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. Abstract

Physiologically, cardiomyocytes develop features that enable them to meet the
contractile demands of the healthy, adult heart. Among the structural and functional changes
during development, there is an engagement of the sarcoplasmic reticulum as the main
regulator of cytoplasmic Ca?* cycling. In human cardiac disease and in ageing, there is
progressive disengagement of the sarcoplasmic reticulum, reducing the efficiency of
excitation-contraction coupling. In this project, we used human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) to investigate the role of human cardiac fibroblasts in
regulating cardiomyocyte Ca?* cycling.

In chapter 3, we use hiPSC-CMs with a genetically encoded Ca?* indicator to perform
optical recording of changes in hiPSC-CM intracellular Ca%* in various co-culture setups with
human cardiac fibroblasts. Co-culture setups that only allowed paracrine interactions
between the two cell types led to prolongation of the hiPSC-CM Ca?* transients. There was an
abbreviation in Ca?*transient duration when the two cell types were in direct physical contact,
indicating an increase in Ca?* cycling efficiency.

In chapter 4, we investigated the role of the extracellular matrix in regulating hiPSC-
CM Ca?* cycling. As matrix proteins are known to form interactions with cardiomyocytes via
integrin ligand-receptor interactions, we utilised synthetic peptides with the integrin-binding
tripeptide motif, Arginine-Glycine-Aspartic Acid, to show that fibril-forming integrin ligands
abbreviated hiPSC-CM Ca?* transients by recruiting the sarcoplasmic reticulum to Ca?* cycling.

In chapter 5, we focus on the role of extracellular vesicles, which have emerged over
the last decade as a major secretory vehicle for non-soluble paracrine interactions. A major
limitation in the investigation of extracellular vesicles is that isolation techniques, and thus
sample purity, varies considerably between studies. In chapter 5, we validated an
ultrafiltration- and chromatography-based technique for the isolation of extracellular vesicles
from cardiac fibroblast-conditioned culture media and showed that cardiac fibroblast
extracellular vesicles significantly abbreviate the hiPSC-CM Ca?* transient time to peak,
indicating an increase in the efficiency of Ca?*-induced Ca?*-release.

The findings of this project indicate that cardiac fibroblasts have differential effects on
hiPSC-CM Ca?* cycling depending on the modality of interaction. The findings also indicate

that fibroblast-mediated modulation of hiPSC-CM Ca?* cycling can be mediated by fibroblast-



regulated turnover of the extracellular matrix. This project demonstrates the importance of
the extracellular interactions in utilising hiPSC-CMs and understanding the modulators of

cardiomyocyte structure and function.
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mediated by Ca**-induced Ca** release (CICR) (BErS, 2002). ...........ccueceeeeeeeeieeieeieeseeseeeeeseeseeeeesseeseesseans 63

Figure 1.8: Comparison of action potentials (APs) of ventricular-like human induced pluripotent stem
cell-derived (hiPSC)-cardiomyocytes and adult ventricular cardiomyocytes. (A) Schematic of cardiomyocyte APs
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Figure 4.1 Effect of soluble integrin ligands on cardiomyocyte Ca* handling parameters. Human
induced pluripotent stem cell-derived cardiomyocyte (hiPSC-CM) monolayers were incubated for 24 hours with
soluble RGD, RGES, GRGDS or GRGDSP. HiPSC-CMs were then maintained in standard Tyrode’s solution and
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Representative Ca** transients are shown in (A). Ca?* transient parameters analysed were (B) amplitude, (C) time
to peak, (D) time from peak to 50% decay and (E) time from peak to 80% decay. Error bars represent SEM. N = 8
preparations, n = 30 images. ** =p < 0.01, ***=p <0.001, **** =p <0.0001. S = p < 0.05, 555 = p < 0.001, 5555
=0 < 0.0001 VS CONLIOL ccoiiaeaiiiiies e ettt e e ettt et e e e ettt e e e e e e s sttt e e e e e s saststaaaaeeesasasttaaeaaeeessassssaeaaaaenas 142

Figure 4.2 Effect of anti-integrin antibodies on human induced pluripotent stem cell-derived
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anti-81-integrin antibody and anti-83-integrin antibody. HiPSC-CMs were then maintained in standard Tyrode’s
solution and subject to 1 Hz field-stimulation during optical mapping on an inverted microscope at 40x
magnification. Ca®* transient parameters analysed were (A) amplitude, (B) time to peak, (C) time from peak to
50% decay, (D) time from peak to 80% decay. Error bars represent SEM. N/n = number of preparations/images =
7/27 for Control, 6/21 for anti-81 integrin, 5/20 for anti-83 integrin, and 2/8 for anti-81+83-integrin antibodies.
*=p<0.05 *** = p < 0.001 between non-control conditions. S = p < 0.05, $55 = p < 0.001 vs control. .......... 144

Figure 4.3 Effect of anti-integrin antibodies on soluble integrin ligand-mediated changes in human
induced pluripotent stem cell-derived cardiomyocyte (hiPSC-CM) Ca?* handling parameters. HiPSC-CM
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antibody concentration. HiPSC-CMs were then maintained in standard Tyrode’s solution and subject to 1 Hz field-
stimulation during optical mapping on an inverted microscope at 40x magnification. Ca?* transients were
measured for GRGDS (A-D) or GRGDSP (green)-treated hiPSC-CM monolayers. Ca®** transient parameters
analysed were (A & E) amplitude, (B & F) time to peak, (C & G) time from peak to 50% decay, (D & H) time from
peak to 80% decay. Error bars represent SEM. N/n = number of preparations/images = 11/42 for control, 6-8/22-
32 for GRGDS conditions (A-D), 6-8/20-32 for GRGDSP conditions (E-H). * = p < 0.05, ** =p <0.01, *** =p <
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Figure 4.4: Effect of self-assembling integrin ligands on human induced pluripotent stem cell-derived
cardiomyocyte (hiPSC-CM) attachment to glass substrate. Representative confocal images of hiPSC-CMs
monolayers cardiac Troponin-T (green) and DAPI (blue). Conditions shown are (A) control, (B) RGD_A
(RGDSGAITIGA) or (C) RGD_C (RGDSGAITIGC). Scale bar = 25um. Confocal images were used to investigate the
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Figure 4.5 Effect of fibril-forming, self-assembling integrin ligands on human cardiomyocyte structure
and beating rate. Representative bright field images of human induced pluripotent stem cell-derived
cardiomyocyte monolayers following 24-hour treatment with self-assembling, fibril-forming integrin ligands

RGD_A (RGDSGAITIGA) or RGD_C (RGDSGAITIGC). Conditions shown are (A) control, (B) RGD_A or (C) RGD_C.
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Scale bar = 100um. Confocal images were used to investigate the beating rate (D). Error bars represent SEM. N
= 9-12 preparations. SSS =P < 0.001 VS CONTIOL. ......c.oeccueeeeiesieieiieeeeieeeeeeeeeeetaeestaaeseteeeeeeeetseeessearaeaeree e 149

Figure 4.6 Effect of fibril-forming, self-assembling integrin ligands on human cardiomyocyte Ca**
handling properties. human induced pluripotent stem cell-derived cardiomyocyte (hiPSC-CM) monolayers were
cultured for 24-hour with self-assembling, fibril-forming integrin ligands RGD_A (RGDSGAITIGA) or RGD_C
(RGDSGAITIGC). hiPSC-CMs were then maintained in standard Tyrode’s solution and subject to 1 Hz field-
stimulation during optical recording on an inverted microscope at 40x magnification. Representative Ca?**
transients are shown in (A). Ca?* transient parameters analysed were (B) amplitude, (C) time to peak, (D) time
from peak to 50% decay and (E) time from peak to 80% decay. Error bars represent SEM. N = 4 preparations, n =
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Figure 4.7 Effect of fibril-forming, self-assembling integrin ligands on human cardiomyocyte cytosolic
Ca** extrusion mechanisms. Human induced pluripotent stem cell-derived cardiomyocyte (hiPSC-CM)
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solution were used to calculate contribution of Ca®* extrusion mechanisms. Rate of (A) twitch Ca®* transient
decay, and contributions by (B) SR-mediated Ca?* uptake, (C) NCX-mediated Ca** removal and (D) Ca?* removal
mediated via mitochondria Ca®*-uniporter and sarcolemma Ca?*-ATPase activity. (E) Percentage contribution of
Ca®* removal mechanisms. Error bars represent SEM. N = number of preparations = 6-8. n = number of cells = 33-
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Figure 4.8 Effect of fibril-forming, self-assembling integrin ligands on human cardiomyocyte
morphology. Human induced pluripotent stem cell-derived cardiomyocyte (hiPSC-CM) monolayers were treated
for 24 hours with self-assembling, fibril-forming RGD_A (RGDSGAITIGA) or RGD_C (RGDSGAITIGC) (2mM). hiPSC-
CMs were then fixed and permeabilised. Non-specific binding was blocked before samples were stained.
Representative confocal images of hiPSC-CMs monolayers WGA (green) and DAPI (blue) staining. Conditions are
(A) control, (B) RGD_A or (C) RGD_C. Scale bar = 50um. Confocal images were used to investigate the (D) cell
area, (E) cell volume and (F) Cell aspect ratio. Error bars represent SEM. N/n = number of preparations/number
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Figure 4.9 Effect of fibril-forming, self-assembling integrin ligands on the sarcomere and nucleus
morphology of human cardiomyocytes. Human induced pluripotent stem cell-derived cardiomyocyte (hiPSC-CM)
monolayers were treated for 24 hours with self-assembling RGD_A (RGDSGAITIGA) or RGD_C (RGDSGAITIGC)
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Figure 4.10 Effect of fibril-forming, self-assembling integrin ligands on the sarcoplasmic reticulum
(SR) parameter of hiPSC-CMs. hiPSC-CM monolayers were treated for 24 hours with self-assembling, fibril-
forming RGD_A or RGD_C (2mM). hiPSC-CMs were then fixed and processed for EM imaging. SR parameters were
measured for functional SR on the side exposed to the media and integrin ligand treatment (apical (A-E)) and
side closest to the fibronect-cloated dish (basal (F-J)). SR parameters measured were (B & G) Area, (C & H)
Perimeter, (D & 1) Functional length and (E & J) Junctional gap. Error bars represent SEM. N/n = number of
preparations/number of SR=2/49-2/111. ** = p<0.01. S =P < 0.05. ...c.vvesuveseeesiresiresieesieesiaesieesiaesieesieesieeieenns 158

Figure 5.1 Exosome inhibition by GW4869 attenuates cardiac fibroblast-mediated increase in human
cardiomyocyte Ca**-induced Ca**-release efficiency. Human induced pluripotent stem cell-derived
cardiomyocyte (hiPSC-CM) monolayers and hiPSC-CM-fibroblasts contact co-cultures were treated with exosome
inhibitor, GW4869. Parameters measured were Ca®* transient (A) amplitude, (B) time to peak, (C) time from peak
to 50% decay, (D) time from peak to 80% decay. (E) Rate of decay was measured as 1/tau. Error bars represent

SEM. n = number of cells from at least 3 preparations= 17-73. ** =p < 0.01, *** = p < 0.001, **** = p < 0.0001.

Figure 5.2 Elution profile of fibroblast extracellular vesicles from size-exclusion chromatography and
particle concentration. (A) Following size exclusion chromatography (SEC) of fibroblast extracellular vesicle (EV)
samples into 30 fractions of 1mL, micro-BCA assay quantified protein content of the fractions (black) (N=4, n =
4). Nanosight NS300 with a 532 nm laser measured particle concentration in fractions 5-13 (red) (N=1, n=1). (B)
Zoomed in distribution of SEC fractions 5-13. (C) and (D) Representative Nanocyte Tracking Analysis (NTA)
detection of particles in fraction 10 with a 1:25 dilution. Total particle count was calculated as NTA particle count
multiplied by 25 to account for the dilution (N=1, N = 1 fOr B-D)..........ccceeeeuuureiieeeiiiiiiiieaaeeesssiiiieeaaeeessssiinenas 174

Figure 5.3 Correlation between particle concentration and protein content in fibroblast extracellular
vesicle samples following size exclusion chromatography. Following SEC, the particle concentration and protein
content in fractions 7-12 were plotted and a line of best fit blotted to identify the correlation. Straight line of best
fit identifies the presence of 4.67 x 10° particles/ug of protein (N=1, 0 = 1)......c.ccecvueeveecveeeveeieeeeeieeeeeeren. 175

Figure 5.4 Transmission electron microscopy (TEM) of size exclusion chromatography (SEC)-purified
fibroblast extracellular vesicles (EVs). Fibroblast EV samples were purified by SEC then prepared for TEM as
described in methods. Scale bar = 200nm. TEM was performed by Dr. Ulrike Kauscher. .............cccccccvvvvrannn. 176

Figure 5.5 Expression of extracellular vesicle (EV) markers of size exclusion chromatography fractions
from fibroblast-conditioned media, exosome-depleted and standard FBS. Inmunogold-EM tagging for CD63
identified lipophilic particles with high CD63 expression. Representative images shown in (A). Scale bar = 100nm.
(B) Quantification of dot blots of fibroblast-secreted EV samples against CD9, CD63 and CD81 as percentage of
total signal. N = number of preparations = 2. (C-E) Expression of exosome markers in exosome-depleted serum-
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Figure 5.6 Modulation of human cardiomyocyte Ca?** cycling by fibroblast-secreted extracellular
vesicles. Human induced pluripotent stem cell-derived cardiomyocyte (hiPSC-CM) monolayers were maintained

for 24 hours in culture media consisting of serum-free media (white bar), media containing 1% Exosome-depleted
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serum without fibroblast conditioning (light green), or media containing 1% Exosome-depleted serum
conditioned with cardiac fibroblast-secreted extracellular vesicles (EVs) (150 uL) (dark green). Ca** transient
parameters measured were Ca?* transient (A) amplitude, (B) time to peak, (C) time from peak to 50% decay, (D)
time from peak to 80% decay, Error bars represent SEM. N = 4 preparations, n = 17-73 number of cells. * =p <
0.05, ¥** = p < 0.001, ¥**% = 0 < 0.0001. ........oesieiaeieesit ettt et et ettt e et e ate et e et e e nteeestteesree e 180

Figure 5.7 Presence of fibronectin in extracellular vesicle fractions. Expression of exosome markers
CD9, CD63 and CD81 (black line) and fibronectin (green line) from fibroblast-conditioned media after separation
by size exclusion chromatography (SEC) into 30 consecutive 1mL fractions. Small fibronectin peak around SEC
fractions 8-10 before higher expression of fibronectin in the fractions with numerous soluble contaminants
(fraction 13-28). N = number of preparations = 6 for EV markers and 2 for fibronectin...............cccccccvvvvvrennnn. 181

Figure 5.8 Fibroblast extracellular vesicle content screening for cytokines. Example image of cytokine
array positive for CXCL12/SDF-1. Non-boxed dots are reference spots to align the transparency overlay
demonstrate and also to indicate that the array has been incubated with Streptavidin-HRP during the assay
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1 Introduction

1.1 Heart failure

Heart failure is a global pandemic affecting over 26 million people worldwide and is
becoming increasingly prevalent with an ageing global population (British Heart Foundation,
2015). Despite recent advances in disease therapies and prevention, the rates of mortality
and morbidity are still very high and quality of life in patients diagnosed with heart failure is
poor (Savarese and Lund, 2017). The cardiomyocytes are the contractile cells of the heart so
loss of cardiomyocyte function as a result of loss of cardiomyocyte number or reduced
contractility causes progressive reduction in heart function. The subsequently increased
burden in contractile requirements on the remaining cardiomyocytes causes further
cardiomyocyte dysfunction (Bergmann et al., 2009).

The progressive loss of cardiomyocyte viability is exacerbated by the poor
regenerative potential of cardiomyocytes in the adult mammalian heart. Human adult
cardiomyocytes have been reported to turnover 1% per year, but this progressively decreases
to 0.45% by the age of 75 (Bergmann et al., 2009). Current treatments are able to delay the
progression of cardiac disease but we still have no treatment to effectively reverse the
maladaptive changes that occur (Inamdar and Inamdar, 2016). In order to develop earlier
prevention strategies and more effective treatments for disease, we need to be able to
develop methods to identify patients with a predisposition to cardiac disease or develop a
greater understanding of key therapeutic targets and strategies to combat disease

progression.

1.2 Cardiac Development

The human heart is one of the first organs to develop during embryogenesis. Its
formation is crucial for the establishment of a circulatory system that supports subsequent
foetal development. Three weeks after fertilisation, the three layers of the heart (epicardium,
myocardium and endocardium) are formed as cardiac development commences. The
mesodermal cells are separated into the splanchnic and somatic mesoderm. The splanchnic

mesoderm differentiates into the myocardium, which provides the early contractile
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properties of the primitive heart. The cells in the somatic mesoderm develop into the body
wall lining as well as the dermis. The mesodermal lining gives rise to the epicardium (Rana,
Christoffels and Moorman, 2013). The major changes that occur in cardiac development are

outlined in Figure 1.1.

2 days 3 days 4 days 5days 6days 7 days
(HH12) (HHi7) (HH23) (HH27) (HH29) (HH30)

10 days
(HH36)

Figure 1.1 Schematic overview of heart development. (A) Schematic of cardiac
morphogenesis in human. Colour coding of morphologically related regions, seen from a
ventral view. At day 15, cardiogenic precursors for a crescent of segments that form the linear
heart tube. Cardiac chambers balloon out from the outer curvature of the lopped heart tube.
Neural crest cells populate the aortic arch arteries (I, IV and VI) and aortic sac (AS) that form
the mature aortic arch. Mesenchymal cells form the cardiac valves from the contruncal (CT)
and the atrioventricular valve (AVV) segments. Corresponding days of human embryonic
development indicated under each panel. A, atrium; V, ventricle; R/L A, right/left atrium; R/L
V, right/left ventricle; PA, pulmonary artery; Ao, aorta; DA, ductus arteriosus; R/L SCA,
right/left subclavian artery; R/L CC, right/left common carotid. (B) Scaled micro-computerised
tomography images of chicken embryonic hearts at representative days. Corresponding
Hamburger-Hamilton (HH) stages shown in parenthesis (Lindsey, Butcher and Yalcin, 2014).
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During human cardiac development, mesodermal cardiac progenitor cells (CPCs) give
rise to many cell types, including cardiomyocytes, endothelial cells, fibroblasts and smooth
muscle cells. The differentiation of CPCs is driven by biochemical, physical and electrical
stimuli (Michela et al., 2011). Bone morphogenetic proteins, insulin-like growth factor and
WNT are all known to be significant signalling pathways for cardiac development (van Wijk,
Moorman and van den Hoff, 2007; R. N. Wang et al., 2014). Early in cardiac development,
these pathways cause formation of the endocardial tube. From this point, the intrinsic
rhythmic electrical activity in the cardiomyocytes is initiated, starting in close proximity to the
pacemaker cells. As distance extends from these pacemaker cells, the depolarisation time is
also lengthened (Rana, Christoffels and Moorman, 2013).

As the heart continues to develop, the expression of transcription factors causes
localised proliferation and differentiation in areas that become the atria and ventricles, which
are separated by the atrioventricular canal; an area that retains the primary myocardial
properties (Rana, Christoffels and Moorman, 2013). The foetal circulation drives blood from
the venous poles into the atria, through the atrioventricular canal and into the embryonic
ventricle before it leaves through the outflow tract (Rana, Christoffels and Moorman, 2013).
As the human heart continues to develop, there are important changes in cardiomyocyte
function — notably, an increase in conduction, contractility and automaticity in the
cardiomyocytes that form the atria and ventricles (Rana, Christoffels and Moorman, 2013).

As well as the working, contractile cardiomyocytes, there is development of the
cardiac conduction system formed from non-migrating CPCs found at specific locations in the
developing myocardium (Evans et al., 2010). Molecular genetic studies have shown that the
formation of the sinus and atrioventricular nodes, which determine the rate of contractility
in the myocardium, and the rapidly conducting ventricular pathways critical for the spread of
synchronous, electrical current across the ventricles, is dependent on the expression of key
transcription factors (Christoffels and Moorman, 2009). Notably, transcription repressors
have been shown to be critical in the formation of the cardiac conduction system. Analysis of
mice deficient of Id2, a member of the Id gene family of transcription repressors, show both
structural and functional conduction system abnormalities, including left bundle branch
block. It has been demonstrated that these transcription repressors are crucial for

maintaining the conduction system phenotype, and insufficient expression within the
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embryonic myocardium causes these cells to differentiate into the contractile cells of the

working myocardium (Christoffels and Moorman, 2009).

1.3 Heart structure

The myocardium is composed of numerous cell types, but the contractile activity of
the cardiomyocytes that form the muscle fibres is central to myocardial function (Figure 1.2).
For optimal functioning of the myocardium, healthy adult cardiomyocytes are highly
specialised. Sarcomeres, the contractile units within cardiomyocytes, regulate Ca®*-
dependent contraction via the movement of sliding filaments. Individual cardiomyocytes are
cross-linked by intercalated discs that also allow mechanical and electrical coupling. Adherens
junctions within the intercalated discs anchor the myofibrils and aid synchronous contraction
within compartments of the myocardium. The intercalated discs allow action potential
propagation, and this trigger for contractile activity gives rise to the phenomena of excitation-
contraction coupling. Insufficient contractile function of the cardiac muscle fibres underlies

the primary deficit of heart failure.
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Figure 1.2. Contractile apparatus of the myocardium. The cardiac muscle fibres are
organised into sarcomeres. The synchronous sliding of actin and myosin filaments is
responsible for physiological contraction activity at a macroscopic level. Phosphorylation of
cTnl, MLC2 and ENH2 are highlighted. Dysfunction in this apparatus underlies the phenotype
of many cardiac diseases (Peng et al., 2014).
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1.4 Multicellularity in the myocardium

This section has been partly published in Wang, B., Kit-Anan, W. & Terracciano, C.
Many Cells Make Life Work—Multicellularity in Stem Cell-Based Cardiac Disease Modelling.
Int. J. Mol. Sci. 19, 3361 (2018).

To determine how the myocardium functions, we must understand it as a multicellular
organ, rather than considering the contractile cardiomyocytes in isolation. Within the
myocardium, there is a wide range of non-myocyte cell types and the extracellular matrix
(ECM) scaffold that support the contractile function of cardiomyocytes. The most abundant
non-myocyte cell types are thought to be fibroblasts, endothelial cells and perivascular cells,
although many others are also present (Perbellini et al., 2018). The cardiomyocytes are
currently considered to occupy most of the healthy, adult human myocardium in terms of
volume; between 70-80% in the adult, but they are thought to constitute to only 30-40% of
the cells by number (Zhou and Pu, 2016; Perbellini et al., 2018).

Although estimates for the density of the non-myocytes vary substantially, it is widely
agreed that these cell types play a vital role in the development of the normal homeostasis in
health and the pathophysiological changes that occur in chronic cardiac disease (Table
1.1).The non-myocyte components of the myocardium provide the chemical, electrical and
mechanical stimulation for cardiomyocytes during myocardial maturation and form the
structures essential for the vascular supply and extracellular scaffold required for contractile
function and long-term survival (Perbellini et al., 2018). The importance of the non-myocyte
cell types and the ECM have been shown in numerous studies in which the isolation of human
cardiomyocytes from the native myocardium leads to a rapid loss of contractile function and
prominent changes in the structure (Dispersyn et al., 2001; Zhang et al., 2010; Pinz et al.,
2011). It is thought that the loss of the extracellular modulation from these non-myocyte
components of the myocardium drive the remodelling that occurs following the isolation of

human cardiomyocytes.
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Cell type Activity in Health Activity in Disease Reference
Inflammation
Structural support (hypertroph inotro
Vasculature homeostasis Lk Py, .
. . . ... apoptosis, mitosis) (Rajendran et al.,
Endothelial Biochemical factors such as nitric -
cells oxide endothelin-1. IL-6 Neovascularization 2013; Chen et al.,
- . . increase the density of 2016; He etal., 2017)
Progenitor of cardiac pericytes .
peri-infarct vessels
and vascular smooth muscle cells .
Paracrine
Mechanical suppor'F of Loss of elasticity ' (Cheung et al., 2012;
VSMCs vasculature: contractile or Reduced contractile .
. . . . ) White et al., 2016)
synthetic (proliferative) mode Increased proliferation
Few residents
Mas'F cells act as inflamrpatgry Macrophage has a role in (Hofmann and Frantz,
mediator storage and activating ECM turnover/cell death, .
. . . . 2015; Marino et al.,
the  local renin-angiotensin scar formation, .
Leucocytes . . 2016; Tejada et al.,
system neutrophil recruitment,
T L 2016; Hulsmans et al.,
Macrophage performs a janitorial and vascularization 2017)
homeostasis and  facilitates support
electrical conduction
Conduction fibre and pacemaker Block, ‘ slow down (Gilbert et al., 2006;
. conduction Akar et al., 2007;
Neurons (AV, SA, Purkinje) . o
Control of rhvthmic beatin Essential component for Margariti, 2014; Ardell
y g embryo development etal., 2016)
Scar formation (fibrosis)
Increase ECM protein
ECM turnover, maintaining a Phagocytose  apoptotic (Fan et al., 2012;
. . cells Cartledge et al., 2015;
Fibroblasts balance between the synthesis
and degradation of the matrix Crosstalk to EC and Doppler et al., 2017,
g macrophage for Nakayaetal., 2017)
angiogenesis and matrix
synthesis
(Snider et al., 2009;
Periostin, laminin, vimentin, Increase in collagen |, lll, Jourdan-LeSaux, Zhang
fibronectin, and collagen types | IV, V, and VI and Lindsey, 2010; Fan
ECM (90%), 11, V, and VI laminin, fibronectin, et al., 2012; Howard
Alignment thrombospondin, and and Baudino, 2014;
Mechanical support tenascin Kong, Christia and

Frangogiannis, 2014)

Table 1.1: The role of key non-myocyte components of the heart in health and changes
in activity during disease. EC = endothelial cell, ECM = Extracellular Matrix, VSMCs = Vascular
smooth muscle cells (Wang, Kit-Anan and Terracciano, 2018).
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1.4.1 Endothelial cells

Endothelial cells are essential for the formation of myocardial vasculature required for
cardiomyocyte function and are considered to be the most abundant cell type in the heart
(Pinto et al., 2016). Functional endothelial cells are critical in the delivery of oxygen and
nutrients to cardiomyocytes and, thus, momentum has gathered in the modelling of
vascularised microenvironments (Endemann and Schiffrin, 2004; Hsieh et al., 2006). The
importance of endothelial cells in vessel formation has been shown in fibril gel co-culture
constructs, where endothelial cells and patient-derived pericytes that surround capillaries
increase the stability of perfusable micro-vessels (Ryan et al., 2016). In the context of disease
progression, the vascular endothelium is critical in the initiation of the inflammatory
response, regulation of vasomotor tone and the control of the vascular permeability
(Rajendran et al., 2013). Therefore, accurate models of the myocardium must consider the
role of endothelial cells in the function of the cardiomyocytes, and in the wider context, the

myocardium.

1.4.2 Vascular smooth muscle cells (VSMCs)

VSMCs are stroma-derived cells crucial for the construction of the vascular wall of
both large and small vessels (Perbellini et al., 2018). Large arteries receive the highest
pressure of blood flow and are more elastic to accommodate the high pressure. Smaller
arteries, such as arterioles, have more smooth muscle which contract or relax to regulate
blood flow to specific portions of the organs. VSMCs have been shown to display functional
plasticity in switching expression between contractile and proliferative (synthetic)
phenotypes involved in the regulation of vessel tone and blood pressure (Myasoedova et al.,
2018; Kyotani, Takasawa and Yoshizumi, 2019). Changes in the stimuli in the
microenvironment causes a reduction in contractility and elasticity, altering their phenotype
(Cheung et al., 2012; Chen et al., 2016). The ability of VSMCs to regulate the lumen diameter
of blood vessels means that improving our understanding the role of VSMCs in health and in

disease would aid our understanding about the functioning of the human myocardium.
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1.4.3 Leucocytes

Heart failure is a state of chronic inflammation, with stimuli in the diseased
myocardium contributing to the activation and recruitment of aspects of both the innate and
adaptive immune response (Shirazi et al., 2017). The cellular components of the innate
immunity are myeloid cells, including monocytes, macrophages, dendritic cells, natural killer
cells, as well as neutrophilic, basophilic and eosinophilic granulocytes (Kopf et al., 1994;
Janeway and Medzhitov, 2002; Frangogiannis, 2008; Paulson et al., 2010). The central cellular
components of the adaptive immune response are T- and B-cells that arise from lymphoid
progenitor cells in the bone marrow (Mallat et al., 2009; Epelman, Liu and Mann, 2015).
During heart failure, there is a characteristic increase in circulating and myocardial pro-
inflammatory cytokines that have been shown to promote pathological left ventricular
remodelling (Ikeuchi et al., 2004; Nian et al., 2004). Pre-clinical and early human studies have
indicated that cytokine antagonism could have a therapeutic role in heart failure (Rehsia and
Dhalla, 2010; Kahlenberg, 2016). Poor characterisation of the cascade of events that occur as
a result of inflammation during heart failure may play a key role in the failure of many

immunomodulation trials.

1.4.4 Neurons

Modulation of myocardial function by the autonomic nervous system is mediated
through the activity of sympathetic neurons. The peripheral neural networks mediate reflex
control of the heart (Ardell et al., 2016), such that the nervous system has tonic control over
cardiac function in the quiescent environment and can effectively respond to stressors by
altering the work done by the myocardium (Normand et al., 2019). The finding that
intercellular crosstalk between neurons and cardiomyocytes in vitro improves the function of
both these cell types indicates that bidirectional interactions are vital for efficient myocardial
function (Oh et al., 2016).

The intercellular dependence between cardiomyocytes and neurons is also well
documented in cardiac disease progression. In hyperglycaemia-related neuropathy secondary
to diabetes, the risk of developing cardiac disease is higher than in non-diabetic patients
(Gilbert et al., 2006; Margariti, 2014). Conversely, neuronal dysfunction has also been shown

to follow cardiac injury, which is a term that is given to any insult that triggers a molecular
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cascade that culminates in cell death. In the healthy, adult myocardium, sympathetic control
via norepinephrine activity enables the organ to respond to changes in cardiac demand and
maintain homeostasis. However, remodelling in response to injury increases the
heterogeneity of norepinephrine release. This heterogeneity is thought to increase the risk of
arrhythmias, which are described as changes in rate or regularity of myocardial contractions
due to abnormalities in the electrical impulses of the myocardium. The mechanisms of cardiac
arrhythmias are typically divided into either (1) enhanced or abnormal impulse formation (i.e.
focal activity) and (2) conduction disturbances (i.e. re-entry). The activity of neurons can
either mask or accentuate the effects of either one of these mechanisms. As arrhythmias are
a leading cause of mortality in patients with cardiac disease (Gardner et al., 2016), greater
understanding of the role neurons play in physiology and disease is crucial in developing our

knowledge of the native myocardium.
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1.5 Cardiac fibroblasts

1.5.1 Cardiac fibroblast origin in development and health

This project focuses on investigating the role of cardiac fibroblasts in the myocardium.
Fibroblasts are characterised as being flat, spindle-shaped cells of mesenchymal origin, with
multiple processes originating from their cell body (Camelliti, Borg and Kohl, 2005; Krenning,
Zeisberg and Kalluri, 2010). Within fibroblasts is a highly granular cytoplasm and extensive
rough endoplasmic reticulum (Camelliti, Borg and Kohl, 2005).

The principal origin of the cardiac fibroblasts in the cardiac interstitium and annulus
fibrosis has been reported to be from the mesenchymal cells of the embryonic pro-
epicardium (Christoffels, Burch and Moorman, 2004; Norris et al., 2008). These mesenchymal
cells migrate over the surface of the embryonic heart, eventually giving rise to the epicardium,
and formation of epicardium-derived cells (EPDCs) (Lie-Venema et al., 2007). The EPDCs in
the primitive cardiac wall then undergo epithelial-mesenchymal transition (EMT) (Munoz-
Chapuli et al., 2001). This transition is thought to be driven by the influence of growth factors
including platelet-derived growth factor (PDGF), fibroblast growth factor (FGF) and
transforming growth factor (TGF) (Olivey et al., 2006). This transition causes the cells to
differentiate into the characteristic fibroblast phenotype (Gittenberger-de Groot et al., 1998;
Zhou et al., 2010).

As well as the development of cardiac interstitial fibroblasts following EMT, studies
have also identified fibroblasts present in the interventricular septum and right ventricle that
are of endothelial origin (de Lange et al., 2004). These endothelial-derived fibroblasts are
thought to constitute 20% of the resident cardiac fibroblasts (Ali et al., 2014; Moore-Morris
et al., 2014). Separate studies reported that endothelial cells in the region of the forming
cardiac cushion delaminate and undergo endothelial-mesenchymal transition (EndMT) driven
by cytokines TGF-B, PDGF, and Wnt (Armstrong and Bischoff, 2004; de Lange et al., 2004).
Following transformation, these cells invade the cardiac jelly and mature into the
characteristic fibroblastic phenotype.

