of EF and age and has a strong prognostic value in patients with HF with reduced

EF (581).

The radial and circumferential strain of the infarct, peri-infarct and remote regions of the heart
have been assessed following intramyocardial injection of a plasmid encoding for the HGF

gene (582). In addition to strain analysis, another method to assess myocardial mechanics
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following treatment is via myofiber stress distribution within the infarct and in the border
zone. It has been recently reported that the injection of a shear-thinning hydrogel in an ovine
model of MI reduced end-systolic myofiber stress in the border zone by up to 60 % compared
to MI control (583), as assessed by finite element (FE) modelling followed by in vivo studies
(583). While strain analyses are carried out in pre-clinical and clinical studies and the study
mentioned above used modelling to assess myofiber stress distribution, this is the first report
of an in-depth strain analysis following injectable hydrogel therapy in an animal model. The
ability of a material to positively affect myocardial mechanics is critical since rapid geometric
changes such as infarct expansion and LV dilation are implicated in HF progression. Strain,
velocity and displacement were studied following PCL-PEG-PCL injection for four

experimental conditions (sham, MI, MI + gel and MI + gel + IGF-1).

First, video loops with vectors corresponding to the analysed points were generated. A

representative screenshot of these videos is shown in Figure 4.22.
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Figure 4.22 Vectors representing movement of the LV wall. Screenshots of video loops generated through strain analysis
for sham, MI, MI + gel and MI + gel + IGF-1. Arrowed vectors correspond to each point measured. Length of the vector is
directly proportional to movement. Echo performed by Dr Milena Bastos Furtado, analysis performed by myself.

In sham-operated animals, the vectors size and movement are homogenous across the
ventricle’s endocardial circumference. In MI-operated animals, the vectors corresponding to
the infarct (right upper corner of the picture) are smaller in size, meaning that the segment is
less kinetic and that the contraction is not homogenous across the circumference. Following
gel or gel + IGF-1 injection, the vectors corresponding to the infarct appear longer and more

kinetic than the MI ones.

The three areas analysed were infarct, peri-infarct and remote area (Figure 4.23A). The
contractility of the infarct area was negatively compromised and, although a tendency for
improvement was seen with the gel and the gel + IGF-1, no significant improvements in strain,
velocity and displacement were observed for this area. The absence of significant

improvement in the infarct area was expected since the infarct area is composed of an akinetic
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scar, and it is unlikely that the treatment would improve that. Treatments, on the other hand,

can positively affect the peri-infarct and the remote area, improving overall contractility.

The circumferential strain was improved following either gel injection or gel + IGF-1 injection
in all the three areas compared to MI only, especially in the peri-infarct and the remote area.
This improvement was significant in the peri-infarct area following gel injection and the
remote area following gel + IGF-1 injection (Figure 4.23B). The velocity at which the segments
move, an indirect measure of the contractility, was also improved following gel injection +
IGF-1 in all the three areas, particularly in the peri-infarct and the remote one. Gel injection
significantly improved velocity in the peri-infarct area, and gel + IGF-1 injection significantly
improved velocity in the remote area compared to MI only (Figure 4.23C). A similar trend
was observed for displacement, with overall improvement following gel injection + IGF-1 in

all three areas (Figure 4.23D).
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myocardial mechanics analysis. The three areas considered for the evaluation of myocardial mechanics were infarct, peri-infarct
and remote area. B) Strain analysis. Circumferential strain (%) was assessed in the three areas for the four conditions. C)
Velocity analysis. Circumferential rate (deg/s) was assessed in the three areas for the four conditions. D) Displacement
analysis. The extent of circumferential displacement (deg) was assessed in the three area for the four conditions. Data are
presented as mean + SEM. 2-way ANOVA with Bonferroni multiple comparison test. * p <0.05, ** p < 0.01.
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A summary of the results for the three areas in each experimental group is displayed in Table
4.9. Taken together, these results show that the injection of the gel, either with or without IGF-
1, significantly improves myocardial mechanics and contractility in the peri-infarct and in the

remote areas.

Strain (%)

Infarct area -22.2%9 -29+18 -6.2x4 47141
Peri-infarct -291+5.2 -56+46 -12.4+96 -98+57
area
Remote area -351£9.7 -14.1+8.6 -18.1£8.7 -19.8+7.5

Velocity (deg/s)

Infarct area 263.6+59.9 1479425 214.8+£85.1 234.8+£114.7

Peri-infarct 342.5+129.4 181.9+112.5 321.4+£155 268.3+£125.2
area

Remote area 300.6+138.8 202.8+99.2 270.2+112.3 333.2+£175

Displacement (deg)

Infarct area 212 1+£1.3 19+x22 15+1.2
Peri-infarct 29+33 1+£1.1 39+43 34+36
area
Remote area 22223 1.7£2.3 3.5+£3.7 254

Table 4-9 Myocardial mechanics following hydrogel injection. Strain, velocity and displacement in the three
anatomical segment for each experimental group. Mean + SEM.

4.3.6 Gel injection on a healthy control

As a preliminary test, the cardiac function of N =1 mouse that received a gel injection with no
MlI/no IGF-1 was evaluated six weeks post-injection. Although not clinically relevant (e.g. a
healthy heart would not need treatment), it was important to assess the effect of the gel on

healthy cardiac tissue. Only one animal was used for various reasons: first, priority in terms
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of N was given to mice receiving MI + treatment. Secondly, without LAD ligation, the injection
itself was causing substantial bleeding while after ligation, the tissue is less vascularised and
thus less prone to bleeding. Figure 4.24A shows that the gel was visible on the surface of the
heart 24 h after intramyocardial injection in the LV. Results from echocardiography
assessments indicated that there were no major adverse effects of the gel on cardiac function
parameters. End-diastolic volume was 75.34 + 3.04 ul for sham and 63.17 ul for gel only, end-
systolic volume was 28.26 + 6.2 ul for sham and 28.51 ul for gel only, stroke volume was 47.08
+ 3.35 pl for sham and 34.65 pl for gel only, cardiac output was 23.57 + 3.39 mL/min for the
sham and 18.64 mL/min for the gel only, fractional shortening was 12.14 + 1.66% for sham and
15.09% for gel only and ejection fraction was 62.67 + 6.93% for the sham and 54.86 for the gel
only (Figure 4.24B). The echocardiogram (ECG ) of a sham mouse was compared with the

ECG of a sham mouse receiving gel injection, and no differences were seen (Figure 4.24C).
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Figure 4.24 Effects of gel injection on a healthy mouse heart. A) Gel is visible on a control healthy heart (no MI) 24 h
post injection. B) Cardiac function of a control heathy heart (no MI) at 6 weeks post gel injection. All parameters were
comparable between a healthy control and a healthy control receiving a gel injection. Sham N =3, mean + SEM, Gel only N=1.
C) Gel injection did not appear to negatively affect the cardiac conduction system, as shown by the ECG recording during
echocardiography analysis for a healthy heart (top panel) and a healthy heart receiving hydrogel injection (bottom panel).

A significant concern when injecting a hydrogel into the myocardial wall is its effects on the
electrical conduction system. Different materials have different degrees of interstitial spread

and different gelation times. As assessed in chapter 2, the PCL-PEG-PCL hydrogel has a slow
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gelation time (time to 50% gelation of 12 minutes), and it thus can be considered a high-spread
material. It has already been demonstrated that materials with a quicker gelation time that
form a bolus are more likely to be a substrate for arrhythmias (235). Slow-gelling and high-
spreading materials like the gel in our study, on the other hand, might represent a safer option
in patients that already have a higher risk of developing arrhythmias due to comorbidities
(342). Although further detailed investigations of the action potential patterns would be
needed to assess conductivity, this is a preliminary indication that our gel may not interfere

with the conductive system of the heart.
4.3.4 Macroscopic evaluation of the hearts

Figure 4.25 depicts the macroscopic evaluation of representative samples for each condition
at six weeks. Pictures from the ventral, lateral and dorsal side are shown. The infarcted area
is easily identified by whitening and thinning of the LV wall below the LAD ligation. The knot
of the ligation is visible in the ventral and lateral side views. Macroscopic signs of post-MI LV
remodelling such as dilation were particularly pronounced in the group that did not receive
any treatment. Dilation seemed less pronounced than control MI following MI + gel and MI +

gel + IGF-1 injections.
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Figure 4.25 Macroscopic evaluation of whole-mounted hearts. Representative pictures in ventral, lateral and dorsal
view of the infarcted hearts following M1, MI + gel injection and MI + IGF-1 loaded gel injection.

4.3.7 Histological assessment of the hearts

The minimum number of slices per heart needed for accurate quantification of morphometric
parameters such as infarct size was compared in an in-depth study by Takagawa and
colleagues (558). Although they suggested that 6 to 8 sections should be optimal for the
assessment of infarct size, using 3-4 sections per heart still correlated with the severity of

cardiac dysfunction and did not compromise the accuracy of the measurements (558). Here, 4

200



sections per heart, from the apex to the basal part, were used and 3 animals/group were

analysed.

Figure 4.26 shows representative bright-field images of 4 serial sections from sham-operated
animals, MI only, MI followed by gel injection, and MI followed by IGF-1-loaded gel injection.
Comparing the experimental groups with sham, it was apparent that at six weeks post-MI,
the infarct area was substantially occupied by fibrotic tissue, stained in blue with Masson’s
Trichrome. In the MI group, a considerable thinning and significant fibrosis of the LV wall
was observed. From a qualitative comparison, the gel injection + IGF-1 decreased the size of
the infarct and the extent of fibrosis. This correlates with the improved cardiac function and
mechanics described above. Moreover, a reduction of infarct size and collagen deposition has
been often reported following injection of synthetic (385, 584) and natural-origin (265, 392)

injectable hydrogels.

Mi+gel MI+gel+IGF-1

Ligation

Apex | —

Figure 4.26 Representative brightfield images of Masson’s Trichrome stained samples for each experimental group.
Serial transversal sections of the cardiac tissue, from the coronary artery ligation down to the apex of the heart. Masson
Trichrome staining (red = cardiac muscle, blue = collagen). 1x, scale bar = 1 mm.
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Non-injected control animals had a loose fibrillar layer beneath the endothelium (Figure 4.27).
Gel-injected hearts, on the other hand, had a distinct scar wall, characterised by the presence

of more muscle tissue (stained in red, indicated by the black arrow).

MI + gel + IGF-1

7Y

Figure 4.27 High magnification brightfield images of the infarct area stained with Masson’s Trichrome.
Representative brightfield images of the left ventricle wall. Black arrows indicate the presence of more muscle in the infarct
scar following gel injection. Masson Trichrome staining (red = cardiac muscle, blue = collagen). 20x, scale bar =100 um.