Markers currently used to determine the presence of fibroblasts target different
populations of fibroblast-like cells, as summarised in Table 1.2. The lack of a robust cardiac

fibroblast-specific marker indicates that there may be multiple spatio-temporal sources of
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cardiac fibroblasts,

hinting at considerable fibroblast heterogeneity in the native

myocardium.
Protein Function Expressed by other cell | Reference
types

a-Smooth muscle | Intermediate- Smooth muscle cells, | (Akpolat et al., 2005;

actin filament associated | pericytes, myoepithelial | Azuma et al., 2009)
protein cells

Cadherin-9 Ca?*-dependent Neurons; tumor | (Hirano, Suzuki and Redies,
adhesion molecule vasculature 2003; Thedieck et al.,

2007)
CD40 TNFa receptor family | Antigen presenting cells (Smith, 2004)

activation protein-
1 (FAP1)

(gelatinase)

CD248 (TEM1) Collagen receptor Pericytes, endothelial | (MacFadyen et al., 2005;
cells Bagley et al., 2008)
Discoidin domain | Collagen-binding Smooth muscle, hepatic | (Mohan, @ Mohan and
receptor 2 (DDR2) | tyrosine kinase | stellate cells, endothelial | Wilson, 2001; Olaso et al.,
receptor cells 2001; Vogel, Abdulhussein
and Ford, 2006)
Fibroblast Serine protease | Activated melanocytes (Rettig et al, 1993;

Ramirez-Montagut et al.,
2004)

Fibroblast-specific
protein-1

Intermediate-
filament associated
Ca?*-binding protein

Smooth muscle cells,
invasive carcinoma cells

(Strutz et al., 1995;
Sugimoto et al., 2006)

Fibroblast surface
antigen (FSA)

Fibronectin-binding
molecule

Monocytes/macrophages

(Wartiovaara et al., 1974)

filament associated

protein

muscle cells, pericytes,
myoepithelial cells

Heat shock protein- | Collagen-binding Monocytes/macrophages, | (Shioshita et al., 2000;
47 (HSP47) serpin chaperone various collagen- | Sauk, Nikitakis and
producing cells Siavash, 2005)
Platelet-derived Receptor tyrosine | Smooth muscle cells, | (Lindahl et al., 1997; Kaur
growth factor | kinase pericytes et al., 2009)
receptor- 3
Prolyl-4- Collagen biosynthesis | Endothelial cells, | (Mussini, Hutton and
hydroxylase epithelial cells Udenfriend, 1967,
Langness and Udenfriend,
1974)
Thymus cell | Cell adhesion | Leukocytes, endothelial | (Wetzel et al., 2006; Dezso
antigen-1 molecule cells, various progenitor | et al., 2007)
cells
Vimentin Intermediate- Endothelial cells, smooth | (Franke et al., 1979; Mork,

van Deurs and Petersen,
1990)

Table 1.2 Fibroblast markers and co-expression in non-fibroblast cell types (adapted

from Krenning, Zeisberg and Kalluri, 2010).
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Despite there being no consensus on markers that exclusively distinguish fibroblasts,
discriminative markers have been identified for organ-specific subsets of cells that display the
fibroblastic phenotype. For example, in both human and mouse cardiac tissue, the collagen-
activated receptor tyrosine kinase discoidin domain receptor 2 (DDR2) and the intermediate-
filament associated Ca?*-binding protein S100A4 (also known as fibroblast-specific protein 1
(FSP-1)) are thought to be expressed primarily by cardiac fibroblasts (Camelliti, Borg and Kohl,
2005; Banerjee et al., 2007). Gene single cell analysis and genetic lineage tracing, together
with the finding of organ-specific markers of fibroblastic cells, indicate that the cardiac
fibroblast population may not be as diverse as previously thought (Kanisicak et al., 2016;

Moore-Morris et al., 2018).

1.5.2 Cardiac fibroblasts in pathology

A major hallmark of the onset of cardiac disease is an increase in the activity
of cardiac fibroblasts (Porter and Turner, 2009). The activation of fibroblasts substantially
increases the expression of intracellular myofilament bundle, and these cells are often called
myofibroblasts because of the identification of these bundles by alpha-smooth muscle actinin
(a-SMA) antibody (Camelliti, Borg and Kohl, 2005). This is often used as a marker of
myofibroblast phenotype. But, as alluded to by the name, this is also expressed by smooth
muscle cells so is used together with the absence of markers against other cell types to
identify fibroblasts (Table 1.2).

The consensus for many years was that the cardiac fibroblasts in disease originate
from the native resident pool of fibroblastic cells in the myocardium (Krenning, Zeisberg and
Kalluri, 2010). More recent studies have indicated that fibroblasts from beyond the
myocardium are also involved in disease remodelling. Haematopoietic bone marrow-derived
cells have been shown to be a substantial source of fibroblasts recruited in disease. Mice
received a transplant with green fluorescent protein (GFP)-expressing bone marrow before
myocardial infarction (van Amerongen et al., 2008; Kania et al., 2009) or injury by aortic
banding (Zeisberg et al., 2007). Fibroblasts expressing GFP were subsequently found in the
fibrotic cardiac tissue of these mice. These bone-marrow derived fibroblasts have been
reported to represent 25-60% of all fibroblasts at the site of cardiac injury, but numbers are

seen to be highly reduced 2 weeks post-myocardial infarction (van Amerongen et al., 2008).
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Greater understanding of these fibroblastic cells will enable us to determine if these are truly
fibroblasts or display a phenotype of inflammatory cells.

As well as haematopoietic bone marrow-derived cells being a prominent source of
fibroblastic cells in disease, monocyte-to-fibroblast transition has also been reported in
studies that investigate non-acute forms of cardiac disease. Haudek and colleagues reported
that these cells of fibroblastic morphology express markers of both monocytes (CD45;CD11b)
and active fibroblasts (S100A4, aSMA) and account for 3% of all non-myocytes components
of the myocardium in ischaemic cardiomyopathy (Haudek et al., 2008). Other studies have
reported the presence of monocyte-derived fibroblasts in myocardial infarction and pressure
overload animal models (Endo et al., 2007; Fujita et al., 2007). In studies that inhibited the
recruitment of monocytes, both the cardiac fibroblast population and myocardial remodelling
that occurs following myocardial infarction were diminished (van Amerongen et al., 2007).
The distinct potential origins that have been reported for cardiac fibroblasts make it difficult
to attribute the effects of fibroblastic cells in development, health and in disease. It indicates
that we must consider cardiac fibroblasts as a heterogeneous population of cells. In our study,
we utilise human cardiac fibroblasts in vitro, and we must consider the changes that occur to

these cells in culture.

1.5.3 Cardiac fibroblasts in vitro

Studies that utilise human cardiac fibroblasts in vitro isolate primary cells from
myocardial tissue and rely on the proliferative and adhesive properties of fibroblasts to isolate
these from other cell types. However, the dynamic nature of the fibroblast phenotype leads
to changes in phenotype, including cell activity, in culture. A major driver of increase in
fibroblast activity is the change in mechanical force induced by the rigidity of culture
substrates such as plastic and glass substrates. Goffin and colleagues identified that
substrates with a stiffness <15 kPa reduces expression of a-SMA (Goffin et al., 2006). Glass,
by comparison, has an elastic modulus in the 10-20 GPa range. Further evidence for this
phenotype dependency on substrate stiffness has been shown in studies that suspend
fibroblasts in softer, three-dimensional culture conditions. Fibroblasts in this environment
show reduced a-SMA expression and have a cell morphology closer to the quiescent state

reported for cardiac fibroblasts in vivo (Vozenin et al., 1998; Perrone et al., 2003).
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1.5.4 Cardiac fibroblast paracrine signalling

Cardiac fibroblasts secrete a vast array of bioactive substances. Paracrine mechanisms
from cardiac fibroblasts have been implicated in cardiomyocyte hypertrophy, contributing to
impaired cardiac function (Gray et al., 1998; Jiang et al., 2007). Factors including TGF- B,
Interleukin-6 (IL-6) and endothelin 1 (ET-1) have been identified as playing a major role in
regulating cardiomyocyte function (Cartledge et al., 2015).

Secretion of TGF-B, typically induced by changes in mechanical loading (Bujak and
Frangogiannis, 2007), results in cardiomyocyte hypertrophy (Gray et al., 1998) and profound
electrophysiological changes (Cartledge et al., 2015). IL-6 is also associated with
cardiomyocyte hypertrophy, alongside diastolic dysfunction and reduced expression of
SERCA2a (Wu et al., 2011). ET-1 induces a potent hypertrophy in cardiomyocytes and its
expression directly correlates with ventricular remodelling (Inada et al., 1999; Tsutamoto et
al., 2000). At the whole heart level, the changes mediated by paracrine signalling are initially
protective, but ultimately result in maladaptive remodelling (lkeuchi et al., 2004).

This complexity of cardiac fibroblast-cardiomyocyte intercellular interactions was
further demonstrated by our group in a study that identified that cardiomyocyte Ca?*
transient amplitude, a measure of Ca?* availability for contractile function, is reduced by co-
culture with myofibroblasts, but increased when in culture with freshly isolated fibroblasts
(Cartledge et al., 2015). We must continue in our efforts to delineate these complex pathways

if we are to utilise cardiac fibroblasts in the modulation of cardiomyocytes in therapies.

1.5.5 Cardiac fibroblast function through electronic coupling

Cardiac fibroblasts are considered to be a non-excitable cell type, but are thought to
contribute to cardiac electrophysiology. Cardiac fibroblasts have been shown to have a high
cell membrane resistance, making them good conductors for electrical signals (Kohl, 2003).
Cardiac fibroblasts and cardiomyocytes have been shown to be coupled through connexins,
hemichannels that form gap junctions between the two cell populations. Connexin-43 and
connexin-45 have been identified between cardiac fibroblasts and cardiomyocytes (Kohl,
2003; Chilton, Giles and Smith, 2007). Studies have shown that there is measurable electronic
coupling between the two cell types, mediated by connexins (Gaudesius et al., 2003; Miragoli,

Gaudesius and Rohr, 2006). This allows for cardiomyocytes that would otherwise be
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separated by the insulating extracellular scaffold to be bridged electrically, aiding

synchronicity of electrical activity in the native myocardium (Rohr, 2004).

1.6 Non-soluble intercellular signalling

There is growing evidence that paracrine interactions in the myocardium can
be achieved via non-soluble mediators. Extracellular vesicles (EVs) were first reported in 1981,
by Trams and colleagues who identified that cell culture supernatant in rat glioma and mouse
neuroblastoma cells displayed plasma membrane ATPases and 5’-nucleotidease enzyme
activity (Trams et al., 1981). To this day, every mammalian cell type has been demonstrated
to produce EVs in culture (Yafiez-M6 et al., 2015).

EVs have been implicated in physiology and in disease. Much work has investigated
the role of EVs in carcinogenesis, and these have been implicated in the processes of
proliferation, angiogenesis, immunosuppression and preparation of pre-metastatic niches in
secondary organs (Ruivo et al., 2017). It has been widely reported that EVs mediate both local
and systemic intercellular communication through the horizontal transfer of information via
microRNAs, long non-coding RNAs, proteins, mRNAs, metabolites and other substances
(Figure 1.3) (de Jongetal., 2012; Sung et al., 2015; Purushothaman et al., 2016; Li et al., 2017;
Paolillo and Schinelli, 2017). Fibroblast-secreted EVs have also been implicated as an
important modulator of cardiomyocyte function in disease. Rat fibroblast secretion of miR-21
in EVs has been shown to induce mice cardiomyocyte hypertrophy (Bang et al., 2014).
However, the role of human cardiac fibroblasts in regulating human cardiomyocyte function

has yet to be explored.
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Figure 1.3 Extracellular vesicle (EV) composition. Schematic representation of the
composition of EVs. ARF = ADP robosylation factor; ESCRT = endosomal sorting complex
required for transport; LAMP = lysosome-associated membrane protein; MHC = major
histocompatibility complex; MFGE8 = milk fat globule-epidermal growth factor-factor Vi,
RAB = Ras-related protein in brain; TfR = Transferrin receptor. (Colombo, Raposo and Théry,
2014).

1.6.1 EV classification

There are two major classes of EVs produced from non-apoptotic cells — exosomes
and microvesicles (Figure 1.4). These are distinct in their biological origins, size distributions
and expression of marker proteins. However, current methods for isolating and purifying EVs
are unable to separate these populations from a mixed biological sample (Aalberts et al.,

2012; Bobrie et al., 2012; Willms et al., 2016).
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Figure 1.4 Release of microvesicles and exosomes. Microvesicles are formed by direct
budding from the plasma membrane. Exosomes are smaller vesicles formed as intraluminal
vesicles by budding into early endosomes and multivesicular endosomes. The multivesicular
endosomes fuse with the plasma membrane to release exosomes. CCV = Clathrin coated
vesicle, ER = endoplasmic reticulum, MVE = multivesicular endosome. (Raposo and Stoorvogel,
2013).

1.6.1.1 Exosome synthesis and release

Exosomes are formed by a multistep process, producing vesicles 40-100 nm in
diameter. In this process, late endosomal vesicles invaginate, allowing cytosolic material to
be encapsulated in internal vesicles (multivesicular bodies (MVBs)) (Subra et al., 2007;
Colombo, Raposo and Théry, 2014). Although the mechanism for MVB formation is yet to be
fully delineated, it is likely that there are multiple pathways. To the best of the authors
knowledge, there are at least three mechanisms — ceramide-dependent, tetraspanin-
dependent and ESCRT (endosomal sorting complexes required for transport) dependent
(Colombo, Raposo and Théry, 2014). It is not known why cells are dependent on different
pathways and whether the pathways act simultaneously. It has been shown that the exosome
synthesis mechanism affects the cargo content in vesicles, and blocking of one pathway
changes EV content produced by others (Nazarenko et al., 2010; Colombo, Raposo and Théry,

2014). Therefore, while some studies use chemical inhibition of EV production, such as
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GW4869-mediated inhibition of ceramide-dependent exosome production (Trajkovic et al.,
2008), there are currently no stringent mechanisms for blocked exosome synthesis and
release. Studies that utilise any techniques that target EV biogenesis pathways must be
interpreted with caution.

In contrast to exosomes, microvesicles are 80-200nm in diameter and formed by
direct budding from the plasma membrane (Raposo and Stoorvogel, 2013). The mechanism
for microvesicle formation and release is even less well known than that of exosomes.
However, early reports demonstrated that it was highly dependent on cytoskeletal activity
(Liepins, 1983). Colchicine, vinblastine and cold temperatures, all of which disrupt the
microtubule cytoskeleton, have been shown to induce microvesicle formation and shedding
(Muralidharan-Chari et al., 2010). Delineating the mechanism for formation and release of
exosomes and microvesicles will help us to determine their role in physiology and therapeutic

potential.

1.6.2 EV interactions with recipient cells

The evidence to support the role of EVs in intercellular interactions include studies
that demonstrate that the luminal content of EVs are delivered to and internalised by target
cells. The use of fluorescent dye labelling (Feng et al., 2010) and luciferase-based (Montecalvo
et al., 2012) approaches has allowed real time observations of functional transfer of
macromolecules. Although it would be plausible that there is direct membrane fusion of the
liposome-like EVs and the recipient cells, this can only occur if the membranes are of similar
fluidity. As EVs and their parent cells are distinct in their membrane composition, this passive
membrane fusion can only occur with certain cell types so cannot account for all intercellular
EV transfer observed. Studies have demonstrated that the internalisation of EV content is
cytoskeleton-dependent, requiring endocytosis or phagocytosis (Mulcahy, Pink and Carter,
2014). Beyond this, the mechanism for EV selectivity for recipient cells is unknown but
understanding how EVs can recognise their target would help unlock their potential in drug
therapeutics as a mechanism for delivery of therapies to specific recipient cell types.

As the topology of EVs is similar to cells, with extracellular ligands and receptors
positioned on the outside, ligand-receptor interactions between the EV membrane and the

recipient cell are likely to play a key role in the targeting of EVs to cells. This interaction has
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been shown in some cell types to be the mechanism by which EVs can modulate cellular
activity. For example, natural killer (NK) cell-derived EVs have been shown to display both
markers of NK cells as well as Fas ligands on the surface, the latter a key inducer of
programmed cell death. It was shown that the crosslink with recipient cell surface death
receptors induced apoptosis in various cell types. In this way, EV interaction with the recipient

cell without the transfer of vesicular content can mediate the intercellular interactions.

1.6.3 EV isolation

Part of the reason why there are limited studies into EV activity is that the isolation
and detection of EVs is often a complicated process with many steps. When starting from cell
culture media or biofluids, EVs are often present in relatively low quantities, yet potential
contaminants (typically soluble proteins in cell culture media, but also large protein and
lipoprotein complexes in biofluids and plasma) are present in relatively high quantities (Li et
al., 2017). These contaminants may potentially themselves be bioactive and able to influence
biological activity, leading to false or exaggerated identification of EVs as signalling molecules.
There is an increasing concern in the field of EV research that some commonly used isolation
techniques are prone to contamination or excess loss of EVs (Gamez-Valero et al., 2016;
Benedikter et al., 2017; Monguioé-Tortajada et al., 2019).

Isolation of EVs is further hampered by the presence of lipoprotein particles in
conditioned media. These particles often have a density and diameter similar to EVs.
Consequently, isolation of vesicles from serum-containing media by density-gradient
ultracentrifugation results in co-isolation of high-density lipoprotein (HDL) and isolation of
HDL results in co-isolation of vesicles (Vickers et al., 2011; Wagner et al., 2013). A fast and
simple alternative to ultracentrifugation for the separation of vesicles from serum-rich
samples involves the replacement of the serum by buffer in a process called size-exclusion
chromatography (SEC), also known as ‘gel filtration” (Grubisic, Rempp and Benoit, 2011; Boing
et al., 2014). In this process, isolated fractions with the highest concentrations of particles
within the diameter range for exosomes also contain less than 5% of HDL and less than 1% of
proteins. As chromatography produces a purer population of EVs than ultracentrifugation, it
will be employed in this project in investigations of EV function in cardiac fibroblast-

cardiomyocyte crosstalk.
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1.7 Cardiac ECM

Cardiac fibroblasts are widely known for role they play in the synthesis and
degradation of the cardiac ECM, which form the crucial mechanical scaffold for
cardiomyocytes. The complex tissue and organ architecture of the heart is maintained by
extensive ECM networks. These networks are composed of fibrous proteins (e.g., collagen,
elastin), adhesive glycoproteins (e.g., fibronectin, laminin), and proteoglycans. The ECM
serves multiple purposes; (1) it forms an organizational network that surrounds and
interconnects cells and provides scaffold for cardiac cell types, (2) it distributes mechanical
forces throughout the cardiac tissue and conveys mechanical signals to individual cells,
contributing to the stress-strain relationships of the heart and (3) electrically separates the
atria and the ventricles to facilitate proper cardiac contraction (Zhou et al., 2010).

Cardiac fibroblasts mediate 5% turnover of the ECM every day (Bonnin, Sparrow and
Taylor, 1981; McAnulty and Laurent, 1987). In response to several growth factors (e.g., TGFB,
PDGF), cytokines (e.g., TNFa, IL1B, IL6) or mechanical stimulation (e.g., stretch), cardiac
fibroblasts produce the fibrillar collagens type | and type Ill that together comprise
approximately 90% of all collagen in the heart, as well as the less abundant ECM molecules
collagen types IV, V, VI, elastin, and laminin (Bosman and Stamenkovic, 2003). Alternatively,
activated cardiac fibroblasts modulate the turnover of ECM components by modulating the
expression of the matrix metalloproteinases (MMPs) and their natural inhibitors that mediate
ECM remodelling (tissue inhibitor of MMP; TIMP) (Tsuruda, Costello-Boerrigter and Burnett,
2004). Following an MI, the myofibroblasts are often found within the area of infarct.
Following the onset of more diffuse disease, such as in ischaemic cardiomyopathy,
myofibroblasts are found more interstitially. In either case, they alter the balance of ECM
turnover such that there is increased laying down of ECM components, driving the changes

that occur in myocardial remodelling (Porter and Turner, 2009).

1.7.1 ECM in disease

In general, net deposition of collagen in the adult human myocardium is limited.
However, an increase in expression of growth factor following cardiac injury and the
subsequent changes in enzyme activity leads to anincrease in the laying down of cross-linked

ECM proteins, which form scar tissue (Gurtner et al., 2008). The active fibroblasts then
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undergo apoptosis, causing cessation of ECM protein production. In the case of cardiac injury,
cardiac fibroblasts overcome this negative feedback regulation such that the laying down of
ECM components persists, which causes further cardiac dysfunction and progression to heart
failure. The mechanism by which cardiac fibroblasts avoid the regulatory mechanisms are
unclear, but understanding the stimuli that cause cardiac fibroblast activation could enable
us to manipulate cardiac fibroblast function.

The increased deposition of ECM proteins in the myocardium is a hallmark of heart
disease. This is associated with cardiac fibrosis that is either termed “reactive interstitial
fibrosis” when there is expansion of the cardiac interstitium without significant
cardiomyocyte loss, or “reparative fibrosis” when there is formation of a scar in response to
ischaemic injury such as following a myocardial infarction (Anderson, Sutton and Lie, 1979;
Weber, 1989). The laying down of collagen within (endomysial) and around (perimysial) the
bundles of contractile cardiomyocytes causes interstitial fibrosis. In contrast, the laying down
of collagen deposits in the adventitia of coronary arterioles is termed perivascular fibrosis. In
animal models of left ventricular pressure overload, there is initial reactive interstitial fibrosis
as well as perivascular fibrosis. The interstitial fibrosis without significant loss of
cardiomyocytes is coupled with cardiomyocyte hypertrophy as an adaptive response to the
overload and an attempt to maintain cardiac output while normalising stress. However, the
increase in ECM proteins in the myocardium causes an increase in mechanical stiffness,
leading to dysfunction in the contractility of the heart (Chaturvedi et al., 2010). The formation
of a fibrotic scar following cardiac injury also becomes a barrier at that interferes with
physiological propagation of electrical signals between cardiomyocytes, increasing the risk of
arrhythmias (Spach and Boineau, 1997). As cardiomyocytes eventually undergo necrosis and
apoptosis, reparative fibrosis starts to take place during chronic adaption to haemodynamic
overload (lsoyama and Nitta-Komatsubara, 2002). The thickening of the ECM around
hypertrophied cardiomyocytes as well as the perivascular fibrosis is thought to contribute to

a mismatch in the supply and demand of nutrients, leading to cell death (Kai et al., 2006).
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1.7.2 ECM-cardiomyocyte interactions via integrins

Beyond its role as a scaffold for three-dimensional formation of the myocardium, the
ECM has also been shown to modulate intracellular signalling in myocytes and non-myocytes.
The ability of ECM proteins to bind to cardiomyocytes is mediated by integrins; non-covalently
associated, heterodimeric, transmembrane receptors formed from a family of alpha or beta
subunits (Ruoslahti and Pierschbacher, 1987). Their positioning and signalling is shown in
Figure 1.5. Integrins were first identified in studies that suggested physical interactions
between fibronectin in the ECM and intracellular cytoskeleton. Studies then identified
glycoproteins with characteristics of membrane proteins and antibodies against these
proteins prevented cellular adhesion. The importance of these in maintaining the integrity of
interactions between extra- and intra-cellular environments led to their classification as
‘integrins’. Integrins function by mechanically binding the ECM to cell cytoskeleton and sense

when adhesion of cells to the ECM has occurred (Harston and Kuppuswamy, 2011).
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Figure 1.5 Integrin positioning and signalling in stem cells and cardiomyocytes. In
both stem cell and cardiomyocytes, integrins in the cell membrane bridge communications
between the extracellular matrix (ECM) and intracellular structures. (A) in stem cell models of
mechanotransduction, mechanical signals received by integrins result in traction force
generation by non-muscle actinomysin. (B) in cardiomyocytes, integrins in the sarcolemmal
membrane bridge communication between the ECM and aligned muscle actinomysin.
Cardiomyocytes also have intercalated disks; intercellular links for mechanical and electrical
coordination of contraction between neighbouring cardiomyocytes. FAC, focal adhesion
complex (Chin, Hool and Choi, 2019)
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1.7.2.1 Integrins in health

The importance of integrin-mediated interactions with the ECM in cardiac
morphogenesis and maintaining the adult phenotype has been shown in animal studies.
Ablation of a5 integrin, which forms major interactions with fibronectin in the ECM, disrupts
cardiac chamber specification in mouse embryos in a manner that is similar to studies in which
fibronectin is knocked down (Pulina et al., 2011; Mittal et al., 2013). B1 integrins knockdown
has been shown to be critical in embryonic development, as knockdown causes embryonic
lethality in mice (Stephens et al., 1995). Inducible knockout of B1 integrin later in mouse
myocardium development prevented proper compaction of ventricles, causing progressive
fibrosis in the myocardium and ultimately led to dilated cardiomyopathy in subjects (Shai et
al., 2002; leda et al., 2009).

The principal integrin-binding domain of integrin ligands is a tripeptide sequence of
Arginine-Glycine-Aspartic acid (RGD) (Ruoslahti and Pierschbacher, 1987). Soluble peptides
with this RGD-tripeptide sequence have been used to assess the effect of integrin activation
inaninvitro setting (Yu et al., 2011). Studies investigating the mechanisms mediating integrin
function have identified integrin localisation to cardiomyocyte costameres, serving as an
anchor to strengthen the Z-disc of cardiomyocytes and the connection to the sarcolemma
membrane (Israeli-Rosenberg et al., 2014). Integrins have also been found at the intercalated
discs, forming intercellular connections between cardiomyocytes (Zhang et al., 2001).
Integrins have been shown to play a vital role in the assembly of costamere. Costameres are
sensitive to mechanical force, such that force-dependent changes in the load-bearing
molecules present at the ECM attachment sites alters the biochemical activities of these
molecules, causing stress-dependent remodelling of the costameric site and signal
transduction. The external mechanical forces elicited by ECM proteins regulate costamere
assembly, such that arresting contraction has been shown to cause integrin loss from
costameres and conversely, stretch has been shown to increase integrin expression in
cardiomyocytes (Sharp et al., 1997). These studies all show that integrins are key

determinants of the cardiomyocyte response to extracellular stimuli in physiology.
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1.7.2.2 Integrins in pathology

Due to their integral role in maintenance of the myocardium in physiology,
cardiomyocyte integrin-ECM interactions are also fundamental in bringing about the
hypertrophic response to changes in mechanical load (Harston and Kuppuswamy, 2011).
Genetic ablation of either B1 or B3 integrins in mice inhibit compensatory hypertrophic
growth in response to pressure overload, causing a reduction in cardiac output and an
increase in the rate of progression to heart failure (Li et al., 2012). Mechanical stress has been
shown to signal via integrins to initiate formation of focal adhesion complexes (FACs)
(Kuppuswamy et al., 1997; Laser et al., 2000). Complex formation has been shown to mediate
downstream pro-survival signalling through PI3K/AKT and caspase inhibition (Menon et al.,
2007; Johnston et al., 2009). In addition, induction of mTOR via cardiomyocyte integrin-ECM
interactions also enhance protein synthesis and cell growth (Balasubramanian and
Kuppuswamy, 2003).

A less well studied manner in which integrins mediate the response to cardiac disease
is via direct mechanotransduction. Changes in the extracellular mechanical environment of
cardiomyocytes can be translated directly to the nucleus via the cytoskeletal network,
potentially altering nuclear shape, chromatin organisation, DNA replication, gene
transcription and RNA translation (Ross and Borg, 2001; Wang, Tytell and Ingber, 2009). In
this way, integrin-mediated signalling pathways underlie the sensitivity of cardiomyocytes to
mechanical stresses induced by the ECM (Brancaccio et al., 1999; McCain and Parker, 2011).
The study by Brancaccio and colleagues identified that melusin, a muscle-specific protein that
interacts with the cytoplasmic domain of integrin B1, is essential for the hypertrophic
response to mechanical overload (Brancaccio et al., 2003). Melusin-null mice had normal
myocardial structure and function in physiological conditions, but when these mice were
subject to pressure overload, they did not demonstrate the hypertrophic response identified
in wild-type control. Instead, the melusin-null mice demonstrated abnormal remodelling
characterised that culminated in dilated cardiomyopathy and cardiac dysfunction (Brancaccio
et al., 2003). This indicates that integrins play critical role in disease. However, the complexity

of interplay between cardiomyocyte subtypes makes delineation of key pathways difficult.
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1.7.2.3 Integrins in EC-coupling

Early in vitro animal studies identified crucial roles for integrins in cardiomyocyte
contractile function. Cardiac fibroblast-derived ECM expressing integrin ligands have been
used as a culture substrate for neonatal rat ventricular myocytes (NRVMs), increasing
spontaneous activity, metabolic activity and expression of key proteins involved in
cardiomyocyte contractile function (Guo et al., 2013; Zeng et al., 2013). The a7B1 integrins in
rats have been shown to have a protective role in ischaemia-reperfusion injury, protecting
cardiomyocyte mitochondria from Ca?* overload and preventing cell death (Okada et al.,
2013). This same study also identified that B1D integrin splice variants co-localise with RyRs
in transverse (T)-tubules of adult cardiomyocytes. The direct physical interactions between
the cytoplasmic tail of integrins and the cytoplasmic aspect of RyRs were found to decrease
the opening probability (P,) of RyRs in a manner dependent on ECM interactions (Okada et
al., 2013).

Nitric oxide (NO) has been shown to be a common transducer of ECM integrin
signalling. Stretch of the myocardium is associated with an increase in nitric oxide synthesis
(Pinsky et al., 1997; Prendergast, Sagach and Shah, 1997; Petroff et al., 2001) as well as
increasing the force-frequency response (Khan et al., 2003). The role of NO in the modulation
of lca,. has been demonstrated by studies that utilise SNAP, a S-nitrosothiol, which augments
beta-adrenergic stimulation of Ica (Abi-Gerges et al., 2002).

NO has also been proposed to directly activate Ca?* release from the SR via activation
of RyR2. Van der Wees and colleagues have investigated the role of integrin stimulation on
Ca?* cycling in NRVMs and identified that soluble pentapeptides with the integrin-binding
Arginine-Glycine-Aspartic acid (RGD) domain increase Ca?* release from the SR and proposed
that this is due to S-nitrosylation of RyR2 and/or L-type Ca?* channels (Van Der Wees et al.,
2006). In their study, the effects of RGD peptides and NO donors are additive, and thus they
propose that there are at least two independent pathways that contribute to the modulation
of SR Ca?* release from RyRs (Van Der Wees et al., 2006).

Integrins have also been shown to modulate adrenergic regulation of cardiomyocyte
Ca?* cycling. Overexpression of B1A in NRVMs causes a reduced response of cardiomyocytes
to beta-adrenergic receptor agonist isoproterenol (Cheng, Ross and Walsh, 2004), but

induced cardiomyocyte-specific excision of the P1 integrin gene in adult mouse
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cardiomyocytes blunted the hypertrophic response of these cardiomyocytes and also caused
defective hypertrophic-stress signalling in the intact mouse heart (Li et al., 2012). It is clear
that integrins have a critical role in modulation of EC-coupling in physiology and disease, and

multiple pathways finely tune the contractile function of the cardiomyocyte.

1.8 In vitro models of heart disease

Virtually all models used for drug screening and disease modelling heavily rely on the
use of cardiomyocytes from animal models or isolated human adult cardiomyocytes
(Parameswaran et al., 2013; Li et al., 2014). Among the challenges of current human and
animal models are high costs, difficulties in manipulation and ethical issues (Wang, Kit-Anan
and Terracciano, 2018). These in vitro models also lack much of the biological and mechanical
properties of the complex myocardium, so they are thought to poorly predict the mechanisms
regulating the structure and function of the native myocardium. The limitations to current

models must be overcome if we are to accurately model human cardiac disease.

1.8.1 Adult human cardiomyocytes

Isolated adult human cardiomyocytes have been used to investigate cardiomyocyte
function as well as how the contractile capabilities can be modulated in vitro (Bird et al.,
2003). Isolated adult human cells are able to mirror aspects of the progressive of disease
(Nguyen et al., 2017; Wang et al., 2017). However, these tissues are of limited availability,
and even following isolation from consenting adults, there is rapid loss of key cardiomyocyte
ultrastructural features required for efficient production of contractile force (Dispersyn et al.,
2001; Zhang et al., 2010). Therefore, adult human cardiomyocytes are thought to only provide

a snapshot of cardiac disease progression.

1.8.2 Animal cardiomyocytes

The limitations of adult human cardiomyocytes has led to much research utilising
animals as a source of cardiomyocytes in cardiac research. Historically, animal models were
developed either from defined genetic backgrounds that mimic some human conditions or by

imposing acute interventions such as coronary obstruction to mimic the initial type of insult
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such that we can investigate single, discrete time points in disease progression (Ericsson, Crim
and Franklin, 2008; Henrique Franco, 2013). Studies using small animals have aided
advancement in understanding molecular pathways in heart failure and models with large
animals have provided preclinical proof of concept of novel therapies before clinical trials
with human subjects (Erickson, 1988; Smithies, 1993; Whitelaw et al., 2016). Animal
cardiomyocytes therefore still provide some use in cardiac research.

However, animal cardiomyocytes are still intrinsically limited in their ability to model
adult human cardiomyocyte function (Klocke et al., 2007; Bracken, 2009; Shanks, Greek and
Greek, 2009). Gene expression silencing and drug- or surgically-induced pathogenesis often
employed in animal studies do not recapitulate the native, complex initiation of cardiac
disease in humans (Wang, Kit-Anan and Terracciano, 2018). As a result, compensatory
mechanisms may mask the pathways for disease progression in humans. In addition, the
specificity of many human cardiac diseases to the human species also prevents animal studies
from fully recapitulating cardiomyocyte function in disease models and drug discovery.
Rodent models are thought to only correctly predict human toxicity in 43% of cases (Olson et
al., 2000). Despite these limitations in the use of animal cells, they do overcome the

availability issue of adult human cardiomyocytes.

1.8.3 Human specific expression in animal cells

Species mismatch in animal cardiomyocytes and limited availability of human
cardiomyocytes led to the development of models that use human-specific ion channel
expression in animal cells. A source of cells widely used are Chinese Hamster Ovary (CHO)
cells (Johns, Nuss and Marban, 1997). While much of the burden of disease is acquired due
to environmental factors, a substantial proportion of it is inherited so can be modelled by
expression human genes in animal cells (Dumont et al., 2016). The expression of human ion
channels in animal cells goes some way to mitigate the species mismatch in animal studies.
However, investigation of the activity of a single ion channel often does not recapitulate the

complex progression of human disease (Braam, Passier and Mummery, 2009).
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1.8.4 Stem cells and derivatives

A major asset in our search for models that accurately represent the human
myocardium has been the development of human stem cell-derived cell types. Stem cells are
undifferentiated cells that have indefinite renewal potential through mitotic cell division and
have the capacity to differentiate into specialised cell types. Pluripotent stem cells have the
ability to differentiate into any type of somatic cell, and include embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs).

The first human stem cell-derived cell types were derived from human embryonic
stem cells (hESCs) over 20 years ago (Thomson et al., 1998; Takahashi et al., 2007; Shelton et
al., 2016). The genes encoding transcription factors implicated as being pivotal in the
maintenance of pluripotency were Oct4, Sox2 and Nanog (Boyer et al., 2005; Loh et al., 2006).
The unique ability for unlimited self-renewal and differentiation into all adult cell types made
these cells an attractive tool for research (Smith, 2001). However, unless the embryo for the
hESCs carried a specific, highly-penetrant disease mutation, hESC-derived cell types had poor
predictive value. Importantly, the sourcing and use of these cells involved major ethical issues

which limit their use (Deb and Sarda, 2008).