After this first qualitative assessment, detailed quantification was performed, and collagen
deposition percentage, LV cavity area, LV cavity perimeter, scar thickness and infarct size

were measured using a custom-made macro on Image J software.

LV cavity area was then measured as an index of LV dilation at 6 weeks (Figure 4.28A). The
cavity area was decreased following gel injection, with a statistically significant reduction
following gel + IGF-1 injection. These results indicate that the gel + IGF-1 positively promotes

LV expansion, potentially slowing down the progression toward HF.

LV perimeter (Figure 4.28B) is another index of LV expansion (the greater the perimeter, the
greater the LV cavity). However, it can also be used as a measure of the extent of muscle tissue
left in the endocardium. If more muscle is left, the perimeter will be greater than when the
inner layer of muscle is totally replaced by a smooth layer of fibrotic tissue. Here, the LV
perimeter was improved following gel injection with a trend towards improvement also

following IGF-1-loaded gel injection.

After measuring the LV area and perimeter, the average thickness of the scar was quantified
in every group (Figure 4.28C). In the MI group, the infarct thickness was 277.7 + 42.89 um,
while in the gel only group was 570.5 + 98.91 um and in the gel + IGF-1 group was 430.9 +
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42.89 um. Although not reaching statistical significance, the infarct wall was considerably

thicker following gel or IGF-1-loaded gel injection in comparison to no treatment.
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Figure 4.288 Morphometric analysis of the hearts from histological sections. A) LV cavity area (um’), used as an index
of LV dilation. B) LV cavity perimeter (um), used as an index of muscle presence in the LV cavity area. The smoother the
perimeter, the less muscle is present. C) Scar thickness (um). Data are presented as mean + SEM. 1-way ANOVA with
Bonferroni multiple comparison test. * p < 0.05.

When cardiac cell death occurs, cardiomyocytes are replaced by collagen in a process called
reparative fibrosis (585). Since the fibrotic scar is akinetic, reduced fibrotic scarring with
limited collagen deposition is important in maintaining good cardiac performance (385).
Collagen (in blue) was easily distinguished from cardiac muscle (in red) by Masson’s
Trichrome staining and it was mainly concentrated in the infarct area, as shown in Figure
4.29A. The extent of fibrosis accounted for 57.80 + 6.68 % in the MI group, 28.95 +4.23 % in the
MI + gel group and 24.41 + 2.35 % in the MI + gel + IGF-1 group. Overall, both treatments with

the gel significantly decreased collagen deposition (Figure 4.2B).
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Figure 4.299 Quantification of collagen deposition. A) Representative brightfield image of a transversal section of the
heart stained with Masson’s Trichrome. Muscle tissue is identified in red (left panel) and collagen in blue (left panel). A high
deposition of collagen in the LV wall is present in correspondence of the infarct. B) Fibrosis extent (%) following MI with no
treatment, MI + gel injection and MI + IGF-1-loaded gel. Data are presented as mean + SEM. 1-way ANOVA with Bonferroni
multiple comparison test. * p < 0.05, ** p < 0.01.

There is a close correlation between wall thickness and wall stress, according to Laplace’s law,
which states that wall stress is directly proportional to the pressure and radius and inversely
proportional to thickness (thinner wall meaning more wall stress). It has been shown that MI
leads to an increase in wall stress due to changes in the curvature and the thickness of the LV
wall (586). An increase in wall stress, in turn, may further lead to border zone expansion and
adverse remodelling. Therefore, the increased scar thickness observed following gel injection
here could contribute to the overall improvement of cardiac function. Moreover, another
factor contributing to the observed improvement is the mechanical support provided by the

hydrogel which is also likely to reduce wall stress.

Interestingly, a study by Rane et al. investigated the effect of bio-inert PEG hydrogel injection
in a rat model of MI (576). The hydrogel, softer than the one used in our study (0.5 kPa vs 2
kPa), was delivered one week after MI and cardiac function was assessed 6 weeks after MI.
They showed that an increase in infarct wall thickness alone is insufficient to prevent adverse

LV remodelling after MI, concluding the passive structural reinforcement must be
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accompanied by other influencing properties such as the delivery of bioactive factors or cell
infiltration (576). In our case, an increase in infarct wall thickness is not the only improved
parameter following treatment, and this helps to explain the overall beneficial effect of the

hydrogel injection observed.

The extent of the infarct size can also be used to evaluate the treatment effect, and it can be
measured by planimetry using different methods. The most commonly used approach to
quantify infarct size in histological specimens is the area-based infarct size measurement,
which compares the scar area with the total ventricular mass. This method correlates well
with EF and LV function; however, in chronic MI and HF models, the LV undergoes profound
structural changes such as the onset of hypertrophy in the viable myocardium. If substantial,
these changes could affect the calculations and bias the obtained data. The length-based
approach, on the other hand, measures the extent to which the infarct scar expands radially

in the LV wall without being influenced by the thinning of the wall (558).

Therefore, area-based and length-based methods were used to measure infarct size following
hydrogel injection + IGF-1. The infarct size results were correlated with ejection fraction, and
in both cases, the correlation was statistically significant (p = 0.0022 for area-based and p =
0.0404 for length-based), as shown in Figure 4.30A. The Pearson correlation coefficient
showed that, for this model, an area-based method is more proportionate to cardiac function
than length-based method (r =0.7097 and r = 0.3725, respectively). The trend of the results was
comparable with both methods, and it was characterised by a smaller infarct size following
both treatments (empty gel and gel + IGF-1) (Figure 4.30B). The decrease was statistically
significant following gel + IGF-1 injection. Overall, reduced scarring is crucial in maintaining
good cardiac performance, as indicated by the results of the Masson’s Trichrome staining
quantification, which correlate with the results from the 4D echocardiography assessments.
Although the trend of the results obtained with the length-based method was comparable, the

area-based one better correlated with the LVEF and it should, therefore, be used.
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Figure 4.30 Infarct size quantification by area- and length-based methods. A) Correlation between infarct size (%)
measured with area (left panel) and length (right panel) approach and ejection fraction (%) obtained with 4D echocardiography.
N = 9. r = Pearson correlation coefficient. B) Infarct size (%) measured by area (left panel) and length (right panel) approach.
N = 3 for each group (MI only, MI + gel, MI + gel + IGF-1). Data are presented as mean + SEM. 1-way ANOVA with
Bonferroni multiple comparison test. * p < 0.05, ** p <0.01.

As shown by the echocardiography data, the improvement in overall cardiac function was the
same with or without IGF-1 compared to no treatment. However, IGF-1 significantly
improved cardiac mechanics in the peri-infarct and remote areas. Interestingly, the decrease
in infarct size was more significant with gel + IGF-1 than with gel alone. This could be
potentially be ascribed to anti-apoptotic action of IGF-1, which reduces cardiomyocyte death,
hence potentially reducing the size of the scar. It has already been shown by our group (306)

and others (485) that IGF-1 reduces infarct size by promoting cardiomyocyte survival through
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Akt pathway. Moreover, delivery of IGF-1 has been demonstrated to decrease infarct size not
only in the heart but also in the instance of other ischemic insults such as cerebral artery

occlusion (587, 588).

Table 4.10 summarises all the parameters quantified through histological assessment in each

experimental group.

Mi MI + gel Ml + gel + IGF-1
(N=3) (N=3) (N=3)
Collagen deposition 57.8+6.6% 28.914.2% 244+23%
LV cavity area 8.1x 105+ 1 x 106 um? 4.7x 105+ 1.5x 105um?2 21x105£72x 10%9um?2
LV cavity perimeter 18529 £ 2240 ym 32968 £ 11829 pm 24333 1£4436 um
Scarthickness 277.7+£42.8um 570.5+£98.9um 430.9£42.8 uym
Infarct size 58.6+7.9% 309+7.1% 14.3+£3.6%

Table 4-10 Histological quantification. Summary of collagen deposition, LV cavity area, LV cavity perimeter, scar
thickness and infarct size in the three experimental groups. Mean + SEM.

4.4 Conclusions and future outlook
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The results presented in this chapter refer to the in vivo assessment of the PCL-PEG-PCL
hydrogel presented in chapter 3. The ability of the hydrogel to improve cardiac function
following MI was tested with the hydrogel alone or the hydrogel loaded with the anti-
apoptotic growth factor IGF-1. A mouse model of MI was used, and the study was carried out

at The Jackson Laboratory, Bar Harbor, Maine, USA.

First, the in vitro release pattern of the hydrogel was evaluated, showing that it was capable
of releasing IGF-1 at a fairly constant rate over a week. Then, the in vivo study was performed
using as experimental groups sham-operated animals, MI with no treatment, MI followed by
empty hydrogel injection, and MI followed by IGF-1-loaded hydrogel injection. At 6 weeks
post-MI, 2D and 4D echocardiography were used to asses cardiac function, together with
strain analysis to assess myocardial mechanics. Tissue samples were then harvested for

Masson’s Trichrome staining to assess the extent of fibrosis and determine infarct size.

Regarding cardiac function assessed with 4D echocardiography, gel injection significantly
increased stroke volume and ejection fraction at 6 weeks post-MI. Following gel + IGF-1
injection, a trend towards improvement of cardiac function was observed compared to no
treatment. Regarding the contractility of the tissue, the heart was divided into infarct, peri-
infarct and remote areas based on the distance from the scar. Strain analysis was used to
distinguish between the more and less kinetic areas of the heart following treatment. It was
shown that gel injection significantly improved strain, velocity and displacement in the peri-
infarct area. Gel + IGF-1 injection, on the other hand, significantly improved strain and

velocity in the remote area and displacement in the peri-infarct area.

Histological quantification based on Masson’s Trichrome staining showed significantly less
collagen deposition following both gel and gel + IGF-1 treatments. Indices of LV expansion
such as LV cavity area and LV perimeter were also improved following both treatments.
Moreover, animals injected with the gel showed a thicker infarct wall in comparison to non-

treated animals. Infarct size was also reduced following IGF-1-loaded gel injection.
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Overall, echocardiographic and histologic assessment positively showed that treatments with
hydrogel and hydrogel + IGF-1 have a significant therapeutic benefit in vivo compared to the
non-treated groups. These results imply that the thermoresponsive injectable hydrogel may
provide a method for preventing the adverse LV remodelling that precedes HF and for
improving cardiac function, through LV stabilisation and potentially through the
conservation of more muscle as observed with histology. An overview of the therapeutic
strategy is presented as a schematic in Figure 4.31. The nature of the material itself, without
the addition of any exogenous factors, can positively influence cardiac remodelling in an
experimental HF model. The addition of IGF-1 to the gel, although not significantly improving
ejection fraction, had some beneficial effects such as reducing infarct size, LV expansion and
collagen deposition. Additionally, the gel + IGF-1 also improved contractility in the remote

area.