1.8.4.1 Generation of iPSCs

A more recent approach for producing stem cell-derived cell types, including
cardiomyocytes, came following the production of iPSCs (Takahashi and Yamanaka, 2006).
There are many approaches to achieve pluripotency from differentiated cell types and are
extensively described elsewhere. These include somatic cell nuclear transfer (Campbell et al.,
1996; Hochedlinger and Jaenisch, 2003), cell fusion (Taranger et al., 2005), transduction of
transcription factors (Singh et al., 2015) and reprogramming with small molecules (Singh et
al., 2015). The most common reprogramming technique involves the direct reprogramming
of somatic adult murine cells using transcription factors encoded by four genes — Oct4, Sox2,
Kif4, and c-Myc - enabled production of these iPSCs, which had the capability of
differentiation into any of the primary germ layers (Okita, Ichisaka and Yamanaka, 2007). This
was followed by the generation of human iPSCs (hiPSCs), using the gene set of Oct4, Sox2,
Nanog and Lin28 (Yu et al., 2007), and led to the production of human induced pluripotent

stem cell-derived cardiomyocytes (hiPSC-CMs) (Takahashi et al., 2007; Zwi et al., 2009; Lian
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et al., 2012). Importantly, producing hiPSC-CMs could be done without the ethical issues
surrounding the use of embryos as the cell source. Therefore, hiPSC-derived cell types have
gained traction as a suitable alternative for hESC-derived cell types (Takahashi and Yamanaka,
2006; Takahashi et al., 2007).

As well as bypassing the ethical issues surrounding the production and use of human
embryos for hESCs, hiPSC-derived cell types exhibit properties that render them appropriate
as model systems for studying human diseases. They are of human origin, so they carry
human genomes; they are pluripotent, so they can be differentiated into any of the human
body’s somatic cell types; and as stem cells, they can be an autologous source of cells for
medical applications (Medvedev, Shevchenko and Zakian, 2010). The retention of a person’s
unique genotype means that hiPSC-CMs provides the opportunity to study cells genetically
matched to individual patients. Together with genome-editing tools, hiPSC-CMs allow us to

introduce or correct genetic variants (Musunuru et al., 2018).

1.8.4.2 Differentiation of pluripotent stem cells into cardiomyocytes

There are numerous techniques for differentiation pluripotent stem cells into
cardiomyocytes. Initial studies used the embryoid body (EB) technique. By recapitulating the
early stages of embryogenesis, both ESCs and iPSCs can be induced to differentiate into
cardiomyocyte-like cells. Initially, the stem cells are aggregated by suspension as a hanging
drop orvia centrifugation, leading to formation of the three primary germ layers. After several
days in culture, these EBs form outgrowings seen to spontaneously contract like
cardiomyocytes (Kehat et al., 2001; Mummery et al., 2012). However, this technique is very
inefficient and there is significant heterogeneity in the cardiomyocytes formed (Vidarsson,
Hyllner and Sartipy, 2010).

A more efficient technique for stem cell differentiation into cardiomyocytes, and the
one used for this study, is based on inducing differentiation of monolayers of pluripotent stem
cells using small molecules. We use a biphasic protocol manipulating the Wnt signalling
pathway. In early differentiation, activation of Wnt signalling enhances cardiogenesis.
Signalling late in the differentiation process inhibits cardiogenesis. Thus, inhibition of Wnt
signalling is then required to maintain the presence of spontaneously beating cardiomyocytes

(Ueno et al., 2007). This biphasic differentiation process has been shown produce 80-98%
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purity of cardiomyocytes before cell sorting (Lian et al., 2013). Despite the many different
techniques for the production of hiPSC-CMs, comparisons of the electrophysiological
properties of hiPSC-CMs generated from multiple iPSC lines using monolayer-based methods
identifies that they exhibit comparable and functional Ca?* cycling, the major determinant of

cardiomyocyte contractile function (Hwang et al., 2015).

1.9 Cardiomyocyte structure

There is huge potential for the use of hiPSC-CMs in research and in therapy, but it is
critical that we consider the immaturity in hiPSC-CM structure (Karakikes et al., 2015). hiPSC-
CMs are considered to have structural features more akin to neonatal or embryonic
cardiomyocytes than adult cardiomyocytes (Table 1.2). hiPSC-CMs have a morphology that is
generally large, flat and round with a single nucleus, although studies have shown that they
are largely adaptive to the culture environment (Gherghiceanu et al., 2011; Du et al., 2015)
and highly heterogenous, demonstrating very different cell morphologies and
electrophysiological properties (Figure 1.6 and Table 1.3).

The general characteristics of hiPSC-CMs are considered to recapitulate the
phenotype of human cardiomyocytes during the early cardiogenesis phase. During this phase
of development, the transition from hyperplastic to physiological hypertrophic growth of the
myocardium has not yet occurred. During physiological hypertrophic growth, there is
anisotropic alignment of elongated, rod-like cardiomyocytes connected electrically by
unidirectional gap junctions (Bernardo et al.,, 2010). This movement allows efficient
contraction of the syncytium of cardiomyocytes in the developing heart, but the directional
propagation of cardiomyocyte excitation does not occur in hiPSC-CMs spontaneously beating
in vitro. This lack of development in cardiomyocyte phenotype is thought to be, at least in
part, due to a lack of extracellular stimuli present in the developing heart (Wang, Kit-Anan

and Terracciano, 2018).
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Figure 1.6 Comparing the morphology and electrophysiology of human induced
pluripotent stem cell derived cardiomyocytes (hiPSC-CMs) and native human ventricular
myocytes. (A) Phase-contrast micrographs of a typical human ventricular myocytes (left) and
four hiPSC-CMs (right). Differently shaped hiPSC-CMs were present at close distance in the
same microscope field. (B) Action potentials of three different spontaneously active hiPSC-
CMs. (C) Action potentials of three different hiPSC-CMs upon 1 Hz stimulation (solid lines) and
a typical action potential of a single human ventricular myocyte isolated from a failing heart
upon 1 Hz stimulation (dashed line) (D) Maximum diastolic potential (MDP), maximum
upstroke velocity [(dV/dt)mex], action potential amplitude (APA) and action potential duration
at 90% repolarisation (APDgo) of 9 hiPSC-CMs (left bars) and 9 human ventricular myocytes
(right bars), all stimulated at 1 Hz. Human ventricular myocytes were isolated from explanted
hearts of male patients in end-stage heart failure, * P < 0.05. Reproduced from (Van Putten et
al.,, 2015).
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Structure

hiPSC-CM Atrial Ventricular
. o Cylindrical and
Shape Any, not defined | Cylindrical bifurcated
Volume Small Large Very large
Sarcomere Organization Random Orderly and aligned O.rderly and
aligned
Mitochondria population Few Abundant Abundant
Transverse-tubule organization Absent Scarce Abundant
Glucose Metabolism High Low Low
Nucleus morphology Mono Mono, bi, multi Mono, bi, multi
Electrophysiology
Spontaneous activity Very frequent Absent Absent
Maximum diastolic potential —-60 mV =70 mV -80 mV
Maximum upstroke velocity 44-187 V/s 200 V/s 200 V/s
Action potential amplitude 94-113 mV 80-130 mV 100 mV
*Action potential duration at 50% 60-130 ms 200 ms 200-300 ms
*Action potential duration at 90% 80-160 ms 200—400 ms 250400 ms
Force Generation 100-150 Pa for a | Myocardium tensile | Myocardium tensile
single cell force = 56 kPa force = 56 kPa
Elastic modulus 466 Pa 22-55 kPa 22-55 kPa
Molecular Marker
Cx40 - -
Gap junction Cx43 + +
Cx45 + - -
KCNAS5 + + -
NCX1 + + +
SERCA2a + + +
RYR2 + + +
Ion channel Cavl.2 + + +
Kir 2.1 + + +
Kv4.3 + + +
KChip 2 + + +
KCNH2 (HERG) + + +
TNNT2 + + +
ACTN2 + + +
Structural MLC2A + + +
protein MLC2V + . +
MYL2 + + +
MYH6 + + +
Master gene NKX2.5 + * +

Table 1.3 Comparing human induced pluripotent stem cell-derived and adult
cardiomyocytes. * Action potential duration for hiPSC-CMs is dependent on cell seeding
conditions (Du et al., 2015). (reproduced from Wang et al., 2018)
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An important aspect of hiPSC-CMs that limits their use is their restricted contractility
due to immaturity in sarcomere structure (Zhang et al., 2009; Zwi et al., 2009). A sarcomere
is determined as being the distance between two Z-lines and is directly linked to the
production of force. The optimum length for the highest contractile force in adult
cardiomyocytes is 2.2 um under loaded situations, and 1.8 um under unloaded situations
(Hanft and McDonald, 2010). hiPSC-CMs have short (1.6 um) and disorganised sarcomeres,
similar to foetal cardiomyocytes (Wheelwright et al., 2018). Many studies have also identified
that only Z-disk and I-bands are present in hiPSC-CMs, but it has also been shown that these
features are highly dependent on seeding conditions, and thus extracellular interactions
(Kamakura et al., 2013). Despite the differences in hiPSC-CM phenotypes between studies,
there is a consensus that these cardiomyocytes display substantially lower force production
than healthy, adult cardiomyocytes (Schick et al., 2017).

In addition, hiPSC-CMs have been reported to display suboptimal mitochondria
maturation. In the development of the adult phenotype, mitochondrial biogenesis greatly
increases the mitochondrial content in response to increased energetic demands (Dorn, Vega
and Kelly, 2015). The number of mitochondria in hiPSC-CMs is significantly lower than the
adult cardiomyocytes — mitochondria account for 30% of the total cell volume in the adult
ventricular myocyte (Schaper, Meiser and Stammler, 1985) vs 2% in hiPSC-CMs (Dai et al.,
2017). Mitochondria in hiPSC-CMs have reduced activity compared to the mitochondria in the
adult human CMs, as they have immature cristae on their inner membrane (Dai et al., 2017).
Notably, the source of energy production in hiPSC-CMs, like the foetal heart, is glycolysis, but
in the healthy adult cardiomyocyte this switches to predominantly fatty acid oxidation
(Lopaschuk, Spafford and Marsh, 1991).

Many of the ultrastructural features of hiPSC-CM maturation have been shown to
develop over prolonged culture. An increase in nucleation, myofibril density and expression
of contractile proteins (e.g. B-myosin heavy chain) have been reported in cultures 120-360
days post-differentiation (Kamakura et al., 2013; Lundy et al., 2013). However, it is yet to be
determined if the development of these ultrastructural features is truly a result of maturation

over time or a result of senescence due to culture conditions.
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1.10 Excitation-Contraction (EC)-Coupling

EC-coupling, the production of mechanical force following electrophysiological
stimulation, is a key feature of healthy, adult cardiomyocytes. This process is mediated by the
tight regulation of Ca?* availability, such that cycling of cytosolic Ca?* underlies cardiac
performance and all mechanical function of the heart (Bers, 2002). The feature distinguishing
cardiomyocytes from other muscle cell types is Ca?*-induced Ca?*-release (CICR), the key link
between the electrophysiological stimulation by the action potential and the production of
mechanical force (Kane et al., 2015). The process of Ca?* cycling and its role in EC-coupling is

outlined in Figure 1.7.
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Figure 1.7: Ca** cycling in adult ventricular myocytes. The action potential (AP)
triggers opening of the L-type Ca®* channels during the plateau phase of the AP, causing an
influx of Ca®* into the cardiomyocyte cytosol. Increase in Ca®* is sensed by the ryanodine
receptors (RyRs) on the sarcoplasmic reticulum (SR) Ca?* stores, increasing the open
probability of these channels. Ca®* released by the SR greatly increases the cytoplasmic Ca®*
availability for binding to Troponin C. This binding allows the myosin head to bind to actin
filament, facilitating cross-bridge cycling and cell shortening. Following contraction,
relaxation is achieved by removing the Ca?* from the cytosol. Ca?* is resequestered back into
the SR through sarco-endoplasmic reticulum Ca?*-ATPase (SERCA), or extruding through the
sarcolemma by Na*/Ca?*Exchanger (NCX). In this way, cardiomyocyte contraction is mediated
by Ca?*-induced Ca?* release (CICR) (Bers, 2002).
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1.10.1 Action Potential

The action potential is unique for the subtypes of cardiomyocytes (atrial, ventricular,
pacemaker and Purkinje), governed by the differences in membrane permeability and ion
channel expression (Spater et al., 2014). In the adult cardiomyocyte, the resting membrane
potential is considered to be -70 to -80 mV. In hiPSC-CMs, resting membrane potential is
significantly less negative (-60mV) with action potentials that demonstrate automaticity
(Figure 1.8), Differences in the ion channels and currents between hiPSC-CMs and adult
cardiomyocytes contribute to inaccurate predictive capacity of drug screening and toxicity

studies.

1.10.1.1 Depolarising currents — Funny current (ly)

The rate of depolarisation in spontaneously beating hiPSC-CMs is slower than in
electrically-paced conditions, contributed to by presence of a prominent Is. In the
myocardium, I is present in the sinus node, flowing through hyperpolarisation-activated
cyclic nucleotide-gated potassium (HCN) channels. During maturation, expression of HCN4 is
maintained at high levels in the adult pacemaker cardiomyocytes but significantly reduced in
the adult atrial and ventricular cardiomyocytes. This reduction in HCN4 expression does not
occur in hiPSC-CMs, such that Is remains high (X. Liang et al., 2013; Saito et al., 2015; Verkerk
and Wilders, 2015). In both adult cardiomyocytes and hiPSC-CMs, once the depolarising
membrane potential reaches the Na* current (Ina) activation threshold, there is an influx of

Na* into the cytoplasm, producing the rapid depolarisation upstroke of the action potential.
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Figure 1.8: Comparison of action potentials (APs) of ventricular-like human induced
pluripotent stem cell-derived (hiPSC)-cardiomyocytes and adult ventricular cardiomyocytes.
(A) Schematic of cardiomyocyte APs denoted as Phases 0-4. Phase 0 = rapid upstroke, 1 =early
repolarisation, 2 = plateau, 3 = late repolarisation, and 4 = diastole. (B) The ionic currents and
the genes that generate the currents with schematics of the current trajectories are shown.
Significant differences are a reduced or absent inward rectifier K* current (Ix1) and presence of
a prominent pacemaker current, contributing to hiPSC ventricular-like cardiomyocyte
automaticity (Karakikes et al., 2015).

1.10.1.2 Repolarising transient outward (lro) and inward rectifying (lx1) K*
currents

The rapid depolarisation of the membrane potential ends due to the time-dependent
inactivation of Na* channels and the activation of lro. Ito1 is a current found in the
repolarisation phase of both early and late stage foetal cardiomyocytes, producing an efflux
of K* from cells and a subsequent net loss of charge (Nerbonne and Kass, 2005). The
expression of this current is higher in atrial cardiomyocytes compared to ventricular
cardiomyocytes, contributing to the faster repolarisation and shorter action potentials in the

atrial cells (Amos et al., 1996; Gaborit et al., 2007). In comparison, lto1 has considerably
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slower kinetics in hiPSC-CMs. It is often reduced or absent in hiPSC-CMs, leading to more
positive resting membrane potentials and slower rates of repolarisation, prolonging the
action potential duration compared to adult cardiomyocytes (Cordeiro et al., 2013). However,
gene regulation in hiPSC-CMs is highly dependent on seeding conditions (Du et al., 2015)
hiPSC-CMs have very low levels of lx1 in comparison to adult human cardiomyocytes,
contributing to a longer action potential duration (Figure 1.8). This current has strong inward
conductance at membrane potentials below its reversal potential and therefore participates
in the repolarisation of the action potential and is a key determinant of the resting membrane
potential (Dhamoon and Jalife, 2005). This current is produced by channels from the Kir2.x
family, particularly Kir2.1 (KCNJ2). The density of the lx1 current varies throughout the heart
— up to 10 times greater in the ventricular cardiomyocytes than in atrial cardiomyocytes,
resulting in a more negative resting membrane potential and faster phase 3 repolarisation in
ventricular cardiomyocytes (Dhamoon and Jalife, 2005). The reduced expression in hiPSC-
CMs leads to a less negative resting membrane potential in hiPSC-CMs (-50 to -60 mV)
(Magyar et al., 2000; Sartiani et al., 2007; Zhang et al., 2009; Ma et al., 2011). Variation
mutations in KCNJ2 have been shown to alter the cellular trafficking of these channels, leading
to failure in forming a functional channel and subsequent long QT-syndrome (Gelinas et al.,

2017).

1.10.1.3 Delayed rectifier K* channel (lx)

The delayed rectifier current, mediated by the Kv11.1 ion channels, conducts K* ions
out of the cardiomyocyte and is critical in correctly timing the repolarisation of the cell
membrane. A common cause of cardiotoxicity is inhibition of Kv11.1 ion channels, encoded
by the hERG gene (Yu, lJzerman and Heitman, 2015). This channel exists in three
conformational states: closed, open and inactivated (de la Pefla, Dominguez and Barros,
2018). The slow transition between closed and open states of the channel is crucial for
maintaining the cardiac action potential plateau phase (Perry et al., 2015) contributed to by
entry of Ca?* from the cardiomyocyte extracellular environment, which subsequently triggers
Ca?* release from intracellular Ca* stores. Structural differences between hERG channels and
other K* channels have allowed synthesis of compounds from several therapeutic drug classes

that are able to bind to hERG channels, blocking the channels and subsequently reducing
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conduction of K* ions through the channel (Vandenberg et al., 2012). Inhibition of channel
activity causes prolongation of the QT interval shown in electrocardiograms and is associated
with ventricular arrhythmias (Sanguinetti and Tristani-Firouzi, 2006; Perry et al., 2015). The
risk this poses has prompted the US FDA (Food and Drug Administration) and pharmaceutical
companies to introduce mandatory pre-clinical drug screening studies to detect potential
cardiotoxicity prior to market release (P. Liang et al., 2013).

The action potential morphology is widely used to classify the hiPSC-CMs into
cardiomyocyte subpopulations found in the myocardium. The repolarising currents (1) rapid
delayed rectifier K* channels (Ixr) and (2) slow delayed rectifier K* currents (lxs) are present in
hiPSC-CMs at similar levels to adult cardiomyocytes. However, categorisation of hiPSC-CMs
into subtypes of adult cardiomyocytes due to similarities with cardiomyocytes in different
chambers must be done with caution. The Terracciano group have identified that action
potential morphology is modulated by the cellular density and cells exhibit a spectrum of
characteristics with considerable overlap between the characteristics of the adult
cardiomyocyte chamber subtypes (Du et al., 2015). The extensive heterogeneity of hiPSC-CMs
is considered by some to prevent these from being categorised into adult cardiomyocyte
chamber subtypes. Instead, we must consider multiple variables of the hiPSC-CM phenotype

when characterising these cells (Kane and Terracciano, 2017).

1.10.2 Ca?* regulation

The indicator for successful differentiation of hiPSC-CMs is the observation of a
rhythmic contraction of the hiPSC-CM population and these cells demonstrate robust Ca%*
transients in studies utilising fluorescent Ca?*-sensitive indicators (Kane and Terracciano,
2018). The kinetics of the Ca?* transients are considerably slower than the healthy, adult
cardiomyocyte. An assessment of the Ca?* kinetics of numerous hiPSC-CM cell lines shows
significantly prolonged time to peak, indicating inefficient CICR. There are also reports of
significant prolongation in the time to decay in hiPSC-CMs, with rates of decay reported at
0.84-1.15svs 2.41 stand 5.75 st in the adult rabbit and mouse cardiomyocyte, respectively
(Hwang et al., 2015). These measurements indicate that despite hiPSC-CMs displaying robust
Ca?* transients; they have slower kinetics than mammalian adult cardiomyocytes, closer to

that of neonatal or diseased cardiomyocytes. Studies have demonstarted key differences in
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the ultrastructural domains that regulate intracellular Ca*cycling in hiPSC-CMs and adult

cardiomyocytes (Figure 1.9)
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Figure 1.9 Ultrastructural differences between adult cardiomyocytes and hiPSC-CMs
in excitation-contraction coupling domains. Schematics shown for Ca®* cycling ultrastructural
domain of an adult ventricular myocytes (left) and iPSC-cardiac myocyte (right). The absence
of T-tubules in hiPSC-CMs (right) is associated with a lack of regular L-type Ca®* channel (LTCC)-
Ryanodine receptor (RyR) complexes and less homogenous distribution of RyRs. SERCA
expression in iPSC-CMs is reduced with a maintained expression of phospholamban (PLN). NCX
expression may be maintained in iPSC-cardiac myocytes but its ability to extrude Ca?* in
diastole is reduced. Activity of inositol-triphosphate receptor (IPsR) is substantially higher in

iPSC-cardiac myocytes (Kane et al., 2015).

68



1.10.2.1 T-tubules

Notably, these hiPSC-CMs lack T-tubule structures in both two-dimensional and three-
dimensional cultures, contributing to inefficient CICR (Gherghiceanu et al., 2011). T-tubules
are regularly organised invaginations along the Z-lines in the adult cardiomyocytes, enabling
rapid excitation, initiation and synchronous triggering of intracellular Ca?* release from the
SR Ca?* stores (Peachey and Huxley, 1962; Orchard, Pasek and Brette, 2009). In hiPSC-CMs,
the inefficient CICR causes a high number of Ca?* sparks, which causes non-uniform Ca?*
release from the SR stores (Poindexter et al., 2001; Pioner et al., 2016; Ronaldson et al., 2018).
Although this is a limitation when comparing hiPSC-CMs to healthy, adult cardiomyocytes, the
phenotype is very similar to developing cardiomyocytes until the late embryogenesis stage.
Also, hiPSC-CM morphology does reduce the need for T-tubule structures. hiPSC-CMs are flat
and much thinner (5um diameter) than the comparably thicker, adult cardiomyocyte (15 um
diameter). Instead of T-tubules, hiPSC-CM plasma membranes express caveolae and coated
pits (Cyganek et al., 2018). Caveolae in both hiPSC-CMs and neonatal cardiomyocytes host
adrenergic receptors and L-type Ca?* channels, and this localisation is required for the
physiological signalling during development (Xiang et al., 2002). In this way, hiPSC-CMs reflect
the phenotype of the developing cardiomyocyte.

While cardiomyocytes in the healthy, adult myocardium demonstrate efficient CICR,
contributed to by the presence of T-tubule invaginations in ventricular myocytes, the CICR in
hiPSC-CMs is considered to be very inefficient (Kane et al., 2015). The initial rise in cytosolic
Ca?* has been widely observed to occur at the sarcolemma before spreading inwards, with
more internal, non-coupled RyRs being activated by the rise in Ca?* at the periphery as
opposed to direct activation by Ca?* channels (Lee et al., 2011; Zhang et al., 2013). This is a
similar observation to that of other neonatal cardiomyocytes as well as adult cardiomyocytes
that lack T-tubules. Detailed electron microscopy studies have identified that hiPSC-CMs
demonstrate some apposition of the SR with the sarcolemma, but there is poor co-localisation
between Cav1.2 and RyR2 indicating inefficient CICR in hiPSC-CMs (Gherghiceanu et al., 2011;
Rao et al., 2012).
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1.10.2.2 Sarcolemma Ca?* channels

The two types of Ca?* channels in the adult human heart that mediate Ca?* current
(Ica) are L-type (Ica) found in the adult cardiomyocyte, and T-type (lca1), typically found in
foetal cardiomyocytes and the conductive system. Both of these Ca?* channels are detected
in hiPSC-CMs but the expression and function of both are lower than in the adult
cardiomyocytes (Otsuji et al., 2010; ltzhaki et al., 2011; Kim et al., 2017).

Cav1.2, the a-1C subunit of L-type Ca?* channels, is the predominant subunit for Ica,
conductance in mammalian cardiomyocytes. Expression of Cavl.2 in hiPSC-CMs has been
shown to be comparable to adult human cardiomyocytes (Rao et al., 2013). However, Ica
amplitude has been shown to vary greatly in hiPSC-CMs, ranging from -80 pA/pF to -17 pA/pF
(Zhang et al., 2009; Ma et al., 2011). Despite this wide variability, the Ica. has also been shown
to have an important role in hiPSC-CMs. Nifedipine, an L-type Ca?* channel blocker, causes
complete suppression of whole cell Ca?* transients in hiPSC-CMs at 1 uM and is observed to
still cause a stepwise reduction in Ca?* transient amplitude at very low concentrations (Itzhaki
et al., 2011). This demonstrates the importance that L-type Ca?* channel transmembrane flux

plays in the generation of the hiPSC-CM whole cell Ca?* transients.

1.10.2.3 Ryanodine receptors (RyRs)

RyRs are Ca?*-sensitive channels that mediate Ca?* release from the SR Ca?* stores in
cardiomyocytes, and play a pivotal role in the release of Ca%* from the intracellular stores. In
healthy adult human cardiomyocytes, there is close apposition of the SR to the sarcolemma.
This enables Ca?* to be efficiently released from the SR via the RyRs at the junction between
the SR domains closest to the sarcolemma (junctional SR (jSR)) in response to Ca%* entry
through the dihydropyridine receptors (DHPRs) or L-type Ca?* channels expressed on the
sarcolemma. The microdomain between the jSR and the sarcolemma forms discrete Ca?*
release units (CRUs), such that the localised increase in Ca?* in this region triggers opening of
the Ca?*-sensitive RyRs. The release from these channels then triggers opening of
neighbouring RyRs. The T-tubule invaginations contribute to rapid global Ca?* rise following
SR Ca?* release (Bers, 2002). This coupling between sarcolemma Ca?* entry and SR Ca?* release
is stabilised by the formation of macromolecular complexes containing RyRs and DHPRs in the

CRU between the SR and sarcolemma (Olivetti et al., 1996). The main cardiac isoform (RyR2)
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is expressed diffusely throughout the hiPSC-CM cytosol, but there is intense, punctate
perinuclear (Itzhaki et al., 2011) and subsarcolemmal (Zhang et al., 2013) staining, suggesting
some localisation within the cell. The expression of RyR2, as well as regulatory proteins
calsequestrin and triadin, is substantially reduced in hiPSC-CMs compared to adult human
cardiomyocytes, all contributing to inefficient Ca%* cycling (Wu et al., 2011; Rao et al., 2012).

Despite the reduced expression of RyR2, hiPSC-CMs exhibit a rapid release of SR Ca?*
in response to the RyR agonist caffeine (ltzhaki et al., 2011; Wu et al., 2011; Hwang et al.,
2015). This response enables assessment of SR Ca?* content using caffeine application, which
has shown that SR Ca?* content is similar to that found in adult rabbit cardiomyocytes (Hwang
et al., 2015). However, as described by our group in response to the report conducted by
Hwang and colleagues, the presence of a functional SR responsive to caffeine does not prove
that this compartment is utilised in Ca?* cycling to the same extent, and there may be crucial
differences despite the apparent comparable SR contents (Hwang et al., 2015; Kane and
Terracciano, 2015a). Firstly, inhibition of SR Ca?* uptake, and thus SR Ca?* content, has been
shown to only moderately reduce the Ca?* transient amplitude in rabbits (Elliott et al., 2012).
Secondly, we must consider not only the overall changes in the contribution of mechanisms
for Ca?* release and reuptake, but also the absolute changes in activity, as changes such as a
reduction in the activity of multiple mechanisms could still be seen as no change in relative
contributions (Piacentino et al., 2003). Feedback mechanisms that regulate Ca?* storage,
release and reuptake may compensate or mask the underlying differences. Attributing
findings from hiPSC-CMs to adult human cardiomyocytes or other animal cardiomyocytes

must therefore be done with caution.

1.10.2.4 Sarco-endoplasmic  reticulum  Ca?*-ATPase  (SERCA) and
Phospholamban (PLN)

Following contraction, relaxation is then achieved by removing the Ca?* from the
cytosol (Bers, 2002). One mechanism is uptake into the SR via SERCA. The cardiac isoform of
SERCA, SERCA2a, is expressed in hiPSC-CMs at significantly lower levels compared to the adult
human heart (Rao et al., 2013). Functionally, the rate of SR Ca?* uptake mediated by SERCA is
reported to be substantially slower in hiPSC-CMs compared to both rabbit and mouse

cardiomyocytes (0.49-0.72 st vs 1.52 st and 5.12 s}, respectively) (Hwang et al., 2015).
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SR Ca?* uptake is controlled by the SERCA negative regulator, PLN, which inhibits
SERCA activity when it is in its unphosphorylated form. The expression of PLN in hiPSC-CMs is
comparable to adult human cardiomyocytes (Rao et al., 2013), despite the reduction in
SERCA, and this contributes to the reduction in rate of SR-mediated Ca%* removal from the
cytosol in hiPSC-CMs compared to adult cardiomyocytes. However, more recent reports
indicate that protein expression of PLN is substantially lower than in adult human
cardiomyocytes (Chen et al., 2015). Studies must be done to determine the modulators for
PLN expression and confirm the role it plays in hiPSC-CM Ca?* cycling.

Studies have indicated that the hiPSC-CM lusitropic response to adrenaline is
mediated by phosphorylation of PLN, which increases the rate of Ca%* uptake by the SR Ca?*
stores (Yokoo et al., 2009; Xi et al., 2010; Germanguz et al., 2011). However, in conflict with
this is the finding that hiPSC-CMs do not demonstrate a positive inotropic response to
adrenergic stimulation, which is normally partly attributed to an increase in the [Ca%*]s as a
result of faster uptake into the SR Ca?* stores (Chen et al., 2015). The lack of inotropic
response in hiPSC-CM, despite a chronotropic response to adrenergic stimulation, suggests
that hiPSC-CMs have a neonatal-like SR. It must be noted that there are contrasting reports
of inotropic effects of noradrenaline (mixed a- and B-agonist) in studies that use atomic force
microscopy or video-edge detecting systems to investigate single hiPSC-CMs (Brito-Martins,
Harding and Ali, 2008; Yokoo et al., 2009; Germanguz et al., 2011; Liu et al., 2012). These
contrasting results may be due to the stem cell-derived cardiomyocytes being at different
stages of development when used in vitro, as foetal heart tissue also demonstrates low
numbers of B-adrenergic receptors (Slotkin, Lau and Seidler, 1994). hiPSC-CMs also have a
reduction in essential components of the B-adrenergic signalling cascade, such as G-proteins
that couple receptors to adenylate cyclase, which contributes to a reduced adrenergic

response compared to adult cardiomyocytes (Slotkin, Lau and Seidler, 1994).

1.10.2.5 Na*/Ca?* exchanger (NCX)

NCX, expressed as the NCX1 isoform in the myocardium, has a key role in maintaining
Ca?* homeostasis. The exchanger moves Ca?* out across the sarcolemma during systole in
exchange for Na* influx into the cell, at a ratio of 3 Na* ions in for each Ca?* ion out. This ionic

exchange generates a substantial inward current, Incx, contributing to cardiomyocyte
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depolarisation, pacemaker activity and the action potential duration (Blaustein and Lederer,
1999). Due to its role in both Ca?* cycling and regulating cell membrane potential, NCX
dysfunction is a key contributor to afterdepolarisation-based arrhythmogenesis.
Consequently, regulation and function of NCX is of great interest both as a therapeutic target
and as a source of pharmacological toxicity (Pott, Eckardt and Goldhaber, 2011). The
expression of NCX in hiPSC-CMs has been shown to be comparable to that of adult human
cardiomyocytes (Rao et al., 2012). However, to date, there has been no assessment of NCX
contribution to [Na*]i or the reversal potential of the exchanger in hiPSC-CMs, so

quantification of the significance of Ca?*influx via reverse mode NCX remains undetermined.

1.10.3 Cardiomyocyte contraction

A key feature of mature cardiomyocytes in the human myocardium is a positive force-
frequency relationship (FFR; Bowditch phenomenon), characterised by an increase in
contractile force in response to an increase in beating frequency (Endoh, 2004). Loss of this
mechanism, along with the changes that occur in EC-coupling, are important features of heart
failure, such that the myocardium becomes unable to cope with energetic demands (Bers,
2002). hiPSC-CMs, unlike healthy cardiomyocytes in the adult myocardium, demonstrate a
negative FFR; a reduction in Ca?* availability to the myofilaments, and subsequently a
reduction in contractile force, with increased frequency of contraction. The FFR is thought to
be intrinsically dependent on the maturation of mechanisms utilising intracellular Ca?* stores
(Olivetti, Anversa and Loud, 1980). Rat and mouse cardiomyocytes have a flat FFR but also
have transverse (T)-tubule structures, indicating that these invagination structures are not
solely responsible for the positive FFR in adult human cardiomyocytes. However, negative FFR
is indicative of inefficient utilisation of SR Ca?* associated with, but may not be solely due to,
absence of sarcolemma invaginations in hiPSC-CMs and neonatal cardiomyocytes and adult
cardiomyocytes that have undergone detubulation during disease remodelling (Itzhaki et al.,

2011; Hwang et al., 2015).
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1.11 Applications for hiPSC-CMs

1.11.1 Disease modelling

The recent advancements in the development of hiPSC-derived cell types has
broadened a valuable avenue for the development and utilisation of more accurate models
of human cardiac disease. Much progress has been made in the use of hiPSCs to better
understand cardiomyopathies (Tse et al., 2013), rhythm disorders (Veerman et al., 2016),
valvular and vascular disorders (Kehl, Weber and Hoerstrup, 2016), and metabolic risk factors
for heart disease (Wen et al., 2015). Various human pathologies have also been investigated
using hiPSC-CMs; long-QT syndrome (LQTS), Brugada syndrome, Timothy syndrome (also
called LQT8), and catecholaminergic polymorphic ventricular tachycardia have been modelled
and these have all been shown to recapitulate key features of the cardiac phenotypes

observed in patients, as outlined in Table 1.4.
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Table 1.4 Available hiPSC-derived cells. Both healthy and diseased lines have been
made for many cell types. CM = cardiomyocyte, EC = Endothelial cell, RBC = Red blood cell,
SMC = Smooth muscle cell (reproduced from Wang, Kit-Anan and Terracciano, 2018).