Myocardial infarction

Figure 4.31 Overview of the therapeutic strategy. If untreated, MI promotes LV dilation which eventually leads to heart
failure. A treatment consisting in a hydrogel injection would provide mechanical stabilisation to the weakened myocardium,
preventing adverse LV remodelling and eventually improving cardiac function.
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There were several limitations to the current study. The mouse model was chosen due to its
numerous advantages and because of the expertise of the group in using it as an MI model.
However, favourable results in a small animal model like this one might not always be
translatable in clinical studies. In order to have results that are more reproducible in the
clinical settings, a large animal model such as a porcine model of MI would be necessary. Not
only would the preservation of cardiac function following hydrogel injection be better
captured in a larger model, but also the quantity of hydrogel needed, and the delivery method

would be closer to a clinical setting.

Delineating the optimal time of delivery is also crucial to ensure maximum efficacy of the
biomaterial therapy. The timing of injection chosen for the study was immediately after MI
induction, although it is unlikely that patients would receive treatment within this time frame.
Treatment at slightly later time points (from 3 h post-MI to day 3), when the infarct has
evolved to its maximum, could be more beneficial and more clinically relevant. However, in
this setting, a day 3 time point would be too close to the first surgery and a second anaesthesia
often harms the animals. For the same reason of avoiding two anaesthetic procedures too close
to each other, an echo to assess the acute progression of MI was not performed. Six weeks is a
widely accepted time point for LV dilation assessment and cardiac function evaluation, and

it was therefore chosen as the endpoint of the study.

Regarding IGF-1 release, before proceeding with the in vivo study, an in vitro release assay
was implemented to verify that IGF-1 was entrapped in the hydrogel upon thermo-gelation
and subsequently released from it. Nevertheless, the in vitro release is purely diffusion-based
while the in vivo release is likely also influenced by cell-mediated hydrogel degradation. This
could have led to a lack of correlation between the in vitro and the in vivo results. To better
assess the in vivo delivery rate, the total content of IGF-1 in the free LV wall of the injected
mice could be measured with an ELISA on digested LV tissues at different time points, as
previously done by others (252, 368). In addition, the bioactivity and the anti-apoptotic action
of the released IGF-1 could have been measured on cells. Finally, to show enhanced delivery
of IGF-1 through the hydrogel, another experimental group could have been IGF-1 delivered

through saline injection.
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Moreover, further assessments that could have been carried out are a-smooth muscle actin
staining to interrogate capillaries density, as previously described (368). However, IGF-1 is
not thought to have a pro-angiogenic effect. On the other hand, IGF-1 has been reported to be
involved in the activation of proliferation of human embryonic stem cell-derived
cardiomyocytes (496). Therefore, assessing whether IGF-1 delivery through the hydrogel
triggered a proliferative responsive could have represented an interesting route. Methods to
assess cardiomyocytes proliferation include nucleotide analogue incorporation (BrdU for
example) to label cells in S phase, histone H3 phosphorylation quantification or Ki67 staining.
To summarise, this study demonstrated that the injection of a thermoresponsive hydrogel
could effectively moderate LV remodelling post-MI and that this could also occur without the
need for added therapeutics such as growth factors or cells, thanks to the reduction in stress
wall following hydrogel injection. It is the first report of using a PCL-PEG-PCL hydrogel for
cardiac tissue engineering applications and the first report of 4D echocardiography and strain

analysis following injection of a material in the heart.

Currently, although stem cells and bioactive factors are promising options to be encapsulated
into a material, there is a trend towards a simplification of the therapeutic approach. The field
of intramyocardial gel injection therapy has grown in parallel with cell injection therapy, but
it has now become clear that some of the beneficial effects achieved with ventricular injection
therapy might be independent of cellular delivery (589). Recently, early-stage clinical trials
have been launched to move ventricular wall hydrogel injection from bench to bedside (255).
Amongst the different kind of materials tested in pre-clinical models, alginate was the first
material evaluated in clinical trials (268, 269). However, it has been shown that controlling the
mechanical properties of naturally occurring materials such as alginate poses some difficulties
(584). Therefore, gel injection therapy using synthetic polymers with easily controlled physical

properties is being attempted.

In this context, these results suggest that PCL-PEG-PCL holds promise as a means to improve
cardiac performance in progressive ischemic cardiomyopathy. Additionally, these results
offer valuable insights not only regarding the material to be used but also regarding the

methods to assess its efficacy.
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Chapter 5

Conclusions

‘ ‘ We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started

And know the place for the first time

Thomas Stearns Eliot
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5.1 Motivation of the thesis

Mammalian cells have evolved very efficient mechanisms to maintain intracellular and
extracellular pH under control. However, pH fluctuations occur in many pathological
processes such as ischemia, cancer and inflammation. Myocardial infarction (MI) is an
ischemic insult where the blood and oxygen supply to the heart is interrupted by a blockage
in the coronary arteries. The lack of oxygen causes a metabolic switch in the cardiac tissue,
and the normal aerobic respiration is replaced by anaerobic glycolysis. Following anaerobic
glycolysis and consequent lactate production, the cardiac tissue undergoes acidification

where the pH drops from the physiological value of 7.4 to 6.5 - 6.8.

The magnitude of the damage caused by an MI depends on several factors, such as the size of
the area affected. However, an average-size MI causes the loss of up to 1 billion
cardiomyocytes (CMs), and the mammalian adult heart lacks a robust intrinsic regenerative
capacity. One of the most promising therapeutic routes emerging for post-MI cardiac repair
is the delivery of stem cell-derived CMs using biomaterials. Specifically, CMs derived from
human induced pluripotent stem cells (hiPSCs) hold great promises since they circumvent the
ethical issues of embryonic stem cells, and they can be derived in a patient-specific manner.
To date, there are numerous pieces of evidence showing the detrimental effects of acidic pH
on mammalian cells. However, the consequences of acidic pH exposure on hiPSC-CMs remain
to be investigated. Insights about the environmental tolerance of these cells are not only useful
for potential in vivo delivery but also for in vitro culture and maintenance of hiPSC-CMs for
downstream applications. Therefore, the first part of this thesis aimed to evaluate the effects
of different pH values, in the range 6.8 - 7.4, on a clinically relevant cell type as hiPSC-CMs.
Subsequently, the hypothesis of whether hiPSC-CMs at acidic pH could be protected by a
bioactive factor was tested. IGF-1 was chosen for its known pro-survival action on
cardiomyocytes. IGF-1 was added on the cells at pH 6.8, and its rescue action was evaluated

in terms of metabolic activity and CMs yield.

The second part of this thesis focused on the other promising therapeutic strategy of using
biomaterials for cardiac repair, and specifically stimuli-responsive hydrogels. The aim was to
synthesise and characterise in vitro several Poly Caprolactone-Polyethylene Glycol-Poly

Caprolactone (PCL-PEG-PCL) triblock copolymers with varied weight ratios of each block.
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Next, following characterisation with 'H-NMR and GPC, a PCL-PEG-PCL copolymer with the
desired solubility and phase-transition behaviour was identified and chosen for further
characterisation. The in-house synthesis of the PCL-PEG-PCL polymer is a cheap and straight-
forward process to obtain a synthetic hydrogel with injectability, gelation properties and

mechanical stability suitable for cardiac repair applications.

The objective of the last part of the project was to evaluate the thermo-responsive hydrogel in
vivo in a mouse model of MI. The ability of the hydrogel to deliver IGF-1 and to provide
mechanical support to the failing left ventricle was tested. The novelty of this work lies in
several aspects. It is the first application of a PCL-PEG-PCL hydrogel for cardiac tissue
engineering, not only for growth factor delivery but also for mechanical support. The use of
the gels themselves, without any bioactive factors, is a promising therapeutic route which is
already being trialled in the clinic. Although stem cells and bioactive factors represent an
exciting addition to biomaterial injection therapy, a simplification of the therapeutic approach
is more likely to be translated to the clinic quickly. Secondly, some of the methods used here
to assess cardiac function following hydrogel injection are novel. These methods include 4D
echocardiography to assess cardiac function and strain analysis to assess strain, velocity and

displacement of specific areas in the tissue.
5.2 Summary of the results

The first part of chapter 2 showed the harmful effects of acidic pH on CM differentiation of
hiPSCs and already differentiated hiPSC-CMs. Culture media pH was monitored through an
in-house built system with an immersion pH probe connected to a pH amplifier and a laptop
with LabChart® software. Live pH monitoring ensured that the experiments were carried out
under a well-controlled environment. Acidic pH value of 6.8, applied from day 0 of
differentiation onwards, significantly decreased the viability, metabolic activity, cardiac gene

expression and CMs yield of hiPSC-CMs.

In order to assess the detrimental effect of acidic pH on already differentiated and beating
hiPSC-CMs, culture pH was lowered to 6.8 at day 7 and day 10, and CMs yields were
compared at day 21. It was shown that acidic pH significantly decreases CMs yield even when
applied at day 7 and day 10, highlighting how acidic pH negatively impacts hiPSC-CMs not

only in the first stages of differentiation but also on cells that are already committed towards
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the cardiac lineage (day 7) or cells that are already beating (day 10). The results from the first
part of this chapter provide insight into the optimal pH range for hiPSC-CMs differentiation.
They suggest that careful consideration of media pH is of the utmost importance for proper

maintenance and differentiation of pluripotent stem cells.

In the second part of the chapter, it was shown that the addition of IGF-1 to the cell at acidic
pH at the concentrations of 10 and 50 ng/mL was able to rescue the phenotype observed in
terms of metabolic activity and CMs yield. To further demonstrate that the rescue was IGF-1
driven, the protective effect was reverted when using an inhibitor of the IGF-1 receptor.
Additionally, it was shown that IGF-1 added to hiPSC-CMs at standard pH did not enhance

the differentiation capacity.

From the results of chapter 2, it can be concluded that the same extracellular pH found in the
ischemic myocardium (pH 6.8) negatively affects the viability, the cardiac gene expression
and the CMs yield of hiPSC-CMs. IGF-1 was able to rescue these adverse effects, and IGF-1
addition should, therefore, be considered as a cytoprotective factor in the context of long-term
culture or delivery of stem cell-derived cardiomyocytes to the infarcted heart, for example,

through a biomaterial approach.