. (Drug/Treatment)
Pathology Cell Type Involved Mutation Test Reference
es
Endothelial
Flow-induced
Healthy EC N/A disease and (Adams et al., 2013)
simvastatin
Hutchison-Gilford . .
. EC Patient-derived N/A (Zhang et al., 2011)
Progeria Syndrome
Smooth muscle cells
Supravalvular aortic . Elastin recombinant
. SMC Elastin (ELN) . (Geetal., 2012)
stenosis protein
Gene editing and
Marfan syndrome SMC FBN1 (Granata et al., 2017)
drugs
Lymphocytes
B-cell lymphoid
Healthy . N/A N/A (French etal., 2015)
lineage
Red blood cells
Healthy CM and RBC N/A Toxicity of RBC (Fan et al., 2018)
Cardiomyocytes
Hypoplastic left heart Patient-derived .
c™M Isoproterenol (Jiang et al., 2014)
syndrome (GM12601)
Verapamil,
Familial hypertrophic . Diltiazem,
. CM MYH7 Arg663His o (Lanetal., 2013)
cardiomyopathy Mexiletine among
15 drugs
CM & 3 germ (Carvajal-Vergara et al.,
LEOPARD syndrome PTPN11 N/A
layers 2010)
Catecholaminergic . . .
. ) Ryanodine Receptor 2 (Biochemistr et al.,, 2011;
polymorphic ventricular cM Isoproterenol
. (RYR2) Novak et al., 2012)
tachycardia type 1
(Moretti et al., 2010;
Yazawa et al., 2011; Davis et
LQT1,2,3,5,8,14 CcM Patient-derived Common drugs al., 2012; Lahti et al., 2012;
Limpitikul et al, 2017;
Rocchetti et al., 2017)
Barth syndrome CM Tafazzin (TAZ) Genetic rescue (G. Wang et al., 2014)
Aldehyde
Ischemic heart damage cM dehydrogenase 2 siRNA knockdown  (Ebert et al., 2014)
(ALDH-2) deficiency
SCN5A-1795insD
Brugada syndrome CcM N/A (Veerman et al., 2016)

mutation
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1.11.2 Cell transplantation

The limited regenerative capacity of adult cardiomyocytes leads to irreversible loss of
cardiomyocytes following any initial myocardial injury or insult that prevents sufficient
myocardial function to meet the contractile demands such as following myocardial infarction,
valve disease, hypertension or familial cardiomyopathy (Bergmann et al., 2009). The chronic
overload on the surviving myocardium causes a positive feedback loop whereby the
cumulative damage to the myocardium ultimately resulting in heart failure. We are currently
unable to reproducibly introduce viable cardiomyocytes into the native myocardium to
preserve cardiac function. The progressive loss of cardiac function leads to end stage heart
failure, at which point the only treatment is cardiac transplantation. However, there are
insufficient human donor organs to meet the demand (Gridelli and Remuzzi, 2000; Taylor et
al., 2007). Numerous studies have investigated the potential for introducing viable hiPSC-CMs
to prevent deterioration of cardiac function by preventing mechanical overload for existing
cardiomyocytes after cardiac injury (Chen et al. 2015; Emmert et al. 2014). hiPSC-CMs offer
huge potential in cell transplantation (Park and Yoon, 2018). Their autologous properties
suppress the risk of rejection and infection such that diseases caused by single gene defects
could be addressed by made-to-order gene replacement in cells and allogenic cells from
healthy people could be used.

Cell therapy utilising hiPSC-CMs can broadly be categorised as applying these cells
either in suspension (Kadota et al., 2017) or incorporated hiPSC-CMs in tissue engineering
techniques (Zwi-Dantsis et al., 2019). The inflamed, hostile environment into which cells are
injected may, at least in part, contribute to the low retention of viable cells (Balsam et al.,
2004; Dohmann et al., 2005). To combat this, tissue engineering has been used to modify the
extracellular environment at the site of implantation or injection (Black et al., 2009; Li and
Guan, 2011; Zhang, 2015; Hansen et al., 2016).

The ECM is the scaffold in the native myocardium and is likely to play a critical role in
retention of these newly-introduced hiPSC-CMs. Ban and colleagues first demonstrated the
potential of integrin ligands in promoting hiPSC-CM retention in engraftment (Ban et al.,
2014). They encapsulated mouse embryonic stem cell-derived cardiomyocytes (mMESC-CMs)
in an injectable nanomatrix gel consisting of peptide amphiphiles incorporating Arginine-

Glycine-Aspartate-Serine (PA-RGDS) in experimental myocardial infarction. RGDS is an

76



integrin ligand motif expressed by ECM protein fibronectin that binds to integrins expressed
by the mESC-CMs as well as cardiomyocytes and cardiac fibroblasts in the recipient mouse.
Their study found a 3-fold higher engraftment in mice receiving the mESC-CMs with the PA-
RGDS compared to those without PA-RGDS and higher cardiac function in the PA-RGDS mESC-

CMs up to 12 weeks following engraftment (Ban et al., 2014).

1.11.3 Drug development

Up to 90% of compounds that pass the pre-clinical screening stage then fail at the
highly-expensive clinical trial level and up to a third of compounds show unforeseen side
effects at this stage (Kraljevic, Stambrook and Pavelic, 2004). Beyond this, of the compounds
that have been approved, cardiotoxicity accounts for 45% of post-approval withdrawal
(Stevens and Baker, 2009). Improving the pre-clinical screening of novel compounds for
efficacy and toxicity would be hugely beneficial to the pharmaceutical industry by reducing
the attrition rates as well as improving drug safety.

Current models for drug discovery and disease modelling do not sufficiently reproduce
human physiology and disease, and are therefore limited in their capacity to detect human
cardiotoxicity. Current models that include forced expression of hERG channels in genetically
transformed CHO or human embryonic kidney (HEK) cells, or animal models, do not accurately
model crucial genetic, cellular or biochemical characteristics of the human heart and can lead
tofalse results (Zhou et al., 1998; Braam, Passier and Mummery, 2009). In particular, blockade
of single ion channels is an imperfect measure of QT prolongation as cardiomyocyte
electrophysiology is regulated by concurrent activity of multiple ion channels (Braam et al.,
2009).

The development of hiPSC-CMs has opened new possibilities for generating
continuous supplies of progenitor cells for toxicity screening (Denning et al., 2016). hiPSC-
CMs with arrhythmogenic diseases can be treated with a subset of known arrhythmogenic
drugs (Guo et al., 2011; Lahti et al., 2012). A re-entrant arrhythmia model was developed by
Kadota and colleagues using hiPSC-CM sheets monitored by optically recording the Ca?*
signalling (Kadota et al., 2013). Their study observed that treatment of the hiPSC-CMs with
Na* channel current blockers e.g. lidocaine and tetrodotoxin, as well as changing the time in

culture or frequency of hiPSC-CM stimulation could alter the velocity and pattern of optically
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recorded Ca%* waves. High frequency stimulation of hiPSC-CMs could induce re-entrant spiral
wave propagation that could be terminated by treatment with current anti-arrhythmic drugs
(Nifekalant, E-4031, Sotalol, and Quinidine) (Kadota et al., 2013). These results could not be
recapitulated in models that use cardiac-cell sheets derived from rodent hearts but were
comparable to treatment for ventricular tachycardia in the clinic. This demonstrates the need

to develop accurate human models for drug development.
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1.12 Hypotheses

The heterocellular environment of the myocardium is fundamental in the
development and maintenance of cardiomyocyte physiology and the changes that occur in
disease. Studies have identified that the cardiomyocyte extracellular environment, through
mechanical, electrical and chemical interactions modulate cardiomyocyte structure and
function. Cardiac fibroblasts are a key non-myocyte cell type in the myocardium and form
critical interactions with cardiomyocytes through intercellular interactions and via the ECM
scaffold. However, the interactions important in the regulation of Ca%* cycling, a critical aspect
of EC-coupling, are yet to be delineated. Understanding the role of these interactions using a
stem cell-based model allows us to understand how we can produce hiPSC-CM phenotype
closer to the adult cardiomyocyte morphology, increasing the potential use of this cell type

in therapeutics, disease modelling and drug discovery.

We address the hypothesis that:
Human cardiac fibroblasts regulate intracellular Ca?* cycling of human induced
pluripotent stem cell-derived cardiomyocytes
This study aims to understand this hypothesis by investigating these more specific hypotheses

in each chapter.

1. hiPSC-CM cytosolic Ca?* cycling is modulated by human cardiac fibroblasts.

This hypothesis was tested by using different co-culture platforms to individually
investigate the paracrine interactions between hiPSC-CMs and cardiac fibroblasts in the
absence of direct contact interactions, as well as investigating the differences between
unidirectional and bidirectional paracrine interactions. We also try to overcome the limitation
to current platforms for investigating paracrine interactions by validating a reconfigurable,
elastic co-culture setup that enables accurate investigation into the spatial dependency of

intercellular paracrine interactions between cardiac fibroblasts and hiPSC-CMs (Chapter 3).

2. hiPSC-CM cytosolic Ca?* cycling is modulated by ECM-derived integrin ligands
This hypothesis was tested by treating hiPSC-CMs with soluble and fibril-forming

integrin ligands with the principal integrin-binding motif and investigating the changes in Ca?*
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transient parameters, including the contribution of SR and sarcolemma mechanisms of
increasing Ca?* availability and extrusion. The changes in hiPSC-CM structure were also

assessed (Chapter 4).

3. hiPSC-CM cytosolic Ca?* cycling is modulated, at least in part, by EV interactions with
cardiac fibroblasts

This hypothesis was tested by treating hiPSC-CM—cardiac fibroblast co-cultures with

GW4869, an inhibitor of ceramide-mediated exosome synthesis. We validate an

ultrafiltration- and chromatography-based EV isolation protocol to separate fibroblast-

secreted EVs from soluble contaminating proteins. The role of fibroblast-secreted EVs was

investigated by treating hiPSC-CMs with fibroblast EVs and assessment of Ca?* transient

parameters (Chapter 5).
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1.13 Study Design

Chapter 3: modulation of hiPSC-CM Ca?* cycling by human cardiac fibroblasts
In initial co-culture studies investigating paracrine and direct physical interactions between
the two cell types, hiPSC-CMs and cardiac fibroblasts are cultured in various setups:

1. Control condition was serum-free media used to culture 160,000 hiPSC-CMs for 24
hours before transferring the media to a new dish of 80,000 hiPSC-CMs (Figure 1.10A)

2. Fibroblast-conditioned media — serum-free media was used to culture 160,000
fibroblasts for 24 hours before the media was transferred and used to culture
monolayer of 80,000 hiPSC-CMs (Figure 1.10B)

3. Fibroblasts-seeded on porous tissue culture suspensions —serum-free media was used
to culture co-cultures of 160,000 fibroblasts suspended above the monolayer of
80,000 hiPSC-CMs (Figure 1.10C)

4. Fibroblasts seeded directly on cardiomyocytes —serum-free media was used to culture
160,000 fibroblasts seeded directly on top of the monolayer of 80,000 hiPSC-CMs
(Figure 1.10D)

5. Fibroblast and cardiomyocytes were cultured together in one dish as distinct
monocellular cultures so distance of paracrine interactions can be accurately

measured (Figure 1.10E)
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Figure 1.10 Study design for chapter 3. Cardiomyocytes and cardiac fibroblasts were
cultured in several platforms to investigate intercellular interactions. All platforms used
serum-free media for conditioning and maintain the cardiomyocytes, to negate the effects of
serum content. (A) Cardiomyocyte-conditioned media to culture a dish of cardiomyocytes, (B)
unidirectional paracrine communication from fibroblasts to cardiomyocytes, (C) bidirectional
paracrine communication between fibroblasts and cardiomyocytes, (D) bidirectional
paracrine and direct contact communication between fibroblasts and cardiomyocytes. (E)
cardiomyocyte and fibroblast monolayers cultured side-by-side on a reconfigurable substrate
to allow accurate measure of distance for paracrine interactions.
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Chapter 4: modulation of hiPSC-CM Ca?* cycling by integrin ligands

The role of ECM integrin ligands in modulating hiPSC-CM structure and function is
investigated by treating hiPSC-CMs with soluble integrin ligands (Figure 1.11A), integrin
antibodies (Figure 1.11B) or the two concomitantly (Figure 1.11C). Treatment with self-
assembling, fibril-forming integrin ligands would more closely recapitulate the extracellular

scaffold, preventing cell detachment (Figure 1.11D).
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Figure 1.11 Study design for chapter 4. Cardiomyocytes were treated with (A) soluble
integrin ligands, (B) integrin antibodies, (C) integrin antibodies and soluble integrin ligands,
(D) self-assembling, fibril-forming integrin ligands.
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Chapter 5: modulation of hiPSC-CM Ca?* cycling by cardiac fibroblast-derived EVs

Chapter 5 investigates the role of EVs in mediating the crosstalk between cardiac fibroblasts
and hiPSC-CMs. EVs from cardiac fibroblasts in culture were collected and purified by an
ultrafiltration- and chromatography-based technique. The presence of EVs was investigated
by identifying the presence of immunogold-linked EV markers (Figure 1.12A) and dot-blot
analysis of EV markers (Figure 1.12B). The role that fibroblast-derived EVs have in the
regulation of hiPSC-CM Ca?* cycling was also investigated by optical recording intracellular
Ca%*transients (Figure 1.12C).
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Figure 1.12 Study design for chapter 5. Fibroblast-conditioned media was collected
using exosome-depleted fibroblast culture media (2% exosome-depleted foetal bovine serum
in Dulbecco’s Modified Eagle Medium). Fibroblast-conditioned media was purified and filtered
through a 0.45 um bottle-top filter and then by ultrafiltration through centrifugal filter with a
100 kDa Molecular Weight Cut Off (approximately 7 nm) pore size. Samples were then purified
by size exclusion-chromatography (SEC), collecting samples as 1mL fractions. The presence of
extracellular vesicle markers was detected by (A) transmission electron microscopy imaging
of immunogold labelled samples, or (B) dot blot imaging of extracellular vesicle markers in all
(SEC) fractions. Samples were also used to investigate (C) effects of 150 ug fibroblast-secreted
extracellular vesicles on cardiomyocyte Ca®* cycling.
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2 Methods

All consumable items were purchased from Sigma-Aldrich unless otherwise stated.

2.1 Buffer preparation

Standard Tyrode’s solution 140 mM sodium chloride (NaCl) (Scientific Lab Supplies), 4.5 mM
potassium  chloride (KCI), 10 mM glucose, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 1 mM magnesium chloride (MgClz), 1 mM calcium
chloride (CacCly); pH 7.4.

Na*/Ca%*-free Tyrode’s solution: 140 mM Lithium chloride (LiCl), 4.5 mM KCl, 10 mM glucose,
10 mM HEPES, 1 mM MgClz, 1 mM EGTA; pH 7.4.

Tris-Buffered Saline (TBS): 20 mM tris, 150 mM NacCl; pH 7.6.

TBS with Tween (TBS-T): 20 mM tris, 150 mM NaCl, 0.1% v/v tween 20; pH 7.6.

2.2 Cell culture

All biological procedures were carried out under sterile conditions in a Biomat 2 class
[l microbial safety cabinet. Cells were maintained in an incubator (Sanyo, MCO-5M) at 37°C

and 5% CO..

2.2.1 Culture media preparation

Standard fibroblast culture media: Dulbecco’s Modified Eagle Medium (DMEM), 10% v/v
Foetal Bovine Serum (FBS), 1% v/v Penicillin-Streptomycin.

Exosome-depleted fibroblast culture media: DMEM, 2% v/v Exosome-depleted FBS (Gibco),
1% v/v Penicillin-Streptomycin.

Serum-free media: Medium-199, Insulin-Transferrin-Selenium (ITS), 1% v/v Penicillin-
Streptomycin.

HiPSC-CM plating media: Roswell Park Memorial Institute (RPMI) 1640 (Life Technologies)
media supplemented with B27 (RB + INS) (Life Technologies), 10% v/v FBS, 10 uM Rho-

associated protein kinase (ROCK) inhibitor (Y-27632, Tocris), 1% v/v Penicillin-Streptomycin.
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2.2.2 Cardiac fibroblast isolation and culture

Human cardiac ventricular fibroblasts were obtained from explanted hearts of
patients with dilated or hypertrophic cardiomyopathy at Harefield Hospital or rejected human
donor hearts undergoing transplant surgery at Addenbrooke’s Hospital. Tissue samples from
Harefield Hospital were provided by the Cardiovascular Research Centre Biobank at the Royal
Brompton and Harefield NHS Foundation Trust, UK. (NRES ethics number for biobank
samples: 09/H0504/104+5; Biobank approval number: NPOO1- 06-2015 & MED_CT_17_079).
The inferior 1/3rd of the heart was received. Tissue samples from Addenbrooke’s Hospital
were provided by NHS Blood and Transplant, UK (REC reference 16/LO/1568). The whole
heart was received.

A culture-based approach was used to isolate cardiac fibroblasts. Tissue culture-
treated Petri dishes were coated with fibronectin in Phosphate-Buffered Saline (PBS) (Thermo
Fisher Scientific) (10 pg/mL) at 37°C for 1 hour during explant isolation and sterilisation. Left
ventricular free wall samples were collected in cold cardioplegia. Tissue pieces were trimmed
of excess fat and connective tissue, before being washed in sterile PBS containing 5% v/v
Penicillin-Streptomycin and maintained in fresh sterile PBS containing 5% v/v Penicillin-
Streptomycin while they were cut into small pieces (<10 mm?3). Tissue pieces were then
transferred into a new dish of sterile PBS with 5% v/v Penicillin-Streptomycin and minced to
smaller pieces (<1 mm?3). The PBS was aspirated, and the samples were maintained in 0.05%
Trypsin- Ethylenediaminetetraacetic acid (EDTA) for 2 minutes. Trypsin was quenched with
the same volume of fibroblast culture media. Fibronectin solution in the prepared Petri dishes
was removed and replaced with 0.5 mL standard fibroblast culture media. Tissue pieces were
transferred to the dishes and arranged with a distance of at least 5 mm between pieces to
allow for outgrowth. These were incubated at 37°C for 2 hours to allow for explant
attachment before additional standard fibroblast culture media was added to submerge the
explants. The cultures were incubated for 4 days before the supernatant was changed for new
fibroblast culture media, and from this point, the explant supernatant was changed every 2
days while cell outgrowth was monitored. At confluence, approximately 2 weeks following
explant formation, fibroblasts were trypsinised with 0.05% Trypsin-EDTA and incubated for 7
minutes at 37°C, before the fibroblast suspension was transferred to a tissue culture flask.

Trypsin was quenched with the same volume of standard fibroblast culture media.
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2.2.3 Thawing, maintenance and plating of iCell cardiomyocytes

Commercially-available iCell (Cellular Dynamic International (CDI)) hiPSC-CMs were
utilised for experiments described in chapter 4. Cryovials (CDI) were stored in liquid nitrogen
until immediately before thawing and maintained as per manufacturer’s instructions and
previous studies (Lee et al., 2012; Rao et al., 2012).

To thaw, the cryovial of iCell hiPSC-CMs was immersed in a water bath at 37°C for 3
minutes. To resuspend the cells, the cryovial content was transferred to a 50 mL centrifuge
tube using a P1000 pipette. The empty cryovial was rinsed with 1 mL of room temperature
iCell Plating Medium (CDI) to recover any residual cells from the vial, and this 1 mL was then
added drop-wise to the cell suspension. The total cell suspension was topped up with iCell
Plating Medium up to the final volume of 10 mL then adjusted to the final viable cell density

based on the assay using the equation:

viable cells per vial x plating ef ficiency x viability

viable cell density = cell suspension volume

Equation 1 viable cell density of iCell cardiomyocytes. Online certificate of analysis has lot-specific
values of viable cells per vial, plating efficiency and viability.

If a higher cell density was required the cell suspension was centrifuged at 180 g for 5
minutes, the supernatant removed and the cells re-suspended in the required volume of iCell
Plating Medium. 48 hours after plating, the plating medium was replaced with iCell
Maintenance Medium (CDI) to remove cell debris and non-adherent cells. The maintenance
medium was replaced every 2-3 days thereafter and all studies were carried out 10-14 days

post-thawing and seeding of the hiPSC-CMs unless otherwise stated.
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2.2.4 GCampé6f Stem cell dissociation and maintenance

HiPSC line Wild Type C (WTC) GCamp6f (Professor Bruse Conklin, Gladstone Institutes)
was used for Chapter 3 and 5. These were maintained and differentiated with the help of
Oisin King, Dr Worrapong Kit-Anan and Thusharika Kodagoda (Imperial College London).
Significant days are outlined in Figure 2.1.

IMR90-4 and WTC GCamp6f hiPSC-CMs were maintained in tissue culture dishes
coated overnight with 0.125% v/v Matrigel (Corning) diluted in Knockout DMEM (Life
Technologies). Dissociation was performed when the cells reached 80% confluence. Cells
were washed with PBS then incubated with 0.5 mM EDTA in PBS at room temperature for 5
minutes. The solution was removed and replaced with Essential 8™ Medium supplemented
with 10 uM ROCK inhibitor to remove the cells from the tissue culture plate. The cells in
suspension were replated on tissue culture dishes coated overnight with 10 ug/mL Matrigel
(Corning) diluted in Knockout DMEM (Life Technologies). The cells were incubated in Essential
8™ Medium (Thermo Fisher Scientific) supplemented with 10 uM ROCK inhibitor for the first
24 hours after replating before maintained in Essential 8™ Medium replaced daily until cells
reached 80% confluence. At this point (day 0), the stem cells were dissociated or underwent

differentiation.

hiPSC CHIR9 Metabolic
9021 selection
Matrigel (10 pg/mL) Fibronectin (10 pug/mL)
D-3 DO D2 D3 D5 D11 D15 D30

Figure 2.1 Timeline of human induced pluripotent stem cell differentiation into cardiomyocytes.
Schematic protocol for the production of human induced pluripotent stem cell-derived cardiomyocytes
by modulation of Wnt signalling (Lian et al., 2012). Coloured bars depict the basal medium. Significant
days (D) with supplements noted below this bar.
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2.2.5 GCampé6f stem cell differentiation

The hiPSCs were induced to differentiate by biphasic modulation of Wnt signalling
(Lian et al., 2012). The Wnt signalling pathway has emerged as a key regulator of
cardiogenesis in vivo and in vitro. During embryonic development, inhibition of glycogen
synthase kinase 3 (Gsk3) causes nuclear accumulation of B-catenin, which activates gene
transcription that triggers cardiogenesis. In some species, including mouse embryos and
mouse ES cells, Wnt signalling was shown to have a biphasic effect on cardiac development,
with late signalling repressing the development of heart muscle. Therefore, a biphasic
technique was established for hESCs and hiPSCs and shown to generate populations of up to
98% cardiomyocytes before cell sorting (Lian et al., 2012)

On Day 0, cells were exposed to 8 uM Wnt-activator CHIR99021 (MERCK Millipore) in
RPMI-1640 media supplemented with B27 minus insulin (RB — INS) (Life Technologies) for 24
hours. On day 1, the culture media was replaced with fresh RB — INS and maintained
incubated for 48 hours. On day 3, the RB — INS was removed, and cells were then incubated
in 2.5 uM Wnt-inhibitor C59 (Biorbyt) in RB — INS for 48 hours. On Day 5, this was changed to
fresh RB — INS, which was changed every 2 days, until areas of beating cells became evident

(~ Day 9-11).

2.2.6 GCamp6f hiPSC-CM purification

Once populations of hiPSCs have undergone differentiation induction, the mixed
population of hiPSC-CMs and non-cardiomyocytes underwent purification before replating.
Once areas of beating cells became evident, metabolic selection by glucose depletion was
used to purify the cell population as the hiPSC-CMs rely on oxidative phosphorylation rather
than glycolysis (Tohyama et al., 2013). During these 96 hours, the cells were maintained in
RPMI-1640 with no glucose, supplemented with B27. Following metabolic selection, cultures
were maintained in RPMI-1640 supplemented with B27 (RB + INS) for 2 days before replating.

Tissue culture dishes were prepared with fibronectin in PBS (10 pug/mL) and incubated
for at least 30 minutes to allow for fibronectin attachment to the tissue culture plate. During
this time, cultures were washed in PBS then incubated in 1 mL of 1X TrypLE per tissue culture
plate well for 7 minutes before agitated using a P1000 pipette and transferred to a fresh 50

mL centrifuge tube. 1 mL of RPMI-1640 + 10% FBS was added to the cells per 1 mL of TrypLE
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before centrifugation at 200G for 5 minutes. The supernatant was removed before
resuspension of the cell pellet in hiPSC-CM plating media for the desired density of 2.5 million
live cells per 2 mL of media. PBS in the tissue culture dishes incubated with fibronectin in PBS
(10 pg/mL) was aspirated before 2.5 million live cells were added per well of a 6-well plate.
24 hours following replating, the media was changed for RB + INS and 1% v/v Penicillin-
Streptomycin and maintained from this second round of purification until D25-26 in RB + INS

and 1% v/v Penicillin-Streptomycin, replaced every 2 days.

2.2.7 Plating of hiPSC-CMs on glass substrate

On D25-26, hiPSC-CMs were washed twice in PBS before being detached by 1 mL of
TrypLE then incubated at 37°C and 5% CO, for 8 minutes. Following incubation, a P1000
pipette was used to dislodge cells from the surface and gently mix to form a single-cell
suspension. The dissociation solution was quenched by adding 5 mL RPMI 1640 + 10% v/v
FBS. Cells suspensions were then centrifuged for 200 G for 5 minutes. The supernatant was
removed, and the cell pellet was resuspended in hiPSC-CM plating media.

Cells were stained with acridine orange/propidium iodide (Logos Biosystems) and
counted using a Logos Luna dual fluorescence cell counter, before plating onto 35 mm dishes
with a 7 mm diameter glass bottomed well at a density of 80,000 GCaMP6f hiPSC-CMs per
dish. Dishes were pre-coated with fibronectin in PBS (10 ug/mL) for 1 hour before cell plating,
and PBS was aspirated before cells were plated. After incubation at 37°C for 24 hours, the
media was replaced with RB + INS and 1% v/v Penicillin-Streptomycin, replaced every 2-3

days. Cells were used for experiments 5-7 days after plating.
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2.3 Co-culture design

GCamp6bf hiPSC-CMs were used to study cardiac fibroblast co-culture with
cardiomyocytes. All cultures were performed over 24 hours maintained at 37°C and 5% CO,

at a ratio of 2:1 cardiac fibroblasts: hiPSC-CMs. The four culture designs used were as follows:

1. Cardiomyocyte-conditioned control (Figure 2.2a).

To control for effects owing to the metabolism and depletion of the medium by
incubation with human cells, controls were cultured in hiPSC-CM-conditioned media,
generated by culturing 160,000 hiPSC-CMs in serum-free medium for 24 hours. A separate
dish of hiPSC-CMs was then washed in sterile PBS before the conditioned serum-free media

was added to this second dish for a further 24 hours before electrophysiological assessment.

2. Fibroblast-conditioned media — unidirectional paracrine interaction (Figure 2.2b).

In order to assess the unidirectional effect of soluble factors secreted by fibroblasts in
isolation on naive hiPSC-CMs, cardiac fibroblast-conditioned media was generated from
cardiac fibroblasts. 160,000 fibroblasts were plated on a semi-permeable 0.4 um pore
Transwell® (Corning, NY, USA) suspended over a petri dish containing 2 mL of serum-
containing fibroblast culture media and incubated for 2 hours at 37°C to allow for fibroblast
attachment. Following incubation, the membranes were washed in sterile PBS, transferred to
a new petri dish containing 2 mL of serum-free media and incubated for a further 24 hours at
37°C. Following incubation, the conditioned medium was transferred to 37mm dishes with a
7mm glass-bottomed centre seeded with 80,000 hiPSC-CMs and incubated for 37°C for 24

hours before electrophysiological assessment.

3. Co-culture — bidirectional paracrine interactions (Figure 2.2c).

As hiPSC-CMs may secrete soluble factors that modulate fibroblast paracrine function,
we co-cultured the two cell types in a set up that allowed bidirectional paracrine signalling.
Cardiac fibroblasts were prepared as above in the fibroblast-conditioned media set up and
then suspended over hiPSC-CMs in 2 mL of serum-free media and incubated for 24 hours
before electrophysiological assessment. The suspension using Transwells designed for 24-

well plates required placing the Transwells in plastic cuffs.
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4. Direct contact — bidirectional physical and paracrine interactions (Figure 2.2d).

The third co-culture set-up allowed direct physical interaction between the two cell
types. In this setup, cardiac fibroblasts were seeded directly on top of hiPSC-CM monolayers.
Fibroblasts in culture flasks were trypsinised in 0.05% Trypsin-EDTA and resuspended at a
concentration of 160,000 fibroblasts per 100 plL of fibroblast culture media. HiPSC-CM
monolayers on glass-bottomed dishes were washed with PBS before 160,000 fibroblasts were
pipetted within the recessed area of the dish, on top of the hiPSC-CM monolayer. This was
incubated for 2 hours at 37°C to allow for fibroblast attachment, washed in sterile PBS to

remove debris and dead cells before culturing for 24 hours in 2 mL of serum-free media.
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Figure 2.2 Cardiomyocyte and cardiac fibroblast culture platforms. Cardiomyocytes and
cardiac fibroblasts were cultured in separate platforms to investigate methods of intercellular
interaction. All platforms used serum free media for conditioning and maintaining the
cardiomyocytes for 24 hours before electrophysiological assessment. (a) Cardiomyocyte-
conditioned serum-free media used to culture a fresh dish of cardiomyocytes for 24 hours as
control, (b) Unidirectional paracrine communication from fibroblast to cardiomyocyte by
culturing myocytes in fibroblast-conditioned serum-free media. (c) Fibroblasts were cultured in a
Transwell tissue culture insert to allow for bidirectional paracrine communications only in the
serum-free media. (d) Fibroblasts were seeded directly on top of cardiomyocytes to allow for
bidirectional paracrine and direct contact interactions in the serum-free media. Adapted from
Christopher Kane’s thesis, Imperial College London.
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2.4 Elastic, reconfigurable co-culture setup

Lacking in the co-culture setup used above is a reproducible means of measure
intercellular distance for paracrine communications. In chapter 3, we aim to develop and
validate an elastic, reconfigurable substrate made out of Polydimethylsiloxane (PDMS). A

schematic of the cell patterning approach is given in Figure 2.3.

«— Y —
1. Surface is continuous 2. Stretch device to open slit. 3. Insert barrier.
with slit closed.
4. Apply different cell 5. Remove unbound cells. 6. Release device to close slit.
populations. Remove barrier. Surface is again continuous.

Figure 2.3 Cell patterning approach. A shallow slit can be formed on the elastic substrate. The
substrate can be stretched open to allow insertion of a thin barrier. Different cell populations can be
seeded onto separate sides of the barrier. Once the cells have adhered, the barrier can be removed to
allow intercellular interactions between the two cell populations. (Curtis et al., 2017)

2.4.1 Synthesis of an Elastic PDMS substrate

A mould for PDMS co-culture substrate fabrication was kindly provided by Dr Allison
Curtis (University of California, Irvine). Moulds were created by attaching laser-cut acrylic
parts (10 mm diameter squares x 6 mm) to the bottom of a square 100 mm polystyrene dish
(Thermo Fisher Scientific) using cyanoacrylate glue (Gorilla Glue Company) (Figure 2.4A)
(Curtis et al., 2017). Two-part polymer Sylgard 184 (Dow Corning), base elastomer and curing
agent were mixed at 1:10 weight ratio then poured into the mould. The mould was placed in
a vacuum chamber for 120 minutes for degasification before incubation in an oven at 60°C
overnight.

Following overnight incubation, the PDMS was removed from the mould and washed
three times with PBS (Figure 2.4B). A shallow slit was cut across the bottom of each mould

well by using a razor blade (Figure 2.4C). Devices were submerged in 70% ethanol for 15
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minutes then air dried before UV-sterilisation for 30 minutes. The wells were then washed
once with sterile PBS. To open the slit, the device was bent, and a #1 glass coverslip (Thermo

Fisher Scientific) was inserted (Figure 2.4D).

Figure 2.4 Reconfigurable elastic substrate device. (A) Substrate mould composed of
acrylic parts attached to a polystyrene dish. (B) Devices removed following degasification and
incubation at 60°C overnight. (C) An individual device consists of two moulded elastic wells.
Razor blade cut a slit extending partially through the bottom of the wells. (D) The device seals
around an inserted coverslip to form two separate chambers from each well.

2.4.2 hiPSC-CM and cardiac fibroblast plating on PDMS device

With the coverslip barrier in place, device wells were then incubated in 200 pL of
fibronectin in PBS (10 pg/mL) at 37°C for 1 hour. The PBS was removed and hiPSC-CMs (1.5 x
10° cells in 200 mL hiPSC-CM plating media) and cardiac fibroblasts (0.5 x 10° in 200 mL
fibroblast culture media) were seeded into the two separate chambers and incubated

overnight to allow for adhesion. The wells were then gently aspirated, and the hiPSC-CMs and
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cardiac fibroblasts were cultured with RB + INS and fibroblast culture media, respectively.
Media was then changed every 2-3 days to allow hiPSC-CM maturation and fibroblast
proliferation.

5 days after seeding, the wells were gently aspirated and washed three times with
warm PBS. The device was then stretched to open the slit, and the coverslip barrier was
removed. The cells were washed another 3 times with warm PBS to remove unattached cells,
and finally, 500 pL of serum-free media was added. The cells were then incubated for 24 hours

before electrophysiological assessment.

2.5 Integrins

2.5.1 Soluble Integrin ligands

The Arginine-Glycine-Aspartate (RGD)-tripeptide repeat has been shown to be
sufficient and indispensable for integrin-binding activity. Several RGD-containing peptides
were used to assess the effect of structural variations on hiPSC-CM electrophysiological
changes. we investigate the effects of integrin ligands RGD, GRGDS and GRGDSP on hiPSC-CM
structure and function. Compounds employed were RGD, GRGDS and GRGDSP (Sigma
Aldrich). We also use the negative control RGES (Sigma-Aldrich) to identify that the effect is
mediated by RGD. Amino acid structures of each compound are shown in Table 2.1. All

peptides were used in their linear forms.

Table 2.1 Amino acid structures of RGD-containing peptides.

Compound Structure

RGD Arg-Gly-Asp

RGES Arg-Gly-Glu-Ser

GRGDS Gly-Arg-Gly-Asp-Ser
GRGDSP Gly-Arg-Gly-Asp-Ser-Pro

Arg = arginine; Gly = glycine; Asp = aspartic acid; Ser = serine; Pro = proline and Glu = glutamic
acid.

24 hours before optical mapping the RGD peptides were dissolved in sterile MQ water

and added to the cells at a concentration of 2mM and incubated at 37°C for 24 hours.
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2.5.2 Integrin ligands antibodies

Mouse monoclonal against integrin 1 (P5D2) (Abcam) and mouse monoclonal
antibody against B1 (F11) (Thermo Fisher Scientific) were either added individually or added
together to hiPSC-CM monolayers at 10 pg/mL in PBS. Alternatively, the antibodies were
added to hiPSC-CMs for 1 hour at 4°C then added concomitantly with 2mM soluble RGD-

containing peptides and incubated at 37°C for 24 hours.

2.5.3 Self-assembling integrin ligands

The following synthetic peptides were studied: (a) NH3*-RGDSGAITIGA-CONH;
(RGD_A), (b) NH3*-RGDSGAITIGC-CONH; (RGD_C) (Genecust). Both synthetic peptides
possessed a degree of purity higher than 95%. These synthetic lyophilised peptide powders
were dissolved in serum-free media (2mM) before vortexing to mix and sonication for 1
minute. Samples were then incubated at 37°C for 3 hours to allow for self-assembly. Media
was removed from the hiPSC-CMs before a PBS wash. 80 pL of peptides (2mM) was added

above the hiPSC-CM monolayer and incubated for 24 hours before assessment.

2.6 EV Isolation, purification and quantification

2.6.1 Fibroblast EV-conditioned media production & processing

Hyperflasks (Corning) were used to grow cardiac fibroblasts in fibroblast culture media
until at least 70% confluence. Fibroblast culture media contains Foetal Bovine Serum, a blood
product with very high concentration of bovine EVs (Shelke et al., 2014). It would therefore
be important to omit FBS from the cell culture medium for the duration of EV collection to
avoid contamination. Fibroblasts are heavily dependent on FBS-content, and omission of FBS
could change EV composition and cell survival, so collecting fibroblast-secreted EVs in media
void of FBS risks substantial contamination with apoptotic bodies and other cellular debris.
For the purposes of this study, we chose to limit the EV collections time to 48 hours and use
EV-depleted FBS during the collection period. After washing with PBS, cell cultures were
incubated for 48 hours in exosome-depleted fibroblast culture media. Following conditioning

of the media, the media was removed and filtered through a 0.45 um bottle-top filter.
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2.6.2 EV-conditioned media purification by ultrafiltration

Ultrafiltration was then used to concentrate the filtered conditioned media, prior to
additional purification steps.

By this method, the initial sample is forced against a membrane containing nano-scale
pores that allow the passage of water and smaller biomolecules, but not EVs. Current opinion
in the field holds that this process is less damaging to EVs than ultracentrifugation, as the EVs
are never taken out of solution and there is little evidence of aggregation. By contrast,
aggregation is a known consequence of ultracentrifugation (Nordin et al., 2015). However,
EVs are lost during this process. It is thought that this at least partially due to adherence to
the membrane itself. Use of centrifugal concentrators with low membrane surface areas
increases the EV recovery compared to pressure-driven, high surface area devices (Lobb et
al., 2015). The same study also found that ultrafiltration recovered approximately twice as
many particles from the original sample as ultracentrifugation. Other studies have confirmed
that ultrafiltration has a good recovery efficiency and does not damage EVs (Nordin et al.,
2015; Benedikter et al., 2017; Mol et al., 2017).

A pore size of 100 kDa (~ 7 nm) was used for routine purification of EVs. Filtered
conditioned media were then concentrated by ultrafiltration using an Amicon Ultra-15
Centrifugal Filter (Merck) with a 100 kDa MWCO (Molecular Weight Cut-Off) (~ 7 nm) pore
size, at 4000 x g, 4°C for 3 minutes. This was repeated, topping up with additional media
between centrifugations to a volume of 12 mL. In this way, each concentrator processed 500

mL of starting conditioned-media to a final volume of 500 pL.
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2.6.3 Purification by SEC

SEC is an EV-purification method that has been shown to provide highly pure (Boing
et al., 2014; Benedikter et al., 2017), physically intact, EVs with improved functionality
(Gdmez-Valero et al.,, 2016; Mol et al., 2017), compared to vesicles isolated by
ultracentrifugation, the most common method for EV isolation. Differential centrifugation,
unlike SEC, risks protein complex formation and vesicle aggregation. Previous studies have
also reported that the viscosity of concentrated conditioned-media affects vesicle recovery in
differential centrifugation, but does not affect vesicle recovery by SEC (O’Brien, 1969;

Momen-Heravi et al., 2012).

2.6.4 SEC column packing and preparation

To exchange the buffer before column packing, 60 mL of Sepharose CL-2B Slurry was
transferred to a wide, shallow container and the gel beads were allowed to settle. The solvent
was aspirated off and the beads resuspended in 120 mL of particle-free 18.2 MQ water. This
was repeated, before resuspending the slurry and pouring the suspension into a 30 cm Econo-
Column (Bio-Rad) with a 50 mL syringe barrel attached as a reservoir. The slurry was allowed
to sit to allow for any large air bubbles to be removed by tapping the side of the column
before the bottom tap was opened to allow the column to pack under gravity. The column
was allowed to pack until a final depth of 28 cm (Figure 2.5).

The packed SEC column was opened, and the PBS was allowed to drain through until
the top of the beads in the separation media was dry. Loading of the sample into the column
was carried out by gently applying 500 pL of sample to the top of the column using a 1 mL
manual pipette. The column spout was then opened so sample could enter the column.
Fraction collection began at this point. As soon as the media had wholly entered the
separation media, PBS was gently added to the top of the column into the column headspace,
avoiding disturbing the separation media. Once at least 3 cm of PBS was added on top of the
separation media, a PBS reservoir was connected to the column. The first time a column was
used, 1 mL fractions were collected, and the particle concentration analysed on a Nanosight
to determine peak fractions. The protein content of the fractions was also analysed by

microBCA assay to check for efficient separation of EV from soluble proteins.
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Figure 2.5 Size-exclusion chromatography column. Two 30 mL columns stacked with
Sepharose CL-2B for isolation of vesicles from fibroblast-conditioned media. 50 mL syringe
attached as a PBS reservoir once sample was added. 1 mL fractions collected at the tap.

2.6.5 Nanoparticle Tracking Analysis (NTA)

The range of EV purification methods means that EV quantification and assessment of
purity is of critical importance. Particle concentration in the fractions was quantified by NTA.
This is the most widely used method for EV quantification and single particle analysis. NTA
relies on the light scattering properties of particles in a solution by illuminating these particles
with a laser light. The Brownian motion of particles is analysed from a video, and this motion
of individual particles in the solution is analysed using the Stokes-Einstein equation to
estimate the hydrodynamic diameter of the particles (Gardiner et al., 2013). As such, the NTA
covers the EV size spectrum and provides information on both the size distribution and
concentration of particles in the solution.

The concentration and size distribution of particles in solution was measured using a
Nanosight NS300 with an SCMOS (Scientific Complimentary Metal-Oxide Semiconductor)
camera module and a 532 nm diode laser module. Samples were diluted 10-1,000 fold in
particle-free water from a Select Fusion Milli-Q water purifier (Suez Water UK) to a

concentration within the range of 108-10° particles/mL, such that the number of particles in
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the field of view was below 200/image. Using NTA V3.0 software, three 60-second videos
were recorded and analysed per sample, with software parameters Camera Level 15,

Detection Threshold 5 used. The Finite Track Length smoothing algorithm was disabled.

2.6.6 Protein quantification

The microBCA (Bicinchoninic Acid) protein assay kit (Thermo Fisher Scientific) is a
detergent-compatible BCA formulation for the colourimetric detection and quantification of
total protein. It has been optimised for use with dilute protein samples (0.5 — 20 pg/mL). Cu?*
is reduced by protein in an alkaline environment, producing Cu*, which is detected by BCA,
causing the chelation of two molecules of BCA with one Cu!*, a reaction that produces a
purple-coloured water-soluble complex. This complex exhibits a strong absorbance at 562nm
that is linear with increasing protein concentration. Preparation of a standard curve using BSA
standards allows the researcher to determine the protein concentration of unknown samples.

Standard and working reagents were prepared as per manufacturer's instructions.
Briefly, the working reagent was made by mixing components A, B and C in a 25:24:1 ratio
and used immediately. Both samples and BSA standards were added with working reagent in
clear-bottomed 96-well plates (50 ul of sample + 150 pL working reagent/well). Adhesive
plate seals (Thermo Fisher Scientific) covered the top of the wells to prevent evaporation then
plates were mixed thoroughly on a plate shaker for 30 seconds before incubation at 37°C for
2 hours. Colour change was assessed by measuring absorbance at 562 nm wavelength light
on a pQuantTM micro-plate reader (Bio-Tek Instruments Inc.). The average absorbance
measured in the blank standard replicates was subtracted from the standard absorbance, and
the concentrations of unknown samples were determined using a linear regression fitted to

the standards.
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One ampule of Albumin Standard solution was diluted into several clean vials using

PBS to form the standard solutions (Table 2.2):

Table 2.2 Standard solutions for micro BCA.

Vial Vial of Volume and Source of Final BSA
Diluent BSA Concentration

A 4.5mL 0.5 mL of Stock 200 pg/mL

B 8.0mL 2.0 mL of vial A dilution 40 pg/mL

C 4.0mL 4.0 mL of vial B dilution 20 pg/mL

D 4.0mL 4.0 mL of vial C dilution 10 pg/mL

E 4.0mL 4.0 mL of vial D dilution 5 pg/mL

F 4.0mL 4.0 mL of vial E dilution 2.5 pug/mL

G 4.8mL 3.2 mL of vial F dilution 1 pg/mL

H 4.0mL 4.0 mL of vial G dilution 0.5 pg/mL

I 8.0mL 0 0 pg/mL = blank
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2.7 Structural characterisation

2.7.1 Dot blotting

2.7.1.1 Setup

It is important to note that these particles isolated by SEC may not exclusively be EVs;
lipoprotein complexes, protein aggregates and other debris will also be counted. The
presence of EVs was confirmed by detection of EV marks CD9, CD63 and CD81.

A 0.45 pm nitrocellulose membrane (Bio-Rad 162-0117) was submerged in Tris-
buffered saline (TBS, Bio-Rad 170-6435) for 10 minutes. The Bio-Dot apparatus (Bio-Rad 170-

6545) was assembled around the wetted membrane (Figure 2.6).

Sample template with
attached sealing screws

Sealing gasket

Gasket support plate

=7 Vacuum manifold
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Figure 2.6 diagram of proper Bio-Dot apparatus assembly (Bio-Rad Laboratories Inc. 2000).

2.7.1.2 Membrane blocking

The four screws were tightened to prevent sample contamination between wells. All
wells were rehydrated with 200 pL TBS and allowed to drain. 50 pL samples were added to a
96-well plate before transferred to the sample template using a multi-channel pipette. The
sample was allowed to pass through under gravity. All wells were washed three times with
TBS and allowed to drain. The BioDot was then disassembled before blocking of the
membrane. The membrane was cut for orientation, marked with pencil for identification and

then incubated in a solution of 5 % w/v BSA in TBS-T for 1 hour at room temperature.
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2.7.1.3 Primary incubation
The dot blot membrane was then washed three times in TBS-T for 10 minutes each
round at room temperature before incubation overnight at 4°C with the primary antibody in

the desired dilution (Table 2.3) in TBS-T.

Table 2.3 Primary antibodies for dot blot.

Primary antibody | Dilution factor | Species Manufacturer Product code
Anti-CD9 800 Mouse Thermo Fisher Scientific | 10626D
Anti-CD63 400 Mouse Thermo Fisher Scientific | 10628D
Anti-CD81 400 Mouse Thermo Fisher Scientific | 10630D

2.7.1.4 Secondary incubation and imaging

Following the overnight incubation, membranes were washed three times in TBS-T for
10 minutes each time at room temperature, before incubation for 1 hour at room
temperature with the secondary antibody in the desired dilution (1:15000) in TBS-T. The
secondary antibody used was goat anti-mouse 800 CW (LI-COR 926-32210) Membranes were
then washed three times in TBS-T for 10 minutes at room temperature and imaged using an

LI-COR Odyssey imager.

2.7.1.5 Imaging of dot blots

Dot blots were quantified using Image Studio Lite V5.2 software (LI-COR). For each
image, background was subtracted with a rolling ball radius set to 25 pixels before a rectangle
was fitted around each lane and the profile plot was viewed. The intensity of each dot was
measured using the gel analysis procedure. The Integrated Density for each fraction was then

expressed as a percentage of the total of all the dots.
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2.7.2 EV Electron Microscopy

2.7.2.1 Cryo-Electron Microscopy (CryoEM)

Holen Carbon Grids (HC200-Cu, Electron Microscopy Sciences) were plasma treated
(15's, O2/H2) on a Gatan Solaris Plasma Cleaner. Samples of EVs in PBS were prepared using a
Leica EM GP automatic plunge freezer. 4pulL of sample was added onto the carbon coated side
of the grid while in an environmental chamber (relative humidity: 90%, temperature: 20°C).
Excess sample was blotted on filter paper and the obtained film was vitrified in liquid ethane.
Samples were then stored under liquid nitrogen until imaged. Samples were imaged using a
JEOL 2100 plus with 200kV and the Minimum Dose System. Imaging temperature was -170°C
in a Gatan914 cryoholder. Micrographs were taken using a Gatan Orius SC1000 camera at a

magnification of 30k.

2.7.2.2 Transmission electron microscopy (TEM) processing of EVs

Isolated EVs were fixed in 2% paraformaldehyde (W/V) for 60 minutes, 10 pl of fixed
EVs were placed on formvar-coated grid for 60 minutes, blot dry the grid and examined in
JEOL 1200 EX transmission electron microscope. Digital micrographs were taken using Gatan

digital micrograph.

2.7.2.3 Immunogold labelling

Isolated EVs were fixed in 2% paraformaldehyde (W/V) for 60 minutes, 10 pl of fixed
EVs were placed on formvar-coated grid for 60 minutes. Each grid was placed in three droplets
of 0.5M sodium cacodylate buffer (pH 7.4) for 5 minutes each followed by placing on a droplet
of 1% Bovine serum albumin (BSA) for 30 minutes. Grids were then placed on 10 ul of CD63
(abcam) at 1:10 dilution for 60 minutes. Unbound antibody was removed by floating the grids
on three droplets of 1% BSA for 5 minutes each. Grids we then placed on gold conjugated
goat anti- mouse 1gG (10 nm) at 1:50 dilution for further 60 minutes followed by 3 washes in
PBS and final wash in distilled water. Grids were stained with 2% Uranyl acetate for 3 minutes,
washed in distilled water, viewed in JEOL 1200 EX transmission electron microscope. Digital

micrographs were taken using Gatan digital micrograph.
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2.7.3 hiPSC-CM Electron Microscopy

hiPSC-CMs were attached to 1 x 1 cm Aclar film squares treated with 10 pg/mL
Matrigel in serum free medium and cultured in maintenance medium. To prepare specimens
for electron microscopy, samples were fixed in 2.5% glutaraldehyde and 2%
paraformaldehyde in 100 mM sodium cacodylate buffer. After washing in sodium cacodylate
buffer, samples were subsequently stained in: 1% osmium tetroxide and 1.5% potassium
ferrocyanide; 1% tannic acid, 1% osmium tetroxide and 1% uranyl acetate, with washings in
water after each staining step. After staining, samples were dehydrated in an ethanol
ascending series (50%, 70%, 90%, 100%, 100%) followed by a further dehydration in pure
acetone. Increasing concentrations of TAAB 812 hard resin (25%, 50%, 75%, 100%) mixed with
acetone were used for infiltration. To finish, samples were embedded in pure resin and cured
at 75°C for 36 hours.

Resin blocks were sectioned with a diamond knife at 80 nm on a Leica Ultracut UCT
and sections imaged on an FEl Tecnial2 BioTwin opened at 80 kV. Images were collected with
a Gatan Microscoy Suit in dm3 format and analysed in Image J (Schneider, Rasband and

Eliceiri, 2012; Rueden et al., 2017) or IMOD (Kremer, Mastronarde and Mclntosh, 1996).
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2.8 Functional characterisation

2.8.1 Treatment of hiPSC-CMs with cardiac fibroblasts and GW4869

To investigate the effects of exosome inhibition by GW4869 in hiPSC-CM: cardiac
fibroblast contact cultures, GW4869 was dissolved in DMSO to a stock concentration of 20
mM. hiPSC-CMs were pre-treated with 20uM GW4869 (1uL GW4869 in 1000pL of serum-free
media) for 2 hours before this was washed with PBS cardiac fibroblasts were seeded directly
on top of hiPSC-CMs with 20uM GW4869 using the fibroblast-contact setup method
described in Section 2.3. Cultures were incubated at 37°C and 5% CO; for 2 hours before being
washed and incubated at 37°C and 5% CO; for a further 22 hours in serum free media with

20uM GW4869.

2.8.2 Treatment of hiPSC-CMs with EVs

EVs were concentrated before treatment of the hiPSC-CM monolayers in glass-
bottomed tissue culture dishes. Particle in SEC fractions 7-11 in solution were combined with
7 mL serum-free media and placed in a 100 kDa MWCO Amicon Ultra-15 Centrifugal Filter and
ultrafiltrated in a centrifuge at 4000 x g, 4°C for 3 minutes. Serial ultrafiltration at varying
durations was carried out until a concentration of 150 pg per 100 pL of the sample remained.
One hyperflask produced approximately 300 pg of protein in SEC fractions 7-11. 150 ug was
added to the hiPSC-CMs. This 150 ug of protein is from an original starting volume of
approximately 250 mL of fibroblast-conditioned media.

To investigate the contribution of the non-EV content of the exosome-depleted
serum-containing media, the same starting volume of the exosome-depleted media (500 mL)
was processed in the same manner as the fibroblast-conditioned media. Particle in SEC
fractions 7-11 were concentrated to a volume of 200 pL. 100 pL was added to the hiPSC-CM
monolayer.

The effects of exosome-depleted serum media with and without fibroblast

conditioned EV content were compared to serum-free media.
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2.8.3 Cytokine profiler

Fibroblast EV fractions following the SEC purification were pooled for cytokine analysis
then further concentrated by ultrafiltration using a 100 kDa MWCO Ultra-15 Centrifugal Filter
at 4000 x g, 4°C until the sample reaches a volume of 250 pl. Sample was transferred to an
Eppendorf before EV membranes were lysed with 250 pl RIPA solubilisation buffer containing
a 1:500 dilution of protease inhibitor cocktail. Sample was then sonicated for 60 seconds
before the content was analysed with a proteome array containing antibodies against 36

human cytokines following the manufacturer’s instructions.

2.9 Electrophysiological techniques

2.9.1 Optical recording of twitch Ca?* transients

IMR90-4 hiPSC-CM cytoplasmic [Ca?*] transients were visualised by loading cells with
Fluo-4-acetoxymethyl ester (Fluo-4 AM) (Invitrogen, Thermo Fisher Scientific); a cell-
permeable Ca?*-sensitive fluorescent molecule. Fluo-4 AM rapidly increases in fluorescence
by 100-fold in the presence of cytoplasmic Ca?*, owing to the Kq[Ca?*] of 350nM. Cells were
loaded with 4 pL of Fluo-4 AM (50 pg Fluo-4 AM in 50puL DMSO + 1.5 pL Pluronic Acid) in 1 mL
DMEM and incubated for 20 minutes. The media was replaced with fresh DMEM and
incubated for a further 20 minutes to allow for dye de-esterification. Otherwise, genetically
modified hiPSC line (WTC GCaMP6f) was used without Fluo-4AM incubation.

During optical mapping, the samples were maintained in standard Tyrode’s. The
samples were mounted on the stage of an upright Nikon Eclipse FN1 microscope or an
inverted Nikon Eclipse TE2000 microscope in the 7mm glass bottom dishes and observed
through a 40x water immersion or 40X oil objective, respectively. Samples were kept in 37°C
standard Tyrode’s solution. Cells were excited using a 470nm wavelength LED light and
emitted fluorescence collected through a 530 nm long-pass filter (Green channel). The cells
were typically stimulated at 1 Hz using an external stimulator (lonOptix) and platinum
electrodes with a biphasic stimulus consisting of a 10 ms pulse width and 20 V amplitude.

The fluorescence signal on the upright microscope was recorded using an ORCA-Flash
4.0 V2 Digital CMOS camera (4 ms frame rate) and WinFluor software (University of

Strathclyde electrophysiology software) and acquired at 250 frames/second. On the inverted
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camera, the recordings were captured using a NeuroCMOS camera (Redshirt) and acquired
at 250 frames/second. LED intensity was kept constant throughout experiments at a level that
minimised photo-bleaching.

The Ca?* transients were analysed offline. For optical mapping carried out on the
Upright microscope, both the analogue and image series were extracted in Tif format then
opened in the software FlJI. A profile plot of the region of interest was generated and saved
as a text file. For optical recording carried out on the inverted microscope, the region of
interest was spatially averaged to produce an analogue series that was exported as an ASCII
file, in the text file form. These text files were then analysed using Clampfit software
(Molecular Devices).

The following parameters were then measured: normalised fluorescence amplitude
(F1/F0), which is the transient peak amplitude (F1) divided by the baseline value of the signal
(FO); time to peak (Tp) calculated as the time taken from the start of the transient to reach
the peak amplitude; time to 50% decay (T50) and time to 80% decay (T80), calculated as the
time taken for the transient to decrease from peak fluorescence to 50% and 80% of the
transient peak amplitude, respectively, during the recovery phase of the transient (Figure
2.7). Alternatively, the text files were analysed using a custom MatLab © code (Mathworks).
The custom MatLab © code, written by llona Sunyovszki (Imperial College London) and Bryan

Hassell (Harvard University) determined the parameters: F1/F0, Tp, T50 and T80.
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Figure 2.7 Ca?* transient analysis. (A) Ca®* transient in Clampfit, (B) Ca®* parameters.

2.9.2 Caffeine application

Caffeine was applied locally to hiPSC-CMs to assess SR Ca%* content and Ca%* removal
mechanisms. A solution of 40mM caffeine in standard Tyrode’s or Na*/Ca®*-free Tyrode’s

solution was loaded into borosilicate glass micropipettes (Harvard Apparatus) and mounted
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onto a 3-axis micromanipulator. The pipette tip was positioned just above the surface of the
cells. The cells were field-stimulated at a pace of 1 Hz before stimulation was ceased and

caffeine was applied simultaneously by applying positive pressure with a syringe pump.

2.9.3 Analysis of SR Ca?* content, Fractional release and Ca* removal

mechanisms

Amplitude (F1/FO0) of caffeine-induced Ca?* transient was used to determine the total
SR Ca?* content. Calculation of relative contribution of Ca?* removal mechanisms has
previously been set out by Bassani and colleagues as (Bassani, Yuan and Bers, 1995):
Ktwitch = KsrR + Knex + Kslow

Equation 2 Contribution of mechanisms to Ca** removal in cardiomyocytes

Rate of Ca?* decay was calculated following the fitting of a monoexponential curve with the

function:

n
O = ) Aem c
i=1

Equation 3 Rate of Ca?* decay calculated using a monoexponential curve function

In this way, the fit identifies the Amplitude (A), the time constant T and the constant
y-offset C for each input value (i) in the decline phase of the Ca?*transient. Rate is calculated
as 1/t (s?) for the transients triggered by field stimulation in standard Tyrode’s (Ktwitch) (Figure
2.8A). The rate of SR Ca?* uptake (ksr) was calculated as Kiwitch minus the rate of decline phase
for the transient triggered by Caffeine in standard Tyrode’s (Kcaffeine)-

Slow mechanisms of Ca?* removal were contributed to by sarcolemmal Ca?*-ATPase
and mitochondrial Ca?* uniporter uptake. To measure the contribution of sarcolemmal Ca?*
flux, bath solution was switched to a Na*/Ca?*-free Tyrode’s solution, where Na* is substituted
for Li*. 40 mM caffeine in Na*/Ca?*-free Tyrode’s solution was applied to cells bathed in
Na*/Ca?*-free Tyrode’s. In this way, the rate of decline of the caffeine-induced Ca?* transient

is only contributed to by the slow mechanism (ksiow), as NCX activity is negated (Figure 2.8B).
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The contribution of NCX to the decay phase (kncx) is calculated as the difference between this
Na*/Ca?*-free Tyrode’s solution caffeine-induced decline (ksiow) and standard Tyrode’s

solution caffeine-induced decline (Kcaffeine).

A 40mM Caffeine B 40mM Caffeine

— Normal Tyrode
— Na/Ca Free

F/F,
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Figure 2.8 Assessment of Ca®* extrusion mechanisms. (A) Representative trace of field
stimulated (twitch) Ca®* transients followed by caffeine response in standard Tyrode’s solution. (B)
Representative traces showing response to caffeine in Na*/Ca**-free and standard Tyrode’s conditions.
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2.10 Imaging

2.10.1 Bright field imaging

Bright field images of hiPSC-CMs were obtained by using 40x objective mounted on a
Zeiss Axio Observer Inverted Widefield Microscope at 20 frames per second. The samples
were kept in 37°C standard Tyrode’s solution. All the acquired images were processed by

ImagelJ (NIH).

2.10.2 Immunofluorescence staining and imaging

Following optical mapping, hiPSC-CMs and cardiac fibroblasts were washed three
times in PBS for 5 minutes each time then fixed with 4% paraformaldehyde (PFA) at room
temperature for 15 minutes. The samples were washed three times in PBS for 5 minutes then
samples were permeabilised with 0.2% Triton-X in PBS for 15 minutes at room temperature.
After 3 further washes in PBS for 5 minutes each wash, samples were blocked for 1 hour using
a blocking solution (10% v/v donkey serum (VWR International), 5% w/v BSA, and 10% FBS).
The blocking solution was removed, and the primary antibody (Table 2.4) was added in 10%
blocking solution in PBS overnight at 4°C.

Following overnight incubation, the antibody was removed, and samples washed with
PBS for 15 minutes another 3 times before the secondary antibody donkey anti-mouse
immunoglobulin G (IgG) (H + L) (Thermo Fisher Scientific), donkey anti-rabbit 1gG (H + L)
(Thermo Fisher Scientific) and donkey anti-goat IgG (H + L) (Thermo Fisher Scientific) diluted
1:400 v/v in PBS were added for 1 hour at room temperature. The excitation wavelengths of
secondary antibodies were selected among 488 (Green), 555 (Red) and 647 (Far red) nm.
Nuclei were visualised using 1:1000 v/v DAPI (4’, 6-diamino-2-phenylindole) (Thermo Fisher
Scientific) in PBS for 1 minute. The samples were mounted in Fluoromount Aqueous Mounting
Medium under a coverslip and imaged using a Zeiss LSM-780 confocal microscope unless

stated otherwise.
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Table 2.4 Primary antibodies for immunofluorescence.

Primary antibody Dilution factor | Species | Manufacturer | Product code

Monoclonal anti-a-actinin 1500 mouse | Sigma-Aldrich | a7811

Polyclonal anti-cardiac troponin T 400 rabbit | Abcam ab45932

Monoclonal anti-fibronectin 200 mouse | Thermo Fisher | 3F12
Scientific

Polyclonal anti-a-SMA 50 goat Sigma-Aldrich | ab21027

Polyclonal anti-vimentin 5000 chicken | Thermo Fisher | PA1-10003
Scientific

Polyclonal anti-collagen | 500 rabbit | Abcam ab34710

Monoclonal anti-fibroblast surface protein | 50 mouse | Sigma-Aldrich | F4771

2.10.3 Wheat Germ Agglutinin (WGA) staining

WGA staining was carried out to label the cell membranes. Cells on dishes were
washed three times in PBS for 5 minutes each time and then fixed with 3.7 % PFA for 15
minutes. The samples were washed three times for 5 minutes to ensure any remaining fixative
was removed to prevent over fixation. According to the manufacturer’s protocol, the samples
were incubated with 5 pg/mL WGA solution for 10 minutes at room temperature (Wright,
1984; Wang, Ho and Lim, 2010). After washing in PBS, nuclei were counterstained with
Vectashield mounting medium containing DAPI (Vectorlabs), mounted and kept refrigerated

protected from light until imaged using an inverted Zeiss LSM-780 confocal microscope.

2.10.4 Confocal Image Acquisition

Confocal microscopy was carried out at the Facility for Imaging by Light Microscopy,
Imperial College London with the assistance of Mr. Stephen Rothery. A Zeiss LSM780 confocal
laser scanning microscope with 7 laser lines (Diode 405nm 30mW, Argon multiline
458/488/514nm 25mW, HeNe 543nm 1mW, HeNe 594 2mW and HeNe 633nm 5mW) and 34
detectors (34 Channel GaAsP Detection System) was used for all imaging. During all
experiments, laser intensity was optimised to enhance resolution, but minimise photo-
bleaching and saturation. Z-stacks of images were acquired if cell volume was required for

analysis.
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2.11 Confocal Image Analysis

2.11.1 Analysis of sarcomere length

Sarcomere length was measured in image processing software FlJI by separating the
a-actinin channel and viewing the profile plot of a line drawn perpendicularly across the a-
actinin bands. Each peak on the graph corresponds with the increased fluorescence caused
by an a-actinin band, so the distance between the 5 peaks was measured and averaged to

give sarcomere length (Figure 2.9) (Jeziorowska et al., 2017).
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Figure 2.9 : Sarcomere length measurement. (a) Representative image of human induced
pluripotent stem cell-derived cardiomyocytes on glass. Green = a-actinin and blue = Hoechst, with
a line drawn perpendicularly through the a-actinin bands. (b) A magnified version of the area
highlighted by the white box. (c) The intensity fluorescence across the line was translated into a
profile plot and the distance between the peaks measured to calculate the sarcomere length.
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2.11.2 Analysis of cell area

Analysis of average cardiomyocyte area was performed using WGA staining acquired
using a 20x objective. A region of interest was drawn around the border of individual
cardiomyocytes and the area was then measured digitally using image processing software

FUI.

2.11.3 Analysis of aspect ratio

The same WGA images as described above were used to calculate aspect ratio of the
cell and nucleus. The ratio of the major axis to minor axis was measured digitally using the

software FlJI and aspect ratio was calculated as major axis/minor axis.
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2.11.4 Analysis of cell volume

Z-stacks of hiPSC-CMs stained with WGA were used to calculate cell volume. Individual
images were acquired at 0.73um intervals. Area of the lowest and highest images in the stack
were measured, as well as the image in the middle of the stack series. These areas were

averaged and multiplied by the stack height to give the cell volume.

2.11.5 Analysis of cell number

Analysis of cell number was performed using DAPI staining acquired using a 40x
objective. The number of nuclei was measured digitally using FlJI software and the number of
nuclei per mm? was calculated to indicate the number of adherent cells following RGD_A or

RGD_C treatment.

2.12 Statistical analysis

All statistical analysis was performed using GraphPad Prism 8. Before statistical tests,
all data were subjected to the D'Agostino & Pearson omnibus normality test. For parametric
distribution, when comparing the means of two sample groups, a two-way paired t-test was
used. For comparisons of three or more sample groups, where observations were linked, a
one-way within-subject ANOVA (Analysis of Variance) was used. Post-hoc tests used with
ANOVA were either Tukey’s test (for comparison of all means) or Dunnett’s (for comparison
to a single control value). For non-parametric distribution, a statistical test was performed
using Mann-Whitney (2 sample groups) or Krustal-Wallis (Three or more sample groups).
Unless otherwise stated, the data is expressed as the mean + standard error of the mean
(SEM), n = number of technical replicates in each group (each dish of replated cells at day 26-
30 of maturation is n of 1), and N = number of biological replicates in each group (each
cardiomyocyte is N of 1). Statistical significance is highlighted by * p-value < 0.05; ** p-value
< 0.01; *** p-value < 0.001; **** p-value < 0.0001.
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3 Fibroblast-mediated regulation of human
cardiomyocyte Ca?* cycling

3.1 Introduction

In the last few decades, there has been growing evidence that cardiac fibroblasts play
a significant role in the maintenance of the healthy cardiomyocyte phenotype and the
remodelling that occurs in disease. They form extensive interactions with cardiomyocytes and
are the key regulators of the ECM (Porter and Turner, 2009). The mechanisms by which
fibroblasts affect EC-coupling and cytoplasmic Ca?* cycling, fundamental mechanisms of
normal cardiac function universally altered during disease, remain largely unexplored.

Intercellular communication between cardiomyocytes and cardiac fibroblasts in the
myocardium can occur through three main broad pathways: direct physical, mechanical and
electrical intercellular connections between the two cell types, secretion of soluble mediators
that interact in a paracrine manner between the cells, or indirect interactions by modulating
the composition of the ECM (Kakkar and Lee, 2010).

In this chapter, we first identify the effects of cardiac fibroblasts on the Ca®* transients
of the GCaMP6f hiPSC-CMs, to determine if the GCaMP6f hiPSC-CMs are appropriate for
studying the intercellular crosstalk between human cardiomyocytes and cardiac fibroblasts.
We then validated the use of an elastic, reconfigurable co-culture platform for accurately
studying the spatial dependence of intercellular interactions between pure populations of

hiPSC-CMs and cardiac fibroblasts.
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3.2 Methods

3.2.1 Cell culture

Human ventricular cardiac fibroblasts were isolated from explanted human hearts, as
described in section 2.2.2. GCamp6f hiPSCs were maintained and differentiated into hiPSC-
CMs as described in Chapter 2 (Section 2.2.4-2.2.6) and plated onto glass-bottomed dishes as

described in section 2.2.7.

3.2.2 Co-culture

To investigate the paracrine and physical interactions between cardiomyocytes and
cardiac fibroblasts, GCaMP6f hiPSC-CMs and passage 3-6 human ventricular cardiac
fibroblasts were cultured in three different conditions, as outlined by Section 0 (Kane and
Terracciano, 2018):

- Fibroblast conditioned media — mediating unidirectional paracrine interactions

(Figure 2.2B)

- Co-culture — mediating bidirectional paracrine interactions (Figure 2.2C).
- Direct contact — mediating bidirectional physical and paracrine interactions (Figure
2.2D)

Cardiomyocyte-conditioned media was used as control (Figure 2.2A).

3.2.3 PDMS substrate fabrication

Plastic moulds for the synthesis of the elastic PDMS substrates were kindly provided
by Dr Allison Curtis, and elastic substrate was formed using the method outlined in section
2.4.1. GCampbf hiPSC-CMs and passage 3-6 human ventricular cardiac fibroblasts were

seeded either side of a coverslip partition as described in 2.4.2.

3.2.4 Optical recording techniques

Optical recordings of twitch Ca?* transients were performed on hiPSC-CMs submerged
in 37°C standard Tyrode's solution field stimulated at 1 Hz and visualised on an inverted

microscope as described in section 2.9.1. SR Ca?* content and the contributions of
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mechanisms to Ca?* transient decay were assessed using caffeine application in standard
Tyrode's solution and Na*/Ca?*-free Tyrode’s solution as described in 2.9.2. Transients were
analysed as outlined in section 2.9.3.

Alternatively, to investigate the spatial dependency of intercellular interactions, the
partition separating cell populations of GCaMP6f hiPSC-CMs and cardiac fibroblasts in the
PDMS co-culture substrates was removed, and cell cultures were incubated for 24 hours.
Then, the wells were cut out of the substrate using a razor blade to allow focusing with a 40X
water-immersion lens, before the PDMS well with the cells attached was submerged in 37°C
standard Tyrode’s solution and cytoplasmic [Ca%*] transients were visualised on an upright

microscope as described in section 2.9.1.

3.2.5 Immunofluorescence

hiPSC-CMs and cardiac fibroblasts plated in PDMS co-culture substrates were treated
for immunofluorescence imaging as described in section 2.6. Samples were incubated with
primary antibodies against cardiac troponin T (ab45932; Abcam) and fibroblast surface
protein (F4771; Sigma-Aldrich). Wells were cut out from the substrate before mounting and

imaging using an inverted confocal microscope (Section 2.10.4).
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3.3 Results

3.3.1 Fibroblast contact reverse hiPSC-CM Ca?* transient prolongation

caused by fibroblast-secreted factors

We investigated the effect of fibroblast paracrine and physical interactions on the
GCaMP6f hiPSC-CM cell line used in this project. Our group has previously studied the impact
of cardiac fibroblasts on commercially available hiPSC-CMs (Cellular Dynamic International)
but maintaining and differentiating hiPSCs into hiPSC-CMs in-house has provided a cheaper
and easier alternative to the commercially available hiPSC-CMs (Lian et al., 2012; Kane and
Terracciano, 2018). In this study, we utilised an isogenic hiPSC-CM cell line harbouring a
genetically encoded Ca%* indicator, GCaMP6f, to perform optical mapping of intracellular Ca?*.
GCaMP binds to 2 free Ca®* ions in the stimulated state, and upon stimulation with a blue light
emits a green fluorescent signal. hiPSC-CMs without a genetically encoded Ca?* indicator
require a dye such as Fluo4 to be loaded into the cytosol and this has toxic effects.

Due to differences in hiPSC-CM EC-coupling between cell lines, the Ca?* cycling
parameters of the GCaMP6f hiPSC-CMs were assessed in the various culture setups to identify
the effects that paracrine and physical communication with cardiac fibroblasts have on hiPSC-
CM Ca?* handling. We used co-culture setups that investigated the changes that occur to
hiPSC-CM Ca?* transients by unidirectional paracrine interactions from fibroblasts (Figure
2.2B), the bidirectional paracrine interactions of hiPSC-CMs and cardiac fibroblasts (Figure
2.2C) and two-way physical and paracrine interactions (Figure 2.2D), as described in Section
2.3 (Kane and Terracciano, 2018).

We found that cardiac fibroblasts modulate the Ca?* transients of hiPSC-CMs.
Paracrine-only interactions cause prolongation of the hiPSC-CM Ca?* transients and this is
reversed in conditions where there is physical contact between the two cell types, such that
the hiPSC-CM Ca?* transients are abbreviated compared to control. This is shown in the
representative Ca®* transient traces in Figure 3.1A.

When investigating the Ca?* transient parameters, no changes were identified in Ca%*
transient amplitude in any of the setups vs control (Figure 3.1B). Direct contact with cardiac
fibroblasts significantly reduces the amplitude compared to fibroblast conditioned-media

(Figure 2.2B — p < 0.01). Both fibroblast-conditioned media and co-culture cause prolongation
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of Ca?* transient time to peak vs control (Figure 3.1C). Fibroblast contact causes abbreviation
of time to transient peak vs control and vs co-culture and conditioned media (Figure 3.1C—p
< 0.0001). Similarly, the fibroblast conditioned-media and co-culture setups, which allow
unidirectional and bidirectional paracrine interactions, respectively, prolong the time from
Ca?* transient peak to 50% decay (Figure 3.1D - p < 0.001) and time to 80% decay (Figure
3.1E- p < 0.001). Fibroblast contact abbreviates the time to 50% decay vs control (Figure
3.1D- p < 0.05) but there was no significant change in time to 80% decay vs control (Figure

3.1E).
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Figure 3.1 Assessment of Ca’* handling properties of human cardiomyocytes after 24
hours culture with human cardiac fibroblasts. Human induced pluripotent stem cell-derived
cardiomyocytes were placed in different co-culture configurations with human cardiac fibroblasts
for 24 hours. (A) Representative Ca?* traces show that indirect co-culture and fibroblast-conditioned
media prolonged transient duration and contact abbreviated duration compared to control.
Parameters measured were Ca?* transient (B) amplitude, (C) time to peak, (D) time from peak to
50% decay and (E) time from peak to 80% decay. Error bars represent SEM. N = 6-12 preparations.
**=p<0.01, **** = p <0.0001 between non-control conditions. S = p < 0.05, 555 = p < 0.001, 5555
=p <0.0001 vs control.
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3.3.2 Contact with cardiac fibroblasts increases the SR Ca%* content

Given that the fibroblast contact setup caused significant abbreviation of the Ca?*
transient time to peak, we then investigated the changes that this condition may have on the
SR Ca?* stores, an important determinant of Ca%* availability for contraction. The time to peak
of the twitch Ca?* transient gives an indicator of the efficiency of CICR — the release of Ca?*
from the SR Ca?* stores. Caffeine-induced Ca?* transients in standard Tyrode’s solution gives
a measure of the Ca?* content in the SR (Figure 3.2A), which was seen to be increased in the
fibroblast contact setup (Figure 3.2B — p < 0.0001). The fractional release, measured as the
twitch transient amplitude (Figure 3.1B) as a proportion of the SR content (Figure 3.2B), was
decreased in fibroblast-contact conditions (Figure 3.2C — p < 0.05). This assumes that SR Ca?*
is the greatest contributor to twitch Ca?* transient in both control and fibroblast contact
conditions, and transmembrane Ca?* entry from outside the hiPSC-CM is equal between both
conditions. Our study demonstrates that despite a greater SR Ca?* content in fibroblast
contact conditions, there is tighter control over SR Ca?* content release such that a lower

proportion of SR Ca?* is released during twitch Ca%* transients.
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Figure 3.3 Assessment of human cardiomyocyte sarcoplasmic reticulum (SR) Ca*
content and fractional release. Caffeine application was used to investigate SR parameters of
human induced pluripotent stem cell-derived cardiomyocyte monolayers. (A) Representative trace
of caffeine-induced Ca®* transient where amplitude (Red) indicates the SR Ca®* content. (B)
Caffeine-induced Ca?* transient amplitude. (C) Fractional release of SR Ca?* content, measured as
a percentage of SR content released with each twitch transient. Error bars represent SEM. n = 70-
71 cells. *=p < 0.05, **** = p < 0.0001.
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3.3.3 Cardiac fibroblasts increase the rate of Ca?' extrusion by

recruiting the SR

Given that direct fibroblast contact abbreviated the time at which the twitch Ca?*
transient reached 50% decay, we investigated changes in the contribution of mechanisms,
including the SR, to Ca%* removal from the cytosol. As outlined by Bassani and colleagues, the
difference between twitch Ca?* transient decay and caffeine-induced Ca?* transient decay in
standard Tyrode’s solution is a measure of the SR contribution to Ca?* removal (Figure 2.9A)
(Bassani, Yuan and Bers, 1995). The contribution of the NCX to cytosolic Ca* removal is
calculated as the difference in rate constant between the caffeine-induced Ca?*transient in
standard Tyrode’s and Na*/Ca?*-free Tyrode’s solutions; the latter is a measure of the rate
constant for the slow mechanisms of Ca?* removal (Figure 2.9B).

The rate of decay of the twitch Ca?* transient is significantly increased in fibroblast
direct contact vs. control (Figure 3.3A — p < 0.0001). We identify that there is a significant
increase in the SR rate constant in fibroblast-contact setups (Figure 3.3B — p < 0.001) and a
concomitant reduction in the NCX rate constant (Figure 3.3C — p < 0.05) but no change in the
slow rate constant (Figure 3.3D). These changes in the contribution of Ca?* removal
mechanisms indicate that the hiPSC-CMs are NCX-dominant, but culture setups that allow
direct contact with cardiac fibroblasts causes the recruitment of the SR to EC-coupling such

that the hiPSC-CMs Ca?* extrusion becomes SR-dominant (Figure 3.3E).
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Figure 3.3 Assessment of human cardiomyocyte Ca®** extrusion mechanism in
fibroblast contact setup. Human induced pluripotent stem cell-derived cardiomyocytes were
maintained in culture in contact with cardiac fibroblasts and optical recording was performed
with cultures maintained in standard Tyrode’s and Na*/Ca?* free Tyrode’s solutions. Caffeine
application was used to determine the contributions of Ca?* decay mechanisms. Parameters
measured were rate of (A) twitch Ca®* transient decay, and relative contributions by (B)
sarcoplasmic reticulum (SR) Ca?* removal, (C) sodium-calcium exchanger (NCX)-mediated Ca?*
removal and (D) Ca?* removal mediated via mitochondria Ca®*-uniporter and sarcolemma
Ca?*-ATPase activity. (E) Percentage contribution of Ca?* removal mechanisms. Error bars
represent SEM. n = number of cells = 57-73 for (A-C), 24-52 for (D). * = p < 0.05, **** = p <
0.0001 vs control.
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3.3.4 Seeding distinct cell-populations using a reconfigurable elastic

substrate

Having identified that cardiac fibroblasts influence hiPSC-CMs with paracrine
mechanisms that cause prolongation of hiPSC-CM Ca?* transients, we utilised a co-culture
platform that allows for an accurate and reproducible investigation of the cell-cell
interactions over a spatial gradient. In the co-culture setup used in Sections 3.3.1-3.3.3,
cardiac fibroblasts were seeded on semi-porous tissue culture inserts that were suspended
above the hiPSC-CM monolayers. However, the distance between the two cell types could
not be accurately measured or manipulated. We fabricated elastic, reconfigurable substrates
to investigate the cell-cell interactions between pure populations of cardiac fibroblasts and
hiPSC-CMs over a measurable, spatial gradient. Cardiac fibroblasts and hiPSC-CMs were
seeded and cultured in PDMS wells either side of a barrier, which was then removed to allow
for the two cell types to interact. Immunofluorescence of substrates seeded with hiPSC-CMs
and cardiac fibroblasts show distinct populations of cells expressing cardiac Troponin-T and

fibroblast surface protein on either side of the partition (Figure 3.4).
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Candiac Troponin-T B ribroblast surface protein

Figure 3.4 Human cardiac fibroblast: cardiomyocyte co-culture on a
polydimethyisiloxane (PDMS) substrate. Human induced pluripotent stem cell-derived
cardiomyocytes and cardiac fibroblasts were seeded and cultured on a PDMS substrate as
distinct populations on either side of a partition. Representative confocal images of (A)
Cardiac Troponin-T (green), (B) fibroblast surface protein (red) and (C) DAPI (blue). In merge
image (D), there is a central rectangular area absent of either cell type, showing that the two
sides could not fully return to allow fibroblast-cardiomyocyte contact following removal of the
partition. Scale bar = 100 um.
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3.3.5 Spatial dependence of intercellular interactions between

cardiomyocytes and cardiac fibroblasts

We utilised the reconfigurable elastic substrate to investigate the hiPSC-CM Ca?*
transient parameters in co-culture. The partition was removed to allow for cell-cell
communication between the hiPSC-CM and cardiac fibroblast populations for 24 hours before
Ca?*-sensitive fluorescence of the GCamp6f hiPSC-CMs was investigated on an upright
microscope. After removal of the barrier, the surface was often not continuous as the slit in
which the barrier was placed did not close perfectly. The gap was often visible during
microscopy and even when the gap was not present, we could not be confident that this
remained closed during the whole period in which the partition was removed. As a result, the
substrate could not be used to investigate direct contact interactions in this study. However,
as paracrine factors could still cross the gap and a distinct area between the two cell types
could be discerned, the setups could be used to investigate close, bi-directional paracrine
interactions, and importantly, any differences between the hiPSC-CM Ca?* at measurable

intercellular distances from the cardiac fibroblasts.
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Figure 3.5 Ca?* handling properties of human cardiomyocytes in culture with cardiac
fibroblasts over a spatial gradient. Human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) and human cardiac fibroblasts were cultured on either side of a
glass partition. The partition was removed for 24 hours before Ca®* transient parameters were
measured on an upright microscope. Ca?* transients were recorded for hiPSC-CMs within
200um and greater than 4500um from the cardiac fibroblasts. Parameters measured were
Ca?* transient (A) amplitude, (B) time to peak, (C) time from peak to 50% decay, (D) time from
peak to 80% decay, (E) rate of decay. Error bars represent SEM. N = 8 preparations. * = p<0.05,
*¥*=p<0.01, ****=p <0.0001.
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We investigated the Ca?* transients of hiPSC-CMs within 200 um of the cardiac
fibroblasts, and hiPSC-CMs greater than 4500 um away from the cardiac fibroblasts. There
was no difference in the Ca?* transient amplitude in either of these hiPSC-CM populations
compared to control (Figure 3.5A), but there was a significant prolongation in the time to
peak in hiPSC-CMs less than 200 um away from the cardiac fibroblasts (Figure 3.5B — p <
0.0001). The hiPSC-CMs greater than 4500 um away from the cardiac fibroblasts showed no
significant changes in Ca?* transients’ time to peak compared to control.

We also measured the decay phase of the Ca?* transients. hiPSC-CMs less than 200
um from the cardiac fibroblasts had a prolonged decay phase; both the time from Ca?*
transient peak to 50% decay (Figure 3.5C— p < 0.0001) and to 80% decay (Figure 3.5D — p <
0.0001) were longer compared to control. The time to 50% decay (Figure 3.5C) and time to
80% decay (Figure 3.5D) were not significantly different in hiPSC-CMs greater than 4500um
from the cardiac fibroblasts vs control. The prolongation of the decay phase of hiPSC-CMs less
than 200 um from cardiac fibroblasts is reflected in a significantly reduced rate of decay
compared to control (Figure 3.5E — p < 0.0001). The Ca?* transients rate of decay of hiPSC-
CMs greater than 4500 um from the cardiac fibroblasts were not significantly changed
compared to control.

These findings with hiPSC-CMs from the GCamp6f cell line less than 200um from the
cardiac fibroblasts are consistent with the co-culture findings in Fig 3.1 which identified that
paracrine interactions between cardiac fibroblasts and hiPSC-CMs causes prolongation of
hiPSC-CM Ca?* transients. We have been able to validate the use of this elastic, reconfigurable
co-culture setup to accurately measure the spatial dependence of intercellular interactions.
The bidirectional paracrine co-culture setup used earlier in this chapter, and outlined in Fig.
2.3B, does not allow accurate measurements of distance between the pure cell populations.
We find in our culture setup that the hiPSC-CMs closer to the cardiac fibroblasts are subject
to more significant paracrine modulation by cardiac fibroblasts than the hiPSC-CMs further
away and can accurately measure the distance between the hiPSC-CMs and cardiac

fibroblasts.
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3.4 Discussion

Ca?* handling is a critical component of EC-coupling, a fundamental function of
cardiomyocytes that is universally altered in cardiovascular disease (Bers, 2002). Cardiac
fibroblasts are known to be major regulators of the remodelling that happens in disease, but
the mechanisms of intercellular crosstalk important in regulating Ca?* cycling, and EC-
coupling, are poorly defined (Camelliti, Borg and Kohl, 2005; Civitarese et al., 2017). We show
in this chapter that cultures allowing contact between cardiac fibroblasts and hiPSC-CMs,
which display a phenotype akin to the diseased adult human cardiomyocyte (Kane et al.,
2015), cause abbreviation of the Ca?* transient time to peak and time to decay, indicating
more efficient CICR and Ca?* removal mechanisms. SR dysfunction is thought to play a major
role in the inefficient Ca?* cycling in disease, and we show that physical contact with cardiac
fibroblasts causes an increase in the SR Ca?* stores and an increase in the SR rate constant for
Ca?* extrusion of the cytosol, which underlies the increased rate of Ca?* removal required for
cessation of cardiomyocyte contraction. These findings are consistent with published studies
from our group using other hiPSC-CM lines and demonstrate that the sensitivity of hiPSC-CMs
to cardiac fibroblasts is reproducible (Kane and Terracciano, 2018). As a result, GCaMP6f
hiPSC-CMs are an appropriate cell line for use in further studies of fibroblast-mediated

modulation of cardiomyocyte Ca?* cycling.

3.4.1 CICR

There are two main differences between hiPSC-CMs and adult human C
cardiomyocyte M Ca?* handling: 1) Slower time to peak Ca?* transient and 2) significantly
slower SERCA and NCX Ca?* transport (Hwang et al.,, 2015). We show that paracrine
interactions between cardiac fibroblasts and cardiomyocytes cause further prolongation of
the hiPSC-CM Ca?*time to peak and physical contact causes an abbreviation. The twitch
Ca?*transient is predominantly made up of Ca?* release from the SR through RyRs in CICR,
and an abbreviation in the time to peak indicates more efficient CICR (Koivumaki et al., 2018).
Factors such as the lack of T-tubules in the hiPSC-CMs lead to an inefficient CICR (Kane et al.,
2015). The rise in [Ca%*]i in hiPSC-CMs during a Ca?* transient has been attributed to Ca?*

availability initially increasing at the sarcolemma before spreading inwards (Koivumaki et al.,
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2018). This propagative signalling is a more inefficient form of CICR, as the internal, non-
coupled RyRs are activated by the rise in [Ca%*] closer to the sarcolemma, rather than being
as a result of direct activation by sarcolemma Ca?* channels. This is also found in neonatal
cardiomyocytes from other species as well as adult atrial cardiomyocytes that lack T-tubules
(Ibrahim et al., 2011).

The change in Ca?* transient time to peak is likely to be attributed to changes in SR
Ca?* regulation, given the importance of the SR Ca%* to CICR (Eisner et al., 2017). Increased SR
Ca?* load, as we report to be the case when cardiac fibroblasts are in physical contact with
hiPSC-CMs, has been shown to increase the rate of SR Ca?* release in the guinea pig and rat
cardiomyocytes (Terracciano, Naqvi and MaclLeod, 1995; Venetucci, Trafford and Eisner,
2006). This abbreviation in time to peak could also be attributed to increased RyR sensitivity
and opening to Ca?* triggers (Ramay, Liu and Sobie, 2011). It is also possible that this increase
in CICR efficiency is due to changes in the contribution of Ca?* entry through the sarcolemma.
Studies have suggested that there is a considerable contribution of NCX to Ca?* transients in
hiPSC-CMs (Zhang et al., 2013). This is consistent with findings in developing and neonatal
mammalian cardiomyocytes (Chen et al., 1995). There is evidence that NCX activity can be
increased, unchanged or even down-regulated during cardiac remodelling (Laughlin et al.,
1991; Palmer et al., 1999; Despa and Bers, 2013). This is important in the context of utilising
the hiPSC-CMs as models of disease, as Ca%* entry in the absence of Ica. has been shown to
trigger SR Ca?* release in feline (Bradley et al., 2019) and guinea pig (Vornanen, Shepherd and
Isenberg, 2017) cardiomyocytes and there is evidence that this NCX activity is a significant
source of Ca?* entry in hiPSC-CMs (Zhang and Morad, 2016).

Although not investigated in this chapter, the abbreviation of time to Ca?* transient
peak could be due to changes in the composition of caveolae — microdomains in which
essential scaffolding proteins and ion channels and transporters have been identified
(Balijepalli and Kamp, 2008). Another potential mechanism could be changes in the SR
localisation or sensitivity to Ca?* trigger (Ji et al., 2006). It has been reported that hiPSC-CMs
display SR localisation to the sarcolemma to form functional RyRs (Gherghiceanu et al., 2011).
However, our group has reported that hiPSC-CMs display poor co-localisation between Ca,1.2
and RyR2 (Rao et al., 2013). The change in CICR efficiency could, therefore, be as a result of
ultrastructural changes such as SR rearrangement within the cardiomyocytes. The role of

integrins, the key cardiomyocyte receptors for communication between the extracellular
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stimuli and intracellular cytoskeleton, in modulating SR localisation to the sarcolemma and in

modulating the presence of caveolae will be investigated in Chapter 4.

3.4.2 Ca* removal

The second major difference between hiPSC-CMs and adult human cardiomyocytes
Ca?* handling is the significantly slower SERCA and NCX Ca?* transport (Kane et al., 2015).
Piacentino and colleagues reported that the Ca?* transient decay rate constant of 5.88 s in
non-failing cardiomyocytes is attributed to by an SR rate constant of 4.5 s and NCX rate
constant of 1.38 s, and there is no measurable contribution of slow mechanisms to the decay
(Piacentino et al., 2003). This is in contrast to the hiPSC-CMs utilised here, which shows a
much slower rate constant (3.62 s1), contributed to an SR and NCX rate constants of 2.08 s
and 1.41 s respectively, and the remainder (0.279 s!) by the slow mechanisms, the
mitochondrial Ca?*-ATPase uniporter and the sarcolemmal Ca?*-ATPase. SR Ca?* uptake is
driven by the SERCA pump, the cardiac isoform of which is SERCA2a. Our lab has previously
shown that SERCA2a expression in hiPSC-CMs are substantially lower than in the adult heart
(Rao et al., 2013), while in development there is a steady increase of SERCA2a mRNA and a
decrease in NCX-1 from the embryonic heart to adulthood (Liu et al., 2002). The complexity
of the mechanisms in intercellular interactions between the two cell types and the Ca?* cycling
ultrastructure means that a true understanding of the regulation of hiPSC-CM Ca?* cycling by
cardiac fibroblasts requires investigations into key modalities of intercellular communication,

which is the focus of the remaining chapters of this study.

3.4.3 Co-culture setups

We show that paracrine interactions between cardiac fibroblasts and hiPSC-CMs
significantly prolong the hiPSC-CM Ca?* transient time to peak and time to decay. The
configuration used to investigate the bidirectional paracrine interactions is unable to
manipulate the intercellular distance between the two cell types accurately. The myocardium
consists of a complex architecture that relies on precise positioning of myocytes and non-
myocyte within the extracellular scaffold formed by ECM proteins, and thus the spatial

proximity between cell populations is fundamental to tissue and organ function (Kofron and
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Mende, 2017). However, investigation of the spatial dependency of intercellular
communications is limited.

Sequential seeding is the most common patterning method for creating micro-
patterned co-cultures used for investigating these dependencies. In this way, one cell
population is first patterned before a second population is seeded around the first pattern
(Bhatia et al., 1999; Stine et al., 2012). With both of these sequential seeding approaches, it
is difficult to avoid cross-contamination between the two cell populations, and there is a lack
of a sharp interface between these populations. We utilised an elastic PDMS substrate to
create co-cultures with sharp borders and less cross-contamination than the common
alternative patterning strategies.

We demonstrate that the reconfigurable elastic substrate can be utilised to
investigate cell-cell interactions over a spatial gradient accurately. Although the slit in which
the barrier was placed could not close up perfectly, we do identify a sharp interface between
the two cell types such that the cell-cell interactions could be accurately measured over a

spatial gradient.

3.4.4 Spatial dependence of paracrine interactions

There is strong evidence that cardiac fibroblasts regulate cardiomyocyte phenotype
through paracrine pathways (Tian and Morrisey, 2012; Bang et al., 2014; Cartledge et al.,
2015). We use the elastic PDMS co-culture substrates to show that the Ca?* transients of
hiPSC-CMs less than 200um from the cardiac fibroblasts are significantly prolonged compared
to control, consistent with the prolongation identified in the co-culture setups using tissue
culture inserts in Figure 3.1. However, the hiPSC-CMs more than 4500 um away from the
cardiac fibroblasts have Ca?* transient parameters that are not significantly different to
control. This indicates that the spatial organisation of the cell types in co-culture is important
for intercellular interactions. One possible explanation for these results is that the paracrine
factors from the cardiac fibroblasts interact with, and therefore modulate, the hiPSC-CMs
closest to the cardiac fibroblasts and therefore do not reach the hiPSC-CMs further away.
Another possible explanation is that the paracrine factors important in regulating Ca?* cycling
in the hiPSC-CMs only act over a short distance. Future study could incorporate two barriers

and seeding the cell populations at the far ends of the well. This would form a defined space
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between the cell populations void of cells. Changing the diameter of this space would allow
us to identify if there are any changes in hiPSC-CM Ca?* cycling of the hiPSC-CMs closest to
the cardiac fibroblasts as the distance between the cell population changes. If increasing the
shortest distance between the cell populations causes changes in the Ca?* transient
parameters, this would indicate that the paracrine factors that modulate the Ca?* transient
parameters work over very short distances.

We must also consider that the number or density of cardiac fibroblasts is important
in determining the effects on hiPSC-CMs. The density is different between our co-culture
setups using tissue culture inserts (Figure 2.2C) and co-cultures with the elastic mould (Figure
2.4). The differences in substrate stiffness may explain why the co-culture setups with tissue
culture inserts have an effect on hiPSC-CMs despite having a distance between the hiPSC-CMs
and cardiac fibroblasts greater than 200 um. We have shown here that the use of the PDMS
substrate allows for a distinct, sharp interface between cell populations and the spatial
composition of cardiomyocytes and cardiac fibroblasts is important in modulating hiPSC-CM

Ca%*cycling.

3.4.5 Direct contact setup — cell-cell contact, close paracrine or ECM?

In the direct contact setup, intercellular physical interactions and close paracrine
interactions could determine the abbreviation in Ca?* transients identified in the hiPSC-CMs.
Alternatively, the production of ECM proteins could present an indirect mechanism by which
cardiac fibroblasts can influence hiPSC-CM Ca?* cycling. The complex, bidirectional interplay
between different cell populations means that the different modalities by which cardiac
fibroblasts regulate cardiomyocyte structure and function are regulated or conditioned by
factors from the recipient cell types - the cardiomyocytes.

It is important to consider that the direct cell-cell contact in the contact culture setup
can affect the secretory profile of both cell types. The complexity of the secretory profile of
cardiac fibroblasts has been extensively explored elsewhere and has been shown to be
sensitive to the stiffness of culture setups. Cells cultured on top of feeder cells adopt a
phenotype reflecting the stiffness of the feeder layer (Llames et al., 2015). In the culture

setups, the fibroblasts in the contact scenario, seeded on top of hiPSC-CM monolayers, are
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therefore likely to display a secretory profiled different to the fibroblasts seeded on the stiffer
semi-porous tissue culture inserts (Co-culture) or in the culture dishes (conditioned-media).

Mechanical load exerts predominantly pro-fibrotic effects on cardiac fibroblasts but
the response of cardiac fibroblasts, whether it be predominantly proliferative or synthetic, is
dependent on the stimulus cue: paracrine signalling from stretched cardiomyocytes induces
cardiac fibroblast proliferation, whereas direct stretching of the fibroblasts induces an
increase in ECM production. Herum and colleagues identified that progressive stiffening of
the gel matrix used in the study causes the formation of a-SMA, and upregulation of collagen
| and downregulation of collagen lll, changing the composition of the ECM (Herum et al.,
2017).

As well as cell-cell physical and paracrine interactions, the ECM could play a critical
role as an indirect modality by which cardiac fibroblasts can modulate cardiomyocyte Ca?*
cycling. We hypothesise that there is deposition of ECM proteins in the contact culture set
up, promoted by intercellular communication between the cardiac fibroblasts and
cardiomyocytes, and this deposition is reduced in the indirect co-culture setup, in which the
ECM proteins would need to cross the semi-porous tissue culture insert membrane, and
absent in the fibroblast-conditioned setup. Studies have shown that angiotensin Il, through
the angiotensin type | receptor, induces matrix protein synthesis only when fibroblasts are
co-cultured with cardiomyocytes (Pathak et al., 2001; Sarkar et al., 2019). The ECM could,
therefore, play a significant role in producing the different effects of the culture conditions
and will be investigated later in this project (Chapter 4).

There is increasing evidence to suggest that EVs play an essential role in cardiac
function. EVs have been shown to transfer genetic material such as RNA, mRNA and miRNA
as well as proteins, including components of the ECM (Paolillo and Schinelli, 2017). Fibroblast-
derived exosomes, a subtype of EVs, have been shown to carry miRNAs that act as potent
paracrine-acting molecules inducing changes in mice cardiomyocyte structure (Bang et al.,
2014). Therefore, EVs may also play a vital role in the human cardiac fibroblast:

cardiomyocyte interactions and will be investigated in Chapter 5.
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3.5 Summary

In this chapter, we have presented an assessment of the effects of human ventricular
cardiac fibroblasts on Ca?* cycling in hiPSC-CMs through various modalities. While soluble
mediators caused prolongation of the hiPSC- cardiomyocyte Ca?* transients, physical contact
with cardiac fibroblasts induced substantial abbreviation in these transients. We have shown
that physical contact engages the SR in hiPSC-CM Ca?* cycling, increasing the efficiency of CICR
and Ca?* removal, essential features of Ca%* cycling in human cardiomyocytes altered in
disease. This is consistent with previous studies in our group utilising hiPSC-CMs from a
different cell line, indicating that the sensitivity of hiPSC-CMs is consistent across cell lines.
These GCaMP6f hiPSC-CMs are therefore appropriate for the studies described in the
following chapters, in which we will attempt to identify the mechanisms by which human

cardiac fibroblasts bring about these fundamental changes in hiPSC-CMs.
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4 Integrin-mediated modulation of human

cardiomyocyte structure and function

4.1 Introduction

In the previous chapter, we showed that hiPSC-CMs display plasticity and can develop
features of the adult, human cardiomyocyte when cultured with cardiac fibroblasts in vitro,
including recruitment of the SR to the EC-coupling process (Kane and Terracciano, 2018).
Cardiac fibroblasts play a key role in the production, maintenance and remodelling of the ECM
(Fan et al., 2012; Howard and Baudino, 2014). In this chapter, we aim to delineate how the
ECM can modulate hiPSC-CM Ca?* handling, including the recruitment of the SR to EC-
coupling.

In this study, we use soluble integrin ligands to investigate the role of integrin activity
in EC-coupling and, in particular, the recruitment of the SR to Ca?* cycling. A potential
limitation to the use of soluble RGD-containing peptides is that these have been shown to
induce cell detachment in non- cardiomyocyte cell types (Hayman, Pierschbacher and
Ruoslahti, 1985). To overcome this, we investigated the effects of RGD-linked peptides with
fibril-forming and self-assembling properties on the SR recruitment to Ca%* cycling.

Here, we investigated a mechanism by which proteins in the ECM may modulate
cardiomyocyte EC-coupling. We used soluble and self-assembling RGD-containing peptides to
investigate the role of integrin activity in the recruitment of the SR to EC-coupling in hiPSC-

CMs.
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4.2 Methods

4.2.1 Cell culture

Commercially-available hiPSC-CMs (CDI) were prepared, maintained then plated on

35mm dishes with a 7mm glass-bottomed well as described in section 2.2.3.

4.2.2 Integrin peptides and antibodies

Integrin-binding peptide sequences RGD, GRGDS, and GRGDSP as well as negative
control RGES, which does not bind to integrins, were solubilised as described in section 2.5.1
before hiPSC-CMs were treated with soluble integrin ligands (2mM) and anti-integrin
antibodies (10 pg/mL) prepared and applied as described in section 2.5.2. Integrin ligands
RGDSGAITIGA (RGD_A) and RGDSGAITIGC (RGD_C) were prepared by suspension of the
peptide in powder form into serum-free media before incubation at 37°C for 3 hours to allow
for self-assembly into fibrils (section 2.5.3). hiPSC-CMs were then treated with the RGD_A or
RGD_C (2mM) as described in section 2.5.3.

4.2.3 Structural characterisation

Electron microscopy of hiPSC-CMs treated with RGD_A and RGD_C was carried out by
Dr. Christian Pinali (University of Manchester). Analysis of electron microscopy images was

carried out by Ms. Laura Nicastro (Imperial College London) as described in chapter 2.7.3.

4.2.4 Optical recording techniques

Optical recording of twitch Ca?* transients were performed on hiPSC-CMs submerged
in 37°C standard Tyrode's solution field stimulated at 1 Hz and visualised on an inverted
microscope as described in section 2.9.1.

Investigation of SR Ca?* content and contribution of mechanisms to Ca?* transient
decay was measured using caffeine application in standard Tyrode's solution and Na*/Ca?*-
free Tyrode’s solution as described in 2.9.2 and transients were analysed as outlined in section

2.9.3.
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4.2.5 Imaging

Bright field images of hiPSC-CMs were obtained on a Widefield microscope as
described in section 2.10.1. Following optical mapping, samples were fixed and permeabilised
before immunofluorescence staining (section 2.10.2-3). Images were then acquired on a
confocal microscope as described in 2.10.4. Immunofluorescent images acquired on the
confocal microscope were then used to analyse morphology parameters: sarcomere length,
cell area, cell volume and both cell and nucleus aspect ratio, as described in section 2.11.1-

2.11.4.
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4.3 Results

4.3.1 Soluble integrin ligands abbreviate Ca?* transient duration

In this chapter, we investigated the regulation of cardiomyocyte cytosolic Ca?* by ECM
integrin ligands. Soluble RGD-containing peptides have been used to investigate the role of
integrin signalling in studies utilising non-myocytes and so were used in this study to
investigate the effect on human cardiomyocytes. In line with a study by our group (Kane and
Terracciano, 2018), hiPSC-CMs were plated on glass-bottomed dishes and maintained for 5
days, at which point they form a spontaneously beating monolayer. This hiPSC-CM monolayer
was then treated with soluble RGD, GRGDS or GRGDSP, or negative control RGES. After 24
hours of incubation at 37°C, the hiPSC-CMs were loaded with Fluo4-AM before optical
mapping of Ca?* transients.

Figure 4.1A shows representative Ca?* transients of hiPSC-CMs treated with soluble
integrin ligands, using the values for Ca?* transient amplitude, time to peak and time to 50%
decay and 80% decay. We identify significant differences in the Ca?* transients induced by
GRGDS or GRGDSP compared to control. The most striking finding was that treatment with
either soluble GRGDS or GRGDSP significantly abbreviated the Ca?* transient duration by
abbreviating the time to peak and time to decay.

Figure 4.1B shows the Ca?* transient of hiPSC-CM monolayers 24 hours after the onset
of treatment of the hiPSC-CMs with soluble integrin ligands RGD, GRGDS or GRGDSP or the
negative control RGES. We identify that soluble GRGDS induced a significant increase in Ca%*
transient amplitude (Figure 4.1B — p < 0.05) vs. control, but there were no significant changes
upon application of soluble RGD, RGES or GRGDSP (Figure 4.1B) against control.

An important observation was that while the hiPSC-CMs were initially utilised in the
form of monolayers, GRGDS or GRGDSP application caused these monolayers to detach from
their glass dishes and formed a cluster of hiPSC-CMs (not shown). There was no detachment
observed following RGD or RGES treatment. The clustering of hiPSC-CMs treated with GRGDS
may underlie the increase in amplitude and the greater range of amplitudes in GRGDS-treated
hiPSC-CMs than other groups. Clustering may increase the peak amplitude due to overlapping
of multiple hiPSC-CMs in the z-plane rather than an increase in Ca2* availability in a single cell.

This overlapping of signals does not occur in monolayers of hiPSC-CMs but is a crucial
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limitation in interpreting changes in amplitude in hiPSC-CMs that are clustered or non-
adherent to the cell culture substrate.

We then analysed the time from Ca?* transient onset to peak. The duration of
Ca?* transient time to peak is an indicator of CICR efficiency, which improves during
cardiomyocyte maturation. We identified that application of soluble GRGDS or GRGDSP
induced abbreviation of Ca?* transient time to peak (Figure 4.1C — p < 0.0001) vs. control,
indicating more efficient CICR. There was no significant effect induced by the negative control,
RGES, compared to control and the RGD-tripeptide caused only a small decrease in the time
to Ca?* transient peak, but this was not statistically significant (Figure 4.1C).

Following contraction, relaxation is then mediated by removal of Ca%* from the
cytosol. Time to 50% decay and time to 80% decay are indicators of the Ca?* removal
efficiency. Soluble GRGDS and GRGDSP both abbreviated the time 50% to decay (Figure 4.1D
— p < 0.001) compared to control, indicating more efficient Ca?* extrusion mechanisms, but
again there was no change induced by RGD or RGES. Despite the changes to the time to 50%
decay caused by GRGDS and GRGDSP, none of the soluble peptides studied induced any
significant change in time to 80% decay vs control (Figure 4.1E). A possible explanation for
this is the accumulation of variability at time to 80% decay. It must be considered that the
detachment from the glass substrate following treatment with GRGDS or GRGDSP is a crucial

limitation to attributing the changes in Ca?* transient parameters to integrin-binding activity.
g g
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Figure 4.1 Effect of soluble integrin ligands on cardiomyocyte Ca?* handling
parameters. Human induced pluripotent stem cell-derived cardiomyocyte (hiPSC-CM)
monolayers were incubated for 24 hours with soluble RGD, RGES, GRGDS or GRGDSP. HiPSC-
CMs were then maintained in standard Tyrode’s solution and subject to 1 Hz field-stimulation
during optical recording on an inverted microscope at 40x magnification. Representative Ca®*
transients are shown in (A). Ca®* transient parameters analysed were (B) amplitude, (C) time
to peak, (D) time from peak to 50% decay and (E) time from peak to 80% decay. Error bars
represent SEM. N = 8 preparations, n = 30 images. ** =p <0.01, *** = p <0.001, **** =p <
0.0001. 5 = p < 0.05, 555 = p < 0.001, 5555 = p < 0.0001 vs control.
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4.3.2 Anti-B1- and anti-B3-integrin antibodies abbreviate Ca?

transient duration

After identifying the changes in hiPSC-CM Ca?* transients following soluble integrin
ligand treatment, we investigated the integrin subtypes responsible for these changes.
Integrins are a family of heterodimeric receptors, composed of a and 3 subunits. The B1 and
B3 subunits are the predominantly expressed types expressed in the human cardiomyocyte
so we investigated the effects of antibodies against the B1 or B3 subunits on hiPSC-CM Ca?*
transients to investigate if antibody-mediated inhibition of integrins would have the opposite
effect of integrin ligands and cause prolongation of Ca?* transients and reduce Ca?
availability.

Concomitant treatment of hiPSC-CM monolayers with anti-B1 and anti-B3 integrin
antibodies caused an increase in Ca®* transient amplitude (Figure 4.2A). Individually, the
antibodies abbreviated the time to Ca?* transient peak, an effect also observed when
antibodies against 1 and B3 were added together (Figure 4.2B). Abbreviation in time from
Ca?* transient peak to 50% decay was only observed in conditions where anti-B3 integrin
antibody was present, but not significant when both anti-1 and 3 integrin antibodies were
present (Figure 4.2C). There were no changes in time to 80% decay (Figure 4.2D). These
results indicate that anti-integrin antibodies cause abbreviation in Ca%* transient parameters,
similar to soluble GRGDS or GRGDSP peptides.

An important observation in this study is that unlike the soluble integrin ligands
GRGDS and GRGDSP, the antibodies modulated Ca?* transients in the hiPSC-CMs without
causing cell detachment from the substrate. This indicates that the effects are independent

of the changes to mechanical stimulation caused by cell detachment.
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Figure 4.2 Effect of anti-integrin antibodies on human induced pluripotent stem cell-
derived cardiomyocyte (hiPSC-CM) Ca?** handling parameters. anti-6-integrin antibodies
potentiate soluble GRGDS- or GRGDSP-mediated abbreviation of Ca®* transient decay. HiPSC-
CM monolayers were incubated for 24 hours with anti-81-integrin antibody and anti-63-
integrin antibody. HiPSC-CMs were then maintained in standard Tyrode’s solution and subject
to 1 Hz field-stimulation during optical mapping on an inverted microscope at 40x
magnification. Ca?* transient parameters analysed were (A) amplitude, (B) time to peak, (C)
time from peak to 50% decay, (D) time from peak to 80% decay. Error bars represent SEM.
N/n = number of preparations/images = 7/27 for Control, 6/21 for anti-81 integrin, 5/20 for
anti-83 integrin, and 2/8 for anti-81+63-integrin antibodies. * = p < 0.05, *** = p < 0.001
between non-control conditions. S = p < 0.05, S55 = p < 0.001 vs control.

4.3.3 anti-B-integrin antibodies potentiate soluble GRGDS- or

GRGDSP-mediated abbreviation of Ca?* transient decay

The observation that antibodies against the hiPSC-CM integrin subunits causes

changes in Ca?* transients is important to consider when they are used in electrophysiological
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studies. Surprisingly, the abbreviation of the Ca?* transients is similar to that induced by
soluble GRGDS and GRGDSP. This indicates that integrin-binding may cause conformational
changes that modulate Ca?* transients, rather than downstream pathway activation.

We then repeated the GRGDS and GRGDSP treatment, but on hiPSC-CM monolayers
pre-treated with the anti-B1 or anti-B3 integrin antibodies. Cultures were pre-incubated for
an hour with 50mM antibodies then 2mM RGD-motif containing peptides were added
concomitantly with 50mM antibodies in solution. These were incubated for 24 hours before
Ca?* transients were optically recorded.

In all hiPSC-CM dishes in which soluble GRGDS or GRGDSP were present, there was
still formation of a spontaneously beating cluster of cells even with anti-f integrin subunit
antibodies, indicating that the soluble GRGDS and GRGDSP were still able to cause cellular
detachment despite anti-integrin antibody pre-treatment. There were also significant
changes in the hiPSC-CM Ca?* transients induced by the anti-integrin antibodies. The increase
in Ca%* transient amplitude with GRGDS treatment was further increased when hiPSC-CMs
were treated with anti-B1 integrin antibodies (Figure 4.3A) but there were no changes in time
to peak (Figure 4.3B). The abbreviation in time to 50% induced by GRGDS was further
shortened in the presence of anti- B1 or anti- B3 integrin antibodies (Figure 4.3C). Addition of
antibodies against either integrin subunit with GRGDS caused an abbreviation in time to 80%
decay (Figure 4.3D) vs GRGDS without antibodies and vs control.

Investigation of hiPSC-CM Ca?* transient was repeated with soluble GRGDSP and anti-
integrin antibodies treatment. Amplitude was significantly increased by the presence of anti-
B3 integrin antibodies compared to just GRGDSP (Figure 4.3E— p < 0.001). Presence of anti-
B1 or B3 subunit antibodies did not cause any change to the abbreviation in time to peak
induced by GRGDSP (Figure 4.3F) — a similar observation to the time to peak when hiPSC-CMs
were treated with GRGDS instead of GRGDSP (Figure 4.3B). Anti- B3 subunit antibodies
further abbreviated the time to 50% decay induced by GRGDSP, but no change was observed
in the presence of anti- B1 integrin subunit antibodies with GRGDSP treatment (Figure 4.3G).
GRGDSP did not cause any abbreviation in time to 80% decay unless anti- B3 integrin subunit
antibody was present (Figure 4.3H). Our data indicate that the binding of peptides that
recognise integrins causes changes in Ca?* transients, rather than activation of downstream

pathways.
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Figure 4.3 Effect of anti-integrin antibodies on soluble integrin ligand-mediated changes in human induced pluripotent stem cell-derived
cardiomyocyte (hiPSC-CM) Ca®* handling parameters. HiPSC-CM monolayers were incubated with anti-81 (pink) or anti-83 (purple) integrin antibody
and then incubated for 24 hours with soluble integrin ligands GRGDS (green) or GRGDSP (blue) added with anti-81- or anti-83-integrin antibody
concentration. HiPSC-CMs were then maintained in standard Tyrode’s solution and subject to 1 Hz field-stimulation during optical mapping on an
inverted microscope at 40x magnification. Ca?* transients were measured for GRGDS (A-D) or GRGDSP (green)-treated hiPSC-CM monolayers. Ca?**
transient parameters analysed were (A & E) amplitude, (B & F) time to peak, (C & G) time from peak to 50% decay, (D & H) time from peak to 80%
decay. Error bars represent SEM. N/n = number of preparations/images = 11/42 for control, 6-8/22-32 for GRGDS conditions (A-D), 6-8/20-32 for
GRGDSP conditions (E-H). * =p < 0.05, ** =p < 0.01, *** =p < 0.001, **** =p < 0.0001. SS = p < 0.01, S55 = p < 0.001, S5SS = p < 0.0001 vs control.



4.3.4 Self-assembling integrin peptides do not induce cell detachment

from the glass substrate

While integrin stimulation achieved through soluble GRGDS or GRGDSP treatment
resulted in robust changes in hiPSC-CM electrophysiology, the phenomenon of substrate
detachment cell clustering represented a significant confounding factor. Cardiomyocytes in a
free-floating cluster are subject to different mechanical stimuli to a monolayer of
cardiomyocytes attached to a glass substrate. To address this issue of cell detachment caused
by soluble integrin ligands, we utilised the fibril-forming properties of self-assembling
peptides synthesised with integrin and substrate-binding properties.

NSGAITIG is an amyloid-forming amino acid sequence extracted from the fibre shaft
of the adenovirus (Deidda et al., 2017). This sequence consists of a B-sheet-forming GAITIG
core. The exposed NS terminal has been replaced with an RGDS sequence, such that the RGD
tripeptide repeat at the N-terminus then remains exposed to cells post-assembly
(Jonnalagadda et al., 2017). The two peptide sequences investigated were RGDSGAITIGC
(RGD_C) and RGDSGAITIGA (RGD_A). The exchanged cysteine and alanine residues at the C-
terminus have been shown to modulate the stability of the fibrils once assembled and provide
substrate-attachment properties, mimicking fibril-forming ECM proteins that form the native
myocardial extracellular environment (Deidda et al., 2017). RGD_A and RGD_C sequences in
powder form were suspended in serum free media and allowed to self-assemble into fibrils
before application onto the hiPSC-CM monolayers.

We wanted to ensure that treatment of hiPSC-CM monolayers with these fibril-
forming, self-assembling integrin ligands does not induce cell detachment. Glass dishes
seeded with hiPSC-CMs and treated with RGD_A or RGD_C were stained with anti-cardiac
Troponin T antibody and DNA-binding DAPI (Figure 4.4A-C). We identified that following
treatment with these self-assembling integrin ligands, there was no change the density of
nuclei detected by immunofluorescence, indicating that there was no cell detachment

induced by these fibril-forming integrin ligands (Figure 4.4D).
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Figure 4.4: Effect of self-assembling integrin ligands on human induced pluripotent
stem cell-derived cardiomyocyte (hiPSC-CM) attachment to glass substrate. Representative
confocal images of hiPSC-CMs monolayers cardiac Troponin-T (green) and DAPI (blue).
Conditions shown are (A) control, (B) RGD_A (RGDSGAITIGA) or (C) RGD_C (RGDSGAITIGC).
Scale bar = 25um. Confocal images were used to investigate the (D) number of nuclei attached
to the glass substrate, as an indicator of cell density. Error bars represent SEM. N/n = number
of preparations/images = 2/8.

4.3.5 Self-assembling integrin ligands increase hiPSC-CM spontaneous

beating rate

The finding that these self-assembling integrin ligands RGD_A and RGD_C do not
induce cardiomyocyte detachment allows for electrophysiological studies into the effect of
integrin ligands independent of the change in mechanical stimulus induced by detachment

from the glass substrate. HiPSC-CMs remained as a spontaneously beating monolayer on the
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glass substrate. Representative brightfield images are shown in Figure 4.5A-C. These show
that there are more areas of the glass substrate exposed without cell attachment. As we
reported that there was no change in nuclei number (Figure. 4.4D), the observation of
increased areas without cells is as a result of change in cell shape rather than fewer cells. This
could be due to rearrangement of integrins such that cells do not spread on the glass. The
beating frequency of these monolayers increased after self-assembling integrin-ligand
treatment vs. control (Figure 4.5D), indicating changes in the excitability of these

cardiomyocytes.
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Figure 4.5 Effect of fibril-forming, self-assembling integrin ligands on human
cardiomyocyte structure and beating rate. Representative bright field images of human
induced pluripotent stem cell-derived cardiomyocyte monolayers following 24-hour treatment
with self-assembling, fibril-forming integrin ligands RGD_A (RGDSGAITIGA) or RGD_C
(RGDSGAITIGC). Conditions shown are (A) control, (B) RGD_A or (C) RGD_C. Scale bar = 100um.
Confocal images were used to investigate the beating rate (D). Error bars represent SEM. N =
9-12 preparations. 555 = p < 0.001 vs control.
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4.3.6 Self-assembling integrin ligands abbreviate Ca?* transient

duration

We then investigated the changes in Ca?* transient parameters induced self-
assembling integrin ligands. This would allow us to determine if the more efficient Ca*cycling
induced by soluble RGD peptides reported in section 4.3.1 can be observed by integrin ligands
without the phenomenon of cell detachment. To investigate this, we treated the hiPSC-CMs
with RGD_A or RGD_C and fluorescently labelled the cells with the Ca?*-sensitive dye Fluo4-
AM. The dishes were then maintained in standard Tyrode’s solution during optical mapping.
Due to morphological differences shown in Figure 4.5 A-C, both RGD_A and RGD_C were
investigated for the rest of this study.

The Ca?* transients were recorded at 1 Hz field stimulation on an inverted microscope
at 40x magnification and these transients were then analysed. We identified that both RGD_A
and RGD_C induced significant abbreviation of the Ca?*transients, shown by the
representative traces in Figure 4.6A. We identified no change in Ca?* transient amplitude in
hiPSC-CMs treated with RGD_A or RGD_C vs. control (Figure 4.6B). Both of these self-
assembling, integrin-binding peptides induced a significant abbreviation in time to transient
peak and time from transient peak to 50% decay and 80% decay compared to control (Figure
4.6C-E). These changes in Ca?* transient parameters caused an abbreviation of whole
transient duration compared to control. The representative Ca?* transients are shown in
Figure 4.6E.

These findings show that the self-assembling, fibril-forming integrin ligands RGD_A
and RGD_C can recapitulate the Ca?* transient abbreviation caused by soluble GRGDS or
GRGDSP. This indicates two major findings. Firstly, as the abbreviation caused by RGD_A and
RGD_C s independent of cellular detachment from the substrate, we deduce that the effects
seen by GRGDS and GRGDSP are also independent from cell detachment. Secondly, the
abbreviation in Ca?* transient caused by soluble GRGDS and GRGDSP together with the
abbreviation caused by RGD_A and RGD_C indicate that the abbreviation is integrin-

mediated.
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Figure 4.6 Effect of fibril-forming, self-assembling integrin ligands on human
cardiomyocyte Ca** handling properties. human induced pluripotent stem cell-derived
cardiomyocyte (hiPSC-CM) monolayers were cultured for 24-hour with self-assembling, fibril-
forming integrin ligands RGD_A (RGDSGAITIGA) or RGD_C (RGDSGAITIGC). hiPSC-CMs were
then maintained in standard Tyrode’s solution and subject to 1 Hz field-stimulation during
optical recording on an inverted microscope at 40x magnification. Representative Ca®*
transients are shown in (A). Ca®* transient parameters analysed were (B) amplitude, (C) time
to peak, (D) time from peak to 50% decay and (E) time from peak to 80% decay. Error bars
represent SEM. N = 4 preparations, n = 60 cells for control, 42 cells for RGD_A and 56 cells for
RGD C. *=p<0.05. 55=p < 0.01, 5555 = p < 0.0001 vs control.
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4.3.7 Self-assembling integrin ligands recruit the SR to Ca?* cycling

The prevention of cell detachment from the substrate with preservation of the Ca?*
transient abbreviation following self-assembling integrin ligand treatment afforded us to
assess, using caffeine application, the Ca?* extrusion mechanisms as previously described
(Varro et al., 1993; Maier et al., 2003). Locally applied caffeine induces a robust Ca?* response
in both standard bath solutions as well as Na*-Ca?* free conditions, as described in Chapter 2
(Figure 2.7A & B).

In keeping with the reduced time to 50% decay (Figure 4.6C) and time to 80% decay
(Figure 4.6D), rate of twitch Ca?* transient decay was significantly faster following application
with either RGD_A or RGD_C compared to control (Figure 4.7A). When the constituent parts
of Ca?* removal were assessed, the increased rate of transient decay was attributed to an
approximately 100% increase in the rate of SR Ca?* uptake (Figure 4.7B). Treatment with RGD-
A and RGD-C had no effect on NCX or slow Ca?* removal mechanisms (Figure 4.7C-D). When
determining the relative contributions of these decay mechanisms to the total rate of Ca?
decay during the twitch Ca?* transient, this study shows that integrin ligands induce hiPSC-CM
cytosolic Ca?* removal to be from a predominantly NCX-mediated process, to one that is

predominantly dependent on the SR (Figure 4.7E).
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Figure 4.7 Effect of fibril-forming, self-assembling integrin ligands on human
cardiomyocyte cytosolic Ca** extrusion mechanisms. Human induced pluripotent stem cell-
derived cardiomyocyte (hiPSC-CM) monolayers were treated for 24 hours with RGD_A
(RGDSGAITICA) or RGD_C (RGDSGAITIGC) (2mM). Ca?* transients from optical recording of
hiPSC-CM monolayers in standard Tyrode’s solution or Na*/Ca?*-free Tyrode’s solution were
used to calculate contribution of Ca?* extrusion mechanisms. Rate of (A) twitch Ca®* transient
decay, and contributions by (B) SR-mediated Ca®* uptake, (C) NCX-mediated Ca?* removal and
(D) Ca?* removal mediated via mitochondria Ca?*-uniporter and sarcolemma Ca?*-ATPase
activity. (E) Percentage contribution of Ca®* removal mechanisms. Error bars represent SEM.
N = number of preparations = 6-8. n = number of cells = 33-60 for (A-C), 24-52 for (D). * =
p<0.05. S = p < 0.05, 5555 = p < 0.0001 vs control.
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4.3.8 Self-assembling integrin-mediated induce a more rod-like

cardiomyocyte morphology

Having identified that the fibril-forming integrin ligands RGD_A and RGD_C were able
to induce the changes in electrophysiology, we then investigated the structural changes that
could underlie the improved Ca?* cycling efficiency. The fibril-forming integrin ligands did not
cause cell detachment but did cause changes in the hiPSC-CM morphology (Figure 4.8A-C).
There was a significant reduction in the cell area (Figure 4.8D) and volume (Figure 4.8E).
These changes were not uniform, such that the cell aspect ratio was significantly increased
with either integrin ligand (Figure 4.8F), inducing a more rod-like morphology that is

characteristic of adult human cardiomyocytes (Yang, Pabon and Murry, 2014).
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Figure 4.8 Effect of fibril-forming, self-assembling integrin ligands on human
cardiomyocyte morphology. Human induced pluripotent stem cell-derived cardiomyocyte
(hiPSC-CM) monolayers were treated for 24 hours with self-assembling, fibril-forming RGD_A
(RGDSGAITIGA) or RGD_C (RGDSGAITIGC) (2mM). hiPSC-CMs were then fixed and
permeabilised. Non-specific binding was blocked before samples were stained. Representative
confocal images of hiPSC-CMs monolayers WGA (green) and DAPI (blue) staining. Conditions
are (A) control, (B) RGD_A or (C) RGD_C. Scale bar = 50um. Confocal images were used to
investigate the (D) cell area, (E) cell volume and (F) Cell aspect ratio. Error bars represent SEM.
N/n = number of preparations/number of cells = 3/12. S = p < 0.05, 55 = p<0.01 and 5555 = p
< 0.0001 vs control.
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4.3.9 Integrin ligands increase cardiomyocyte sarcomere length and

nucleus aspect ratio

We then investigated the changes in cell cytoskeleton or nucleus that could indicate a
phenotype more akin to the healthy, adult cardiomyocyte. Control and RGD_A or RGD_C-
treated hiPSC-CMs were stained for a-sarcomeric actinin and DAPI, shown in Figure 4.9 A-l.
The nucleus aspect ratio is used as a measure of cardiomyocyte maturation (Figure 4.9)), as
this increases during the development of the adult cardiomyocyte phenotype. We identify
that both RGD_A (Figure. 4.9D) and RGD_C (Figure 4.9G) increase the aspect ratio of the
nucleus compared to control (Figure 4.9A).

Common to hiPSC-CMs and immature cardiomyocytes is a disarrayed sarcomere
structure compared to the highly organised sarcomeres in the adult cardiomyocytes. The
length of sarcomeres in hiPSC-CMs is typically of 1.6 um (Lundy et al., 2013). The expression
of a-sarcomeric actinin in immunofluorescent images were used to analyse the sarcomere
length (Fig 4.9K), which increased from 1.63 £ 0.070 um in control (Figure 4.9B & C) to 1.74 +
0.066 um with RGD_A (Figure 4.9E & F) or 1.747 + 0.107 um with RGD_C (Figure 4.9 H & 1).
Measurements of sarcomere length and nucleus aspect ratio, as indicators of cardiomyocyte
maturation, suggest that the hiPSC-CMs display a more mature phenotype following

treatment with self-assembling integrin ligands.
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Figure 4.9 Effect of fibril-forming, self-assembling integrin ligands on the sarcomere
and nucleus morphology of human cardiomyocytes. Human induced pluripotent stem cell-
derived cardiomyocyte (hiPSC-CM) monolayers were treated for 24 hours with self-assembling
RGD_A (RGDSGAITIGA) or RGD_C (RGDSGAITIGC) (2mM). hiPSC-CMs were then fixed and
permeabilised. Non-specific binding was blocked before samples were stained. DAPI (Blue) and
a-sarcomeric actinin (green) staining of the hiPSC-CMs in (A-C) Control and following (D-F)
RGD_A and (G-1) RGD_C treatment. The images on the right (C, F and |) are merged images of
the images on the left (A, D and G) and middle (B, E and H) columns. Scale bar = 20um. DAPI
was used to measure (J) nucleus aspect ratio. a-sarcomeric actinin used to measure (K)
sarcomere length. Error bars represent SEM. N/n = number of preparations/number of cells =
3/12. S=p<0.05, 55 = p<0.01 and 555 = p < 0.001 vs control.
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4.3.10 Integrin  ligand RGD_C increases cardiomyocyte

sarcolemma: SR junctional gap.

Having identified these changes in Ca®* cycling parameters and cardiomyocyte
structure, we then investigated the potential changes in Ca%* handling ultrastructure that
could underlie the Ca?* cycling changes induced by the integrin ligands. The SR is a critical
organelle in Ca?* cycling. During maturation, there is progressive recruitment of associated
proteins that link the SR to the sarcolemma. This is reported to increase the sensitivity of RyRs
on the SR to the Ca?* influx through sarcolemmal Ca?* channels, increasing the efficiency of
CICR.

This distance between the SR and sarcolemma is determined by the size of the
accessory proteins and is reported to be around 12nm in the healthy, adult human
cardiomyocyte due to the size of the RyR foot processes linking the SR to the sarcolemma
being of this length (Franzini-Armstrong, Protasi and Ramesh, 1999). We analysed the SR
parameters from EM images (Figure 4.10A & F) of hiPSC-CMs treated with RGD_A or RGD_C.
We separated the sides into the apical (Figure 4.10A-E) and basal aspects (Figure 4.10F-J) of
the hiPSC-CMs. The apical side is the sarcolemma exposed to the media and treatment
conditions and the basal side is the sarcolemma that is directly opposed to the cell culture
substrate and pre-plated substrates.

When measuring the SR parameters, there were no changes in SR area, perimeter or
length of the functional side of the SR on the apical side of the hiPSC-CMs when exposed to
either RGD_A or RGD_C (Figure 4.10B-D). There was an increase in the junctional gap of
functional SRs found on the apical side following treatment with RGD_C but not RGD_A
(Figure 4.10E). Similarly, there were no changes in SR area, perimeter or length of functional
SR on the basal side of the hiPSC-CMs, in close apposition to the fibronectin preplated on the
substrate surface, following treatment with either RGD_A or RGD_C (Figure 4.10G-I).

There was anincrease in the junctional gap on the basal aspect of the hiPSC-CMs when
hiPSC-CMs were treated with RGD_C but no significant change when treated with RGD_A
(Figure 4.10J). The lack of significant increase following RGD_A treatment despite observing
abbreviation in Ca?* transient duration indicates that the rearrangement in SR following

RGD_C treatment, at most, only partially explains the SR recruitment.
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Figure 4.10 Effect of fibril-forming, self-assembling integrin ligands on the sarcoplasmic reticulum (SR) parameter of hiPSC-CMs.
hiPSC-CM monolayers were treated for 24 hours with self-assembling, fibril-forming RGD_A or RGD_C (2mM). hiPSC-CMs were then fixed
and processed for EM imaging. SR parameters were measured for functional SR on the side exposed to the media and integrin ligand
treatment (apical (A-E)) and side closest to the fibronectin-coated dish (basal (F-J)). SR parameters measured were (B & G) Area, (C & H)
Perimeter, (D & 1) Functional length and (E & J) Junctional gap. Error bars represent SEM. N/n = number of preparations/number of SR=
2/49-2/111. ** = p<0.01. $ = p < 0.05.



4.4 Discussion

Extracellular mechanical stimuli from the ECM communicate via integrins on the
cardiomyocyte membrane to modulate cardiomyocyte structure and function, but the role of
integrins in the modulation of SR-recruitment to Ca?* cycling in human cardiomyocytes was
unknown (Civitarese et al., 2017). In this chapter, we demonstrate important aspects of the
integrin-mediated regulation of Ca?* cycling. Soluble integrin ligands abbreviate hiPSC-CM
Ca?* transients in a manner dependent on the flanking sequence on either side of the RGD-
tripeptide sequence. The Ca?* transient abbreviation following treatment with fibril-forming
integrin ligands is independent of cell detachment, and is associated with a recruitment of
the SR to the Ca?* removal mechanism. These fibril-forming integrin ligands induce changes
in cardiomyocyte shape, into a more rod-like morphology, closer to the adult human
cardiomyocyte. There are also changes to the hiPSC-CM ultrastructure — an increase in
junctional gap distance closer to the values previously reported for healthy, adult
cardiomyocytes, and a change in sarcomere length, which is known to affect Ca?* sensitivity
and cardiomyocyte contraction. It is clear that the integrin-mediated pathways are complex,
but we have demonstrated key changes in cardiomyocyte structure that can influence
Ca?* handling in hiPSC-CMs and could underlie the effects of ECM-mediated modulation of

cardiomyocyte Ca?* cycling.

4.4.1 Integrin-mediated modulation of Ca?* cycling

Treatment of cardiomyocytes with soluble peptides containing the RGD-tripeptide
sequence has been shown to activate cytoskeletal assembly of integrin-associated signalling
proteins as well as downstream pathways in a manner mirroring that seen in vivo under
conditions of increased mechanical load (Harston and Kuppuswamy, 2011; Yu et al., 2011).
We identified that soluble peptides GRGDS and GRGDSP caused significant abbreviation of
the hiPSC-CM Ca?* transients through an abbreviation of time to peak and time to decay,
indicating more efficient CICR and Ca?* removal, respectively. RGD tripeptide and negative
control RGES did not cause any change in Ca?* cycling in the hiPSC-CMs. It is known that
GRGDS has a 1000-fold lower affinity for fibronectin receptors, as multiple neighbouring
domains influence the binding of the ligand to the receptor (Hautanen et al., 1989). This study

indicates that the flanking sequences around the RGD-tripeptide are important in
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determining the efficacy of soluble RGD-containing peptides in modulating cardiomyocyte
Ca?* cycling. This is supported by a study in rat pulmonary arterial smooth muscle cells that
identified that the potency of the effect of soluble integrin ligands on intracellular Ca?
concentration was dependent on the flanking sequences, such that cyclo-RGD had a much
less potent effect that soluble integrin ligands with flanking sequences (Umesh et al., 2006).
Therefore, the differences in affinity of binding could underlie the lack of significant effect
seen with RGD tripeptide.

Important to consider is that integrins incorporate a large family of heterodimer
combinations (Ginsberg, Partridge and Shattil, 2005). The family of integrins in mammals
consists of more than 18 a and 18 B integrin subunits, which heterodimerise to form 24
receptors. Cardiomyocytes mainly express the heterodimers al1p1, a5f1 and a7B1, which are
predominantly collagen, fibronectin and laminin binding receptors, respectively. Previous
studies have reported unique integrin profiles in normal vs. pathological hearts; a5 subunit is
predominantly expressed in foetal or neonatal cardiomyocytes but is replaced by a7 subunits
post-natally such that it is the predominant subunit expressed by mature, adult
cardiomyocytes (Brancaccio et al.,, 1998). It is therefore likely that not all integrin
heterodimers play a role in modulating hiPSC-CM Ca?* cycling and that the relative expression

of the subunits is important for cardiomyocyte function.

4.4.2 Anti-integrin antibodies

We identified that a limitation to the use of anti-integrin antibodies is that these
antibodies caused changes in the Ca?* cycling. This was surprising but does indicate that
binding and possibly clustering of integrins by integrin antibodies can mediate some of the
effects induced by integrin ligands. Morphological changes in the hiPSC-CMs were not
measured but could underlie the change in Ca?* transients observed. As hiPSC-CMs are
contractile, there may be changes in the exposure of integrins during contraction. This would
allow some antibody binding that would induce morphological changes or even detachment
over a period greater than the 24 hours measured here. Future work needs to determine the
structural effects induced by integrin-binding antibodies to determine if these, despite not
causing recruitment of downstream accessory proteins or activation of kinase pathways, may

cause structural changes to cardiomyocytes that alter function.
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We observe that antibodies against the B1 or B3 integrin subunits did not prevent
cellular detachment induced by GRGDS or GRGDSP or attenuate the effects of these soluble
integrin ligands on hiPSC-CM Ca?* transients; instead, we show evidence of potentiating
GRGDS and GRGDSP-mediated Ca?* transient amplitude amplification and abbreviation of the
time to 50% decay or time to 80% decay. A possible explanation for why the detachment still
occurred is that the soluble integrin ligands can preferentially bind to integrins compared to
the much larger anti-integrin antibodies. As integrins are a family of heterodimeric receptors,
integrins that do not express the B1 or B3 integrin subunits may mediate the detachment
when antibodies against these subunits are present (Le Gat et al., 2001; Johnston et al., 2009;

Suryakumar et al., 2010).

4.4.3 Integrin-mediated modulation of SR Ca?* release

Although reports have implicated integrins in modulating cytosolic Ca2* availability,
this is the first study to identify that integrin ligands increase the efficiency of Ca?* cycling in
human cardiomyocytes. In rat pulmonary arterial smooth muscle cells, soluble integrin
ligands contributes to Ca?* release from RyR-gated stores (Umesh et al., 2006). This study also
identified that soluble GRGDSP increase cyclic ADP-ribose, the endogenous activator of RyRs,
by 70% in rat pulmonary arterial smooth muscle cells. Immunological studies with mouse
cardiomyocytes identified localisation of B1 integrins to T-tubules, co-localising with RyR2s
and stabilising RyR2 opening (Umesh et al., 2006). This increase in RyR activation could be a
mechanism by which CICR is increased in the presence of integrin ligands in our study; future
studies should identify changes in cyclic ADP-ribose in human cardiomyocytes. However, the
lack of ultrastructural features for the development of T-tubules and dyadic formation in
hiPSC-CMs could prevent this mechanism from acting.

To determine the ultrastructural changes that could contribute to the increase
efficiency of CICR, we then investigated the apposition of the SR to the sarcolemma, which
forms the calcium release units (CRUs). CRUs contain two proteins essential to EC-coupling:
dihydropyridine receptors (DHPRs) or L-type Ca?* channels of exterior membranes, and RyRs,
the Ca?* release channels of the SR (Protasi, Sun and Franzini-Armstrong, 1996; Franzini-
Armstrong, Protasi and Tijskens, 2005). The CRUs are restricted by two geometrical factors.

One is the size of the junctional gap separating the SR from the exterior membranes (12nm),
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which is determined by the size of the RyR cytoplasmic domain or foot; the other is the tight,
ordered clustering of feet, which an arrangement approximately 29nm apart (Franzini-
Armstrong, Protasi and Ramesh, 1999). This enables Ca?* released into the junctional gap to
be temporarily trapped, such that there is a brief rise in [Ca%*]; greater than in the surrounding
cytoplasm, promoting CICR.

The parameters of the sarcolemma and jSR membrane also affect the CRU properties;
as larger and more rounded membrane domains are more likely to trap the Ca?* (Franzini-
Armstrong, Protasi and Ramesh, 1999). We see that treatment of hiPSC-CMS with self-
assembling RGD-containing peptides induces an increase in junctional gap distance, closer to
the value of 12nm reported in healthy, adult cardiomyocytes (Fig. 4.10) (Olivetti et al., 1996).
This was a surprising result, as functionally, an increase in junctional gap distance would be
thought to reduce CICR efficiency. Due to the insufficient resolution of the EMs, whether the
increase in junctional gap distance was accompanied by the presence of normal CRUs-
containing juxtaposed RyRs and DHPRs could not be established; however, the
rearrangement of the SR-sarcolemma junction could be operated by structural recruitment
of the SR to EC-coupling. As the molecular machinery of CRUs is assembled in a series of
sequential steps, further studies would need to investigate the effects of integrin ligands on
the assembly of the junctional complex proteins to identify if this increase in junctional gap

distance is indicative of recruitment of accessory CRU scaffold proteins.

4.4.4 Integrin-mediated modulation of Ca?* removal

This study used micropipette caffeine application to identify integrin ligands induce
hiPSC-CMs to change from an NCX-dominant cytosolic Ca®* extrusion to an SR-dominant
Ca%*extrusion. Based on previous studies using human myocytes, in non-failing myocytes the
contribution of NCX and SR Ca?*-ATPase to [Ca%']; decline are 23% and 77%, respectively. In
the hiPSCs used in this study, these contributions are 37% by SR and 48% by NCX, driven
mainly by weaker intrinsic SR Ca?*-ATPase function due to reduced SERCA expression and
maintained expression of the negative regulator, PLN (Kane et al., 2015). We show that
RGD_A and RGD_C increase the relative contribution of SR (54% and 51%, respectively)
compared to control. This indicates that the Ca?* decay in these hiPSC-CMs becomes SR-

dominant and more closely resembling the values in adult human control cardiomyocytes.
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Although not studied here, the expression of key modulators of SR activity can be
investigated in future investigations. For example, downregulation of negative regulator PLN
would increase the activity of SERCA a change in SERCA expression. Beyond protein
expression, changes in small proteins may also regulate activity of SERCA. Umesh and
colleagues identified that soluble GRGDS causes an increase in cyclic ADP-ribose in mouse
cardiomyocytes, and cyclic ADP-ribose has been identified in other studies to accelerate the
activity of SERCA pumps (Umesh et al., 2006; Yamasaki-Mann, Demuro and Parker, 2010). The
heterogeneity in integrin receptor subtypes and the role of flanking sequences on ligand

affinity must be considered when attributing integrin-mediated effects.

4.4.5 Integrin-mediated cytoskeletal changes

Classical integrin pathways involve the recruitment and activation of kinases, but the
effects of soluble integrin ligands in this study informs us that these pathways are not
required for the changes in Ca?* cycling. Unlike the receptor tyrosine kinase family, integrins
do not possess intrinsic kinase activity but rather promote signalling by facilitating the
activation of kinases such as src or focal adhesion kinase. The adaptor proteins assembled
following integrin ligation can be divided into three groups: (1) structural adaptors (E.g. alpha-
actinin) that bind integrins to F-actin and therefore to the cytoskeleton, (2) scaffold adaptors
that provide binding sites for additional focal adhesion proteins, and (3) catalytic adaptors
(E.g. FAK, Src) that facilitate signal propagation (Fa et al., 2009). Importantly, only RGD-
containing peptides applied within a collagen gel, as opposed to in solution, recruit and
activate focal adhesion molecules to form the focal adhesion complex (FAC) (Laser et al.,
2000; Balasubramanian and Kuppuswamy, 2003; Rauch et al., 2011). Therefore, application
of peptides in the absence of collagen gel allows us to determine that the observed effect on

Ca?* cycling parameters are independent of FAC formation.

4.4.6 Implications for in vitro models

A major aim of the biomaterials field is the development of biocompatible and
biodegradable scaffolds for tissue engineering. Lacking in current 2D models are structures

that represent the mechanical, extracellular stimuli that are known to play a crucial role in
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modulating cardiomyocyte structure and function. In this study, we utilise a self-assembling,
fibril-forming peptide that displays integrin-binding activity. We demonstrate that the cell-
binding properties of these fibril-forming, self-assembling peptides together with their

substrate-adhesive properties presents them as an attractive scaffold for tissue engineering.

4.4.7 Clinical implications in modelling heart failure

This study implicates the ECM as a critical extracellular modulator of SR recruitment
to cardiomyocyte Ca®* cycling. Terracciano et al. previously showed that functional
improvement of heart function in human patients treated with left ventricular assist devices
is linked to a more efficient SR Ca?* cycling (Terracciano et al., 2004). We identify the integrin
ligand-receptor interactions between the ECM proteins and cardiomyocytes as a potential
target for modulation of SR recruitment to Ca?* cycling.

It is important to remember that in many cardiac pathological conditions, fibroblast
expansion and accumulation of ECM proteins is not the primary cause of disease, but
represents activation of a reparative process in response to cardiomyocyte injury (Chen and
Frangogiannis, 2013). In humans, repair of diseased myocardium requires generation of a
well-organised scar. In this study, we have exploited the developing phenotype of hiPSC-CMs
in culture, which reproduces, with low and poorly synchronised SR Ca?* release and
predominant sarcolemma Ca?* cycling, the developing and diseased myocardium. By using
hiPSC-CMs which rely on NCX-dominant Ca?* cycling mechanisms, this study indicates that
manipulating the composition of the integrin ligands in the ECM can be a target for future
therapeutics aimed at recruiting the SR to Ca?* cycling (Frangogiannis, 2008; Kong, Christia

and Frangogiannis, 2014).
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4.5 Summary

Ca?* handling is a significant feature of electrophysiology that differs between human
hiPSC-CMs and non-failing adult cardiomyocytes. The former reflects morphology and
electrophysiology akin to neonatal cardiomyocytes or adult human cardiomyocytes in disease
or in culture. We show that integrin ligands change hiPSC-CM Ca?* handling and cellular
morphology to closer reflect that of the adult cardiomyocytes; namely a more efficient SR-
dominated Ca?* cycling and a more rod-like morphology. It is essential to integrate all the
aspects of electrophysiology and Ca%* handling into a comprehensive model but this study
shows the importance of understanding the role of integrin ligands, and more widely the role

of ECM proteins, in modulating human cardiomyocyte structure and function.
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5 Extracellular vesicle crosstalk between

cardiac fibroblasts and cardiomyocytes

5.1 Introduction

In the previous chapter, we identified that integrin-mediated communications are a
modality by which we can recruit the SR Ca?* stores of hiPSC-CMs to Ca?* cycling in vitro. This
built on our findings in chapter 3 and published findings that cardiac fibroblasts induced more
efficient Ca* cycling in hiPSC-CMs when the two cell types are co-cultured in direct contact
(Kane and Terracciano, 2018). It is important to note that direct contact co-cultures, as well
as allowing direct physical contact, allow close paracrine intercellular interactions. As we
know cardiomyocytes and cardiac fibroblasts interact bi-directionally, the secretory profiles
of cell populations may also change in direct contact co-cultures.

Much of the work investigating the intercellular interactions between cardiomyocytes
and non-myocytes has investigated paracrine interactions that occur via a classic factor
secretion-receptor binding modality (Cartledge et al., 2015). In recent years, another way of
cell-cell paracrine communication has been proposed: EVs, and in particular, exosomes
(Vlassov et al., 2012; Bang et al., 2014). In this chapter, we investigate the potential that EVs
have in the communication between cardiomyocytes and cardiac fibroblasts.

In this chapter, we compile a rapid ultrafiltration- and chromatography-based
approach for EV isolation from biological samples (Lobb et al., 2015; Nordin et al., 2015;
Benedikter et al., 2017). Since it is spin-based and dependent on size exclusion, the method
has broad application with regards to sample volume and/or type, but for this project we focus
on its use for isolating and purifying fibroblast-secreted EVs in order to understand the role
they may have in the intercellular interactions between cardiomyocytes and cardiac

fibroblasts.
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5.2 Methods

5.2.1 Cell culture

WTC GCamp6f HiPSCs were differentiated into hiPSC-CMs and plated onto 35mm
dishes with a 7 mm diameter glass bottomed-well as outlined in section 2.2.1. Cardiac

fibroblasts were isolated from explanted human hearts as described in section 2.2.4.

5.2.2 Conditioned-media production and processing

Hyperflasks with cardiac fibroblasts were cultured with exosome-depleted fibroblast
culture media for 48 hours. Conditioned media was collected and content was concentrated
as described in section 2.2.6. Self-packed 30 cm Econo-Columns for SEC were prepared and
packed as described in section 2.3.1 and used for purification of samples as described in
section 2.3.2. Particle content were quantified by NTA as described in section 2.3.3, and
protein quantification was carried out by using a micro-BCA protein assay kit as per
manufacturer’s instructions (Thermo Fisher Scientific).

It is important to consider that fibroblasts cultured in vitro are thought to display a
secretory profile that is distinct from quiescent fibroblasts in the myocardium and active,
disease-phenotype myofibroblasts. Conditioned media from fibroblasts negative for the
marker of myofibroblast phenotype have been shown to increase adult rat Ca?* transient
amplitude, whereas the media from cultured fibroblasts and myofibroblasts from pressure-
overloaded hearts reduced Ca?* transient amplitude (Cartledge et al., 2015). It is therefore
important when interpreting the results of this study to consider that the conditioned media
from these fibroblasts isolated from dilated cardiomyopathy patients and maintained for 3-7
passages in culture have different secretory profiles to the quiescent fibroblasts in the

myocardium and acutely active diseased fibroblasts in the myocardium.

5.2.3 Presence of EV particles and protein markers

The morphology of cardiac fibroblast EVs eluting from the column were assessed by
cryo-TEM (Cryogenic Transmission Electron Microscopy). Cryo-TEM sample preparation and

imaging was performed by Dr. Ulrike Kauscher and Valeria Nele (both Imperial College
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London). Immuno-gold localisation of CD63 in EM imaging was carried out by Padmini
Sarathchandra (Imperial College London). Dot blot identified the presence of exosome
markers CD9, CD63 and CD81 in fibroblast-conditioned media, standard fibroblast media and
exosome-depleted fibroblast culture media as described in section 2.7.1 and dot blots were

guantified using Image Studio Lite V5.2 software (LI-COR) as described in section 2.7.1.5.

5.2.4 EV treatment to hiPSC-CMs

hiPSC-CM monolayers were treated with fibroblast-secreted extracellular EVs as
described in section 2.8.2 for 24 hours before electrophysiological assessment. Following

culture, Ca?* transients were visualised by optical mapping as described in section 2.9.1.

5.2.5 Cytokine array

The presence of cytokines in the EV fractions following SEC was assessed using a
Proteome Profiler™ Human Cytokine Array Kit (R&D), UK). Supernatant samples were
concentrated and incubated with the array kit antibody mixture as described in section 2.8.3.
Bound complexes on the nitrocellulose membranes were detected by subsequent incubation
in a Streptavidin-HRP secondary antibody at room temperature for 30 minutes. The
membranes were developed with a chemiluminescent substrate and densitometric

quantification performed using Imagel.
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5.3 Results

5.3.1 GW4869 attenuates fibroblast-mediated changes in Ca?*

transients

To first determine the contribution of exosomes, a subtype of EVs, in the intercellular
crosstalk between cardiac fibroblasts and hiPSC-CMs in vitro, we utilised a chemical inhibitor
of exosome generation. GW4869 inhibits exosome synthesis by blocking ceramide-mediated
inward budding of MVBs and release of mature exosomes from MVBs.

We observed that GW4869 caused a reduction in the amplitude of hiPSC-CM Ca?*
transients (Fig 5.1A). This reduction in Ca* transient amplitude was also present when cardiac
fibroblasts were in contact with the hiPSC-CM, as well as when contact co-cultures between
hiPSC-CMs and cardiac fibroblasts were treated with GW4869. (Figure 5.1A). There is no
significant difference between the three treatment groups. Direct co-culture conditions in
chapter 3 did not cause any change in hiPSC-CM monolayers and we find a significant
decrease here in fibroblast-hiPSC-CM direct contact culture. This may be due to differences
in the experimental conditions — unlike chapter 3, all conditions in figure 5.1 had 0.1% DMSO
in the serum-free media for the 24 hours before electrophysiological assessment. This could
change fibroblast secretory or mechanical activity and further demonstrates that hiPSC-CMs
are highly sensitive to their environment. The difference between control and GW4869-
treated hiPSC-CMs in Fig 5.1A indicates that exosomes play a significant role in the cytosolic
Ca?* amplitude of hiPSC-CM populations but ceramide-mediated exosomes do not have a role
in the cardiac fibroblast-mediated effects on Ca?* transient amplitude.

Time to Ca?* transient peak was not significantly changed with GW4869 treatment
compared to control, but did show a slight decrease (Figure 5.1B). This decrease in time to
peak could be accounted for by the GW4869-mediated reduction in amplitude — a reduced
amplitude despite a consistent rate of CICR would lead to a reduced time to peak. Time to
Ca?* transient peak was significantly attenuated when cultured with cardiac fibroblasts — an
observation also reported in contact co-culture studies in section 3 (Figure 3.1). This
fibroblast-mediated abbreviation was significantly attenuated when exosome-inhibitor

GW4869 was also present in the culture (Figure 5.1B—p < 0.01). This indicates that exosomes,

169



at least in part, mediate the abbreviation in time to Ca?* transient peak observed in cardiac
fibroblast-cardiomyocyte contact co-cultures.

We then measured the Ca?* decay mechanisms to investigate the contribution of EVs
to cytosolic Ca?* removal in cardiac fibroblast-cardiomyocyte contact co-cultures. We identify
that GW4869 application to hiPSC-CM monolayers does cause a slight attenuation of the
fibroblast-mediated abbreviation the time to 50% decay (Figure 5.1C) and time to 80% decay
(Figure 5.1D), but this was not significantly different from fibroblast-hiPSC-CM co-cultures in
the absence of GW4869. This lack of EV contribution to the fibroblast-hiPSC-CM crosstalk is
reflected in the rate of Ca?* decay, which shows that fibroblast-mediated increase in hiPSC-
CM Ca?* transient decay is not significantly affected by fibroblast EVs (Figure 5.1E).

We demonstrate that EVs play a role in cardiac fibroblast-mediated abbreviation in
Ca?* transient time to peak. However, we also observe that EVs play a role in the Ca?* transient
amplitude in hiPSC-CM monolayers in the absence of any fibroblasts, indicating that
exosomes play a critical role in hiPSC-CM Ca?* availability. As intercellular crosstalk between
these two cell types is known to be bidirection, changes in hiPSC-CM function due to GW4869
may affect cardiac fibroblast activity. The selectivity of GW4869 for certain pathways in EV
production is also a limitation in attributing the effects of the chemical to complete EV
cessation. We therefore then investigated the role of cardiac fibroblast-secreted EVs in

modulating cardiomyocyte Ca?* cycling.

170



Amplitude Time to peak
Fokokok
4 sokokok 400+
| I JE
: . *okok )
31 = 300 T skokok )
= . m
E ) :s'igz é
= 2 ::;:;' qE, 2004
; S
1 100-
0 T T 0-
Fibroblast - - + + Fibroblast
GW4869 - + - + GW4869
C Time to 50% decay D
400 okt 800
) sokkok )
300+ T okskkk ) 600
—_ ) . —_
[72] [72]
£ £
o 200 == o 400
£ ; £
[ [
1004 200
0 T 0"
Fibroblast - - + + Fibroblast - - + +
GW4869 - + - + GW4869 - + - +
Rate of decay
sokoskok
10+ |
FYTT]
81 —_— ns
— L |
X
]
]
(1'4
0-

Fibroblast - - + +
GW4869 - + - +

Figure 5.1 Exosome inhibition by GW4869 attenuates cardiac fibroblast-mediated
increase in human cardiomyocyte Ca**-induced Ca**-release efficiency. Human induced
pluripotent stem cell-derived cardiomyocyte (hiPSC-CM) monolayers and hiPSC-CM-
fibroblasts contact co-cultures were treated with exosome inhibitor, GW4869. Parameters
measured were Ca®* transient (A) amplitude, (B) time to peak, (C) time from peak to 50%
decay, (D) time from peak to 80% decay. (E) Rate of decay was measured as 1/tau. Error bars
represent SEM. n = number of cells from at least 3 preparations= 17-73. ** = p < 0.01, *** =
p <0.001, **** = p < 0.0001.
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5.3.2 Particle Isolation and purification by ultrafiltration and SEC

The most commonly used method for EV isolation is precipitation-based
ultracentrifugation, but this has been criticised for producing EV samples that have high
contamination from soluble content (Lobb et al., 2015; Gudbergsson et al., 2016). Practically,
ultracentrifugation is also resource- and time-intensive for repeated isolations. In this project,
we utilise ultrafiltration and SEC-based EV isolation, which is widely agreed to be more robust
in producing EV samples with lower amounts of contaminating proteins but this technique
does require more initial validation (Nordin et al., 2015; Gamez-Valero et al., 2016; Mol et al.,
2017). Fibroblast EVs were collected from hyperflasks of human cardiac fibroblasts
maintained for 48 hours in exosome-depleted serum-containing media, as described in
Methods section 2.6.1. Samples were then subjected to ultrafiltration and SEC as described
in 2.6.2-2.6.6. The elution produced by SEC using a self-packed 28 x 1 cm chromatography
column was collected as 30 individual 1mL fractions. In SEC, the larger particles are unable to
enter the column beads so elute in earlier fractions and smaller, soluble proteins are held
within the beads, taking the tortuous route so requiring longer to elute.

SEC has been shown to present a characteristic profile of protein content with two
peaks — one smaller, earlier peak high in EV content, and a much larger peak consisting of
soluble protein contaminants. We therefore first validated the efficiency of SEC for particle
separation by quantifying the protein content in each SEC fraction using a micro-BCA assay.
From this, we reproducibly identified a protein profile with two distinct peaks. One smaller
peak in protein content, thought to be the EVs, was consistently found at fraction 8 and a
much larger peak composed of soluble contaminating proteins that eluted at fraction 21
(Figure 5.2A). This does not confirm the presence of EVs in our earlier fractions so we then
investigated the presence of particles with EV morphology and expression of markers.

EVs have a diameter ranging from 30-1000nm so we utilised NTA to analyse the
distribution of particles in the SEC fractions. Fractions 4-13 were analysed as these have been
shown to be the fractions with the highest purity of EVs. Fractions outside of this range were
excluded because no EV content is expected in fractions 1-5 as this represents the column
void volume and there are high levels of contaminating proteins in fractions greater than 13.
Fractions 7-13 show particle content with a modal distribution between 50-150nm, within

the expected range for EVs.
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There are low levels particles detected to have a diameter greater than 200nm. This
could be accounted for by the aggregation of EVs, which has been reported to occur over
time, without affect EV activity. When plotting the EV concentration against the protein
content, there is a clear peak of particle-associated protein at fraction 8. Representative

elution profiles are shown in figure 5.2.
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Figure 5.2 Elution profile of fibroblast extracellular vesicles from size-exclusion
chromatography and particle concentration. (A) Following size exclusion chromatography
(SEC) of fibroblast extracellular vesicle (EV) samples into 30 fractions of 1mL, micro-BCA
assay quantified protein content of the fractions (black) (N=4, n = 4). Nanosight NS300 with
a 532 nm laser measured particle concentration in fractions 5-13 (red) (N=1, n = 1). (B)
Zoomed in distribution of SEC fractions 5-13. (C) and (D) Representative Nanocyte Tracking
Analysis (NTA) detection of particles in fraction 10 with a 1:25 dilution. Total particle count
was calculated as NTA particle count multiplied by 25 to account for the dilution (N=1, n = 1
for B-D).
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5.3.3 Direct correlation between protein weight and particle

concentration

Studies that use EV treatments quantify the sample content by using particle
concentration or protein content. The variety of EV isolation and purification techniques
together with the high levels of impurities with the most common technique,
ultracentrifugation, makes the inconsistencies in EV studies a significant caveat when
interpreting studies. The ratio of particle concentration to protein concentration was
proposed by Webber and Clayton to be a good reference for assessing sample purity (Webber
and Clayton, 2013). The ratio of particles to protein content in our isolation technique was
detected as 4.67 x 10° particles/ug of protein (Figure 5.3), considered to be of intermediate
purity by the standards set out by Webber and Clayton. By plotting the two values against
each other for fractions 7-12 from the SEC elution, we identify that the two values are closely
correlated (r* = 0.9581). This close correlation indicates that the two values can be used

interchangeably.
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Figure 5.3 Correlation between particle concentration and protein content in
fibroblast extracellular vesicle samples following size exclusion chromatography. Following
SEC, the particle concentration and protein content in fractions 7-12 were plotted and a line
of best fit blotted to identify the correlation. Straight line of best fit identifies the presence of
4.67 x 10° particles/ug of protein (N=1, n = 1).
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5.3.4 Electron Microscopy of chromatography-purified EVs

The morphology of particles eluting from the column were assessed by cryo-TEM to
identify the presence of cardiac fibroblast EVs. Cryo-TEM sample preparation and imaging
was performed by Dr. Ulrike Kauscher and Valeria Nele. Cryo-TEM imaging shows liposome-
like particles vesicles between 50-200 nm diameter (Figure 5.4). This indicates the presence
of exosomes and microvesicles. Alternatively, exosomes may merge to form larger lipid
structures. Nevertheless, we identify the presence of lipid structures with the characteristic

EV morphology in the fibroblast-conditioned media.

Figure 5.4 Transmission electron microscopy (TEM) of size exclusion
chromatography (SEC)-purified fibroblast extracellular vesicles (EVs). Fibroblast EV samples
were purified by SEC then prepared for TEM as described in methods. Scale bar = 200nm. TEM
was performed by Dr. Ulrike Kauscher.
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5.3.5 Expression of EV markers CD9, CD63 & CD81

So far, we observed liposome-like particles of the characteristic EV structure to elute
from SEC. It was important to validate these liposome-like particles as EVs by confirming the
presence of EV marker proteins. Immunogold-EM of EV marker CD63 in SEC fraction 8
identified that the lipophilic particles with EV characteristic morphology had high expression
of EV marker CD63 (Figure 5.5A). This does not quantitatively measure the expression of EV
markers in the SEC fraction and is low throughput in measuring the presence of EV markers.
We therefore carried out dot blot of the 30 individual 1 mL elution fractions following SEC,
probing for EV markers CD9, CD63 and CD81. All fractions from SEC were prepared for dot
blot as described in materials and methods section 2.7.1.

For markers CD9 and CD81, the highest signal intensity was detected in fraction 8
(Figure 5.5B). This fraction was shown by the NTA and microBCA to have the highest particle
and protein content, respectively (Figure 5.2A). The finding that CD63 is most highly
expressed in fraction 11 indicates that the expression of the three EV markers is not
homogenous within the EV population, such that there are subpopulations of EVs that highly
express CD63 that are a different size to the EVs with high CD9- or CD81-expression. As the
highest expression of CD63 was in a later SEC fraction than CD9 or CD81, the dot blot indicates
that the subpopulation with high CD63 expression are smaller than those with high CD9 or
CD81 expression.

The cardiac fibroblast EVs were collected in exosome-depleted serum. The absence of
EV markers in the serum is shown in Figure 5.5C-E — the expression of EV markers were no
more than 2 SDs away from the mean in any of the SEC fractions, except for CD9 in Fraction
8 and CD81 in Fraction 29, but these may be attributed to the low N number (2), which causes
a low power and high variability. The presence of the peak expression of EV markers CD9,

CD63 and CD81 in SEC fractions 8-12 can therefore be attributed to fibroblast-secreted EVs.
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Figure 5.5 Expression of extracellular vesicle (EV) markers of size exclusion
chromatography fractions from fibroblast-conditioned media, exosome-depleted and
standard FBS. Immunogold-EM tagging for CD63 identified lipophilic particles with high CD63
expression. Representative images shown in (A). Scale bar = 100nm. (B) Quantification of dot
blots of fibroblast-secreted EV samples against CD9, CD63 and CD81 as percentage of total
signal. N = number of preparations = 2. (C-E) Expression of exosome markers in exosome-
depleted serum-containing fibroblast media without fibroblast-conditioning. Shaded area
represents 2 standard deviations from the mean (3.33). N = 2 preparations.
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5.3.6 Fibroblast EVs abbreviate hiPSC-CM Ca?* transient time to peak

Having determined that the fractions with high EV content are fractions 7-9, the
contentin these fractions were applied to hiPSC-CM monolayers to assess the effect on hiPSC-
CM Ca?* cycling. The Ca?* transients were compared against serum-free conditions, which is
known to not have any EV or serum content, and the EV-depleted serum-containing media
that is used to collect fibroblast EVs. This is to identify if the non-EV content of FBS serum
could account for changes in Ca?* cycling. We identify that there was no change to Ca?*
transient amplitude caused by EV-depleted serum-containing media in the presence or
absence of fibroblast-conditioning (Figure 5.5A).

Ca?* transient time to peak was significantly abbreviated by application of 120ug of
fibroblast EVs compared to serum-free control (Figure 5.6B). However, we identify that the
serum-containing control also caused an abbreviation in time to peak. Despite this, the
abbreviation in time to peak was still significantly reduced by the presence of fibroblast-
secreted EVs.

We also investigated the time from the Ca?* transient peak to 50% decay (Figure 5.6C)
and 80% decay (Figure 5.6D). We identify that, compared to serum-free control, 120ug of
fibroblast-secreted EVs caused a significant abbreviation in both. However, this abbreviation
could be accounted for by the exosome-depleted serum, as there was no difference between
the fibroblast-secreted EV condition and exosome-depleted serum condition.

We therefore identify that Fibroblast EVs could account for an abbreviation in time to
peak when collected in EV-depleted serum, but changes in decay are accounted for by non-
EV serum content. This demonstrates the importance of appropriate control when

determining EV-mediated effects.
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Figure 5.6 Modulation of human cardiomyocyte Ca®** cycling by fibroblast-secreted
extracellular vesicles. Human induced pluripotent stem cell-derived cardiomyocyte (hiPSC-
CM) monolayers were maintained for 24 hours in culture media consisting of serum-free
media (white bar), media containing 1% Exosome-depleted serum without fibroblast
conditioning (light green), or media containing 1% Exosome-depleted serum conditioned with
cardiac fibroblast-secreted extracellular vesicles (EVs) (150 ulL) (dark green). Ca?* transient
parameters measured were Ca?* transient (A) amplitude, (B) time to peak, (C) time from peak
to 50% decay, (D) time from peak to 80% decay, Error bars represent SEM. N = 4 preparations,
n =17-73 number of cells. * =p <0.05, *** =p <0.001, **** = p < 0.0001.
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5.3.7 ECM protein fibronectin in EV-concentrated SEC fractions

We demonstrate in the previous chapter that integrins modulate cytosolic Ca%*
transients in hiPSC-CMs. Dot blots of SEC fractions show a distribution of fibronectin in the
dot blots with two peaks, similar to the microBCA assay reported in figure 5.2. This
distribution is shown in figure 5.7. As expected, there is a large peak in fibronectin detected
in the soluble contaminant fractions from fractions 13 onwards. We also identify a smaller
peak at fractions 9-10. Future studies must identify the presence of these ECM proteins on

the EVs but this does indicate that fibronectin may be associated with fibroblast EVs.
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Figure 5.7 Presence of fibronectin in extracellular vesicle fractions. Expression of
exosome markers CD9, CD63 and CD81 (black line) and fibronectin (green line) from fibroblast-
conditioned media after separation by size exclusion chromatography (SEC) into 30
consecutive ImL fractions. Small fibronectin peak around SEC fractions 8-10 before higher
expression of fibronectin in the fractions with numerous soluble contaminants (fraction 13-
28). N = number of preparations = 6 for EV markers and 2 for fibronectin.
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5.3.8 EV content — CCL5 and CXCL12/SDF-1

To identify potential factors in the EVs that may be involved in fibroblast-CM
signalling, the EV fractions were assessed with a cytokine profiler array as described in
Methods section 2.8.3. SEC fractions 7-11 were combined and the EV content was lysed with
RIPA buffer treatment and sonication before array assessment. Two cytokines were identified
as being present in the cardiac fibroblast EVs — CCL5 and CXCL12/SDF1 (Figure 5.8). Time
constrain prevented assessment of the effects of these cytokines on the hiPSC-CMs and future

studies on these effects are warranted.

CCL5 CXCL12/SDF-1

Figure 5.8 Fibroblast extracellular vesicle content screening for cytokines. Example
image of cytokine array positive for CXCL12/SDF-1. Non-boxed dots are reference spots to align
the transparency overlay demonstrate and also to indicate that the array has been incubated
with Streptavidin-HRP during the assay procedure.
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5.4 Discussion

In this chapter, we identified a role for EVs in the intercellular crosstalk between
cardiac fibroblasts and hiPSC-CMs in vitro. We identified that chemical inhibition of ceramide-
mediated exosome production by GW4869 attenuates the cardiac fibroblast-mediated
abbreviation in hiPSC-CM Ca?* transient time to peak, implicating these exosomes in the
intercellular crosstalk between cardiac fibroblasts and hiPSC-CMs. We validated a technique
for purification of EVs from cardiac fibroblast-conditioned media, utilising a combination of
ultrafiltration and SEC. These cardiac fibroblast EVs have high expression of cytokine CXCL12.
The purified fibroblast-secreted EV samples, when compared to serum-free controls, caused
a significant abbreviation of hiPSC-CM Ca?* transient time to peak and time to decay.
However, much of the abbreviation in time to decay can be contributed to non-EV serum
content. This is an important caveat when interpreting EV studies, which is still yet to

demonstrate a standardised isolation technique.

5.4.1 Exosome inhibition by GR4869 in co-culture

We investigated the role of exosomes in cardiac fibroblast-hiPSC-CM direct contact
co-cultures by using the chemical inhibitor of ceramide-mediated exome release, GW4869.
We identify that 20 uM GW4869 causes a significant attenuation in the abbreviation in
Ca?* transient time to peak induced by cardiac fibroblast co-cultures. This concentration is in
line with previous studies that use the compound as a chemical inhibitor of N-SMase activity
to inhibit EV production (Essandoh et al., 2015; Park et al., 2018). However, there are
criticisms to the use of GW4869 as a chemical inhibitor of exosome release. The effect of this
concentration of GW4869 has, to the best of the author’s knowledge, not been formally
assessed for hiPSC-CMs or cardiac fibroblasts. There are reports that the compound also
interferes with apoptosis pathways, interfering with the production of EVs produced by
apoptotic bodies, in addition to the microvesicles and exosomes studies here (Park et al.,

2018)
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GW4869 is used to inhibit the ceramide-mediated inward budding of MVBs and
release of mature exosomes from MVBs, but not all exosome synthesis is ceramide-mediated
(X. Wang et al., 2014). As described in Chapter 1, exosomes are generated by a complex,
multi-step process, progressing from the invagination of late endosomal vesicles, which
capsulates cytosolic content into internal vesicles, to the production of MVBs. This process
can occur by three different mechanisms: either ESCRT (Endosomal sorting complexes
required for transport)-dependent, ceramide-dependent or tetraspanin-dependent
mechanisms. Blocking of ceramide-mediated activity does not therefore show us the
complete effects of exosome inhibition.

In addition, some studies that have investigated the effects of ceramide formation
have shown that inhibition of ceramide formation does not affect exosome secretion (Phuyal
et al., 2014). Similarly, inhibition of neutral sphingomyelinase 3, an enzyme that catalyses the
formation of ceramide from sphingomyelin, has been shown to not inhibit the secretion of
exosomes in PC-3 (Phuyal et al., 2014). One explanation could be that GW4869 is ineffective
in blocking ceramide-mediated exosome production.

Alternatively, the hiPSC-CMs and cardiac fibroblasts may combat the chemical
inhibition of ceramide-mediated exosome synthesis by upregulating other pathways of
exosome production. This is important to consider as there is evidence that the pathway of
exosome production affects the cargo content. A study by Colombo et al identified that
silencing of the ESCRT gene causes a reduction in EV secretion but changed the content of the
EVs that remained (Colombo, Raposo and Théry, 2014). There were similar findings when
ceramide-synthesis was inhibited (Trajkovic et al., 2008) or when the expression of
tetraspanins is changed (Nazarenko et al., 2010). Therefore, a possible effect of GW4869
treatment is that alternative pathways are upregulated, changing the secretory profile of the
EVs.

In addition, cardiac fibroblasts and cardiomyocytes may rely on microvesicles, rather
than exosomes, as the predominant EV subtype for intercellular communication. The exact
mechanisms of EV production and secretion are still poorly understood and it is not clear why
different cell types would be dependent on different mechanisms or whether multiple
mechanisms may act simultaneously. The notion that microvesicles are the EV subtype
preferentially released from fibroblasts is supported by the cryo-TEM images. Microvesicles

are larger than exosomes —exosomes exist as lipid structures between 30-150nm in diameter,
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whereas microvesicles have been reported to be 100nm-1um in diameter. Lipid structures
between 80-200nm in diameter were identified in EMs, indicating that microvesicles are a
prominent EV subtype secreted by cardiac fibroblasts. The mechanisms of microvesicle
formation and release are even less understood than exosomes. The pathway is known to
require molecular machinery that is common to other endolysosomal and intracellular
pathways —including the rely on Rab-family GTPases, Snare-family membrane-fusing proteins
and the cytoskeleton (actin and myosin, and microtubules and kinesins) (Cai, Reinisch and
Ferro-Novick, 2007). It is therefore very difficult to target these pathways without having
deleterious effects on hiPSC-CMs or cardiac fibroblasts. It is therefore clear that although
GW4869 can be used as a chemical inhibitor of some EV production pathways, possible off-
target effects of the chemical, as with any other chemical inhibitor without a fully delineated

activity pathway, could mediate the effects seen.

5.4.2 Purification technique — Ultracentrifugation vs chromatography

and Ultrafiltration

When considering EV isolation techniques, it is important to note that the choice of
isolation method impacts the purity and yield of collected EV samples (Nordin et al., 2015;
Gdamez-Valero et al., 2016; Li et al., 2017). Before 2015, ultracentrifugation was used in 90%
of studies with EV isolation (Gudbergsson et al., 2016). This EV isolation procedure generate
higher yields than the more labour-intensive procedures, but the resulting sample purity is
often compromised due to the presence of abundant contaminating proteins. Furthermore,
this procedure often also causes extensive damage to the EVs (Webber and Clayton, 2013).
Ultracentrifugation also demonstrates very low reproducibility compared to other emerging
techniques (Thery et al., 2006; Livshts et al., 2015). As a result, the proportion of studies
utilising ultracentrifugation dropped to 62.1% of studies between 2015-2018. Only 44.9% of
studies during this period utilise ultracentrifugation as the sole isolation technique without
incorporating modifications (Lobb et al., 