Chapter 3 summarised the optimisation of the synthesis of a PCL-PEG-PCL polymer
characterised by injectability, gel formation at 37°C, and stability when subjected to the
frequencies of the beating heart. Before identifying the polymers with the desired behaviour,
a library of ten PCL-PEG-PCL polymers was synthesised. Their molecular weights and
polydispersity indexes were characterised by "H-NMR and GPC. Their solubility and phase
change behaviour were assessed with tube inversion test first, and rheometry later. Two of
the ten polymers (P5 and P10, respectively PCLo36-PEGi000-PCL93s and PCLo42-PEGio00-PCLo42)
demonstrated the desired characteristics of good solubility, the ability to form a stable gel and
thermo-responsivity at 37°C. The reason why the other eight polymers were not suitable for
the intended application lies in their incorrect PCL:PEG ratio. If the PCL block is too large and
the PCL:PEG ratio is greater than 2:1 the polymer is too hydrophobic and does not display a
good solubility.

DLS characterisation of P5 showed that PCL-PEG-PCL forms micelles in solution and that

these micelles increase in size when the temperature rises from room temperature to body
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temperature. The gel is therefore formed by hydrophobic interactions of the packed micelles.
Rheological characterisation of P5 and P10 showed an increase in storage modulus with
increasing temperature and the formation of a stable gel in a physiologically relevant range of
temperature. The gelation time of the hydrogel was assessed and was found to be 24 minutes
to full gelation (12 minutes to 50% gelation). This relatively slow gelation time is appropriate
for cardiac tissue engineering applications because it allows the polymer to spread in the
interstitial space without interfering with the electric signal conduction. Moreover, it was
shown that the hydrogel maintains its mechanical properties when the frequency of the
beating heart is applied to it. Therefore, this injectable thermoresponsive hydrogel could be
used for drug delivery and growth factor delivery in the context of myocardial infarction.
Additionally, the gel could be used without any loaded factors or cells, acting as a bulking

agent to prevent left ventricular dilation post-ML

Thus, after the synthesis and the in vitro characterisation of the thermoresponsive hydrogel,
the following step involved the in vivo assessment of the material in a mouse model of MI. The
in vivo study was carried out through a collaboration with The Jackson Laboratory in Bar
Harbor, Maine (USA) where they have extensive expertise in mouse models of cardiovascular
diseases, especially MI. Additionally, they are equipped with state-of-the-art machinery and

expertise in assessing cardiac function in pre-clinical animal models.

The aim of the in vivo study, presented in chapter 4, was to evaluate the ability of the PCL-
PEG-PCL hydrogel to enhance cardiac repair post-MI and prevent or slow down the
progression towards heart failure (HF). First, a thorough optimisation of the intramyocardial
injection was carried out to ensure a high survival following the procedure. Two treatment
approaches were compared: hydrogel only and IGF-1-loaded hydrogel. Cardiac function at
six weeks post-injection was assessed with 2D and 4D echocardiography. Both methods
showed that stroke volume, cardiac output, fractional area change, and ejection fraction were

all improved following hydrogel injection compared to MI only.

One can speculate on the reasons why IGF-1 delivery did not provide even greater
enhancement of cardiac function compared to the hydrogel itself, as initially expected. First,
although the in vitro release pattern showed a steady and controlled release, IGF-1 release

could have been accelerated in the acidic ischemic microenvironment, in the presence of other
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cells or due to the pumping of the heart. Another reason could be that the growth factor
concentration of 100 ng/mL was too low for in vivo studies and higher concentrations should

be tested in the future.

After assessing global cardiac function, an offline strain analysis was performed. This specific
analysis is run with the Vevo Strain software on the echocardiography images previously
acquired. Strain analysis allows the evaluation of circumferential myocardial contractility in
different regions of the heart defined based on their distance to the infarct (infarct, peri-infract
and remote area). The parameters measured were strain, displacement and velocity in each
area. Hydrogel injection + IGF-1 did not cause major improvement in strain, displacement or
velocity of the infarct area, as expected. The infarct is, in fact, made of an akinetic scar and it
is unlikely that any treatment will improve the contractility. On the other hand, all three
parameters were improved following hydrogel injection + IGF-1, not only in the peri-infarct

area but also in the remote area.

Results from the in vivo study are important not only for the improvement in cardiac function
observed by the hydrogel injection but also for the analyses that were carried out with
advanced techniques. This is the first report of 4D echocardiography and strain analysis post

hydrogel injection in an animal model.

4D echocardiography has several advantages over conventional 2D echocardiography. Most
importantly, it measures left ventricular volumes without any geometrical assumption on the
shape of the heart. As shown in chapter 4, the absence of geometrical assumption is
particularly notable for diseased hearts characterised by a lesser extent of left ventricle
dilation. 4D echocardiography has also a resolution that is comparable to MRI, the gold
standard for cardiac function assessment. Nevertheless, 4D echo is considerably cheaper and
less time consuming than MRI. Therefore, it is likely that its use will become more and more
spread and that studies investigating cardiac function following hydrogel injection with 4D

echocardiography will follow.

Overall, results from the strain analysis showed that the injection of the gel, either with or
without IGF-1, significantly improves myocardial mechanics and contractility in the peri-
infarct and the remote areas. The positive results in the remote area are of note because they

highlight how two hydrogel injections on either side of the infarct provide mechanical support
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to the whole left ventricle and not only to areas close to the infarct. The mechanism by which
hydrogel injection is thought to improve cardiac function is by reducing wall stress, therefore

improving the pumping capacity of the healthy myocardium.

After echocardiography and offline strain analysis, tissue samples were harvested for
Masson’s Trichrome staining to assess the extent of fibrosis and determine infarct size.
Histological quantification based on Masson’s Trichrome staining showed significantly less
collagen deposition following both gel and gel + IGF-1 treatments. Indexes of LV expansion
such as LV cavity area and LV perimeter were also improved following both treatments.
Moreover, animals injected with the gel showed a thicker infarct wall in comparison to non-

treated animals. Infarct size was also reduced following IGF-1-loaded gel injection.

To conclude, the in vivo study demonstrated that the injection of a thermoresponsive hydrogel
could effectively moderate LV remodelling post-MI without the need for added therapeutics

such as growth factors or cells.
5.3 Outlook

Chapter 2 emphasized the effect of acidic pH (6.8) on CMs yield, their viability and cardiac
gene expression. Nevertheless, further investigation is needed in order to understand the
mechanisms behind the observed findings. One possible explanation can be attributed to Akt
pathways. A fine regulation of Akt/B-catenin is known to be crucial for the success of the CMs
differentiation protocol (504). Akt phosphorylation is reduced at acidic pH (505, 506), hence
Akt is expected to be less active at pH = 6.8, which could potentially explain why the
differentiation is compromised. Moreover, since Akt is a key downstream component of the
IGF-1/IGF-1R pathway, this could further explain the rescue of IGF-1 achieved at acidic pH.
Furthermore, since IGF-1 is an anti-apoptotic factor, assays to assess cardiomyocytes

apoptosis under acidic pH and following IGF-1 addition could be implemented.

Chapter 3 showed the synthesis and the characterisation of a thermoresponsive injectable
hydrogel. In chapter 4, the results of the in vivo assessment of the hydrogel are reported,
showing that it is able to improve cardiac function following MI. Additional modifications to
the hydrogel could be applied. The hydrogel is now thermoresponsive and its sol-to-gel

transition at 37 °C makes it injectable. A possibility for further developing the PCL-PEG-PCL
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hydrogel would be to functionalise it with a pH-responsive peptide. Since the importance of
pH in the ischemic microenvironment is known, it could be potentially exploited for a more
localised delivery of IGF-1 or other factors (and potentially also stem cell-derived
cardiomyocytes). Specifically, the PCL units could be end-functionalised with a maleimide to
then be coupled to a poly-histidine peptide, resulting in a 5-block copolymer (pHis-PCL-PEG-
PCL-pHis). Poly-histidine has been used in pH-sensitive systems such as nanoparticles for
cancer drug delivery, demonstrating a pH-responsive delivery around pH 6.5 due to the pKa
of the histidine (pKa = 6) (539). This peptide-coupled copolymer would form flower-like
micelles in solution at room temperature and physiological pH. At 37 °C and physiological
pH these micelles should increase in size and form physical crosslinks via hydrophobic
interactions (resulting in a sol-to-gel transition like the one for PCL-PEG-PCL). At 37 °C and
pH 6.8 (the pH of the ischemic myocardium), the poly-histidine will be protonated, making
the micellar structure leaky and inducing the release of the cargo, while maintaining a

hydrogel structure.

There are many parameters that may contribute to a successful in vivo biomaterial injection
therapy, including the timing of the injection, distribution of the material in the cardiac wall,
and intrinsic physical and biological properties of the material. For the in vivo study presented
here, more timepoints could be potentially tested. For example, delivering the hydrogel at day
3 post-M], at the end of the inflammatory phase, could be an option. Effects of the treatment,
on the other hand, could also be followed up to 4 months post-injection, as previously done

(368), to better elucidate the long-term benefit of this therapy.

With a concentration of 100 ng/mL in the loaded hydrogel, the total amount of IGF-1 delivered
through the two intramyocardial injections was 0.2 ng. In order to see a beneficial effect, the
hydrogel could be loaded with a higher concentration of IGF-1 since it appears that 100 ng/mL
is inadequate to elicit a response. On the other hand, instead of increasing the relative
concentration of loaded IGF-1 (or together with it), the number of injections could be
increased. With five injections instead of two, for example, a total amount of 1 ng of IGF-1
would be delivered. However, as discussed in chapter 4, an intramyocardial injection on a
mouse is a delicate procedure, and five injections would require further optimisation.

Additionally, a synergistic approach with a combination of IGF-1 and other pro-angiogenic
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factors (for example VEGF) could also be tested. Tissue digestion of hearts at day 1, 3, and 7
post-injection could be carried out to delineate the in vivo IGF-1 release rate. It has already
been shown that the in vivo release is accelerated compared to the in vitro one (368) and this

could explain the absence of an added benefit of IGF-1 in our in vivo study.

The in vivo degradation rate of the material has not been studied here. However, it has been
shown that the benefits of material injection therapy are lost if the material degrades too
quickly (590). Since we observed mechanical support to the LV leading to enhance cardiac
function, we can assume that the PCL-PEG-PCL hydrogel did degrade in an adequate amount

of time and that the degradation rate was a contributor to the overall success of the treatment.

In the future, implementing novel therapeutic approaches like the ones presented in this thesis
could prevent the progression to HF, improving the quality of life of patients affected by

myocardial infarction and limiting the socio-economic burden of the disease.
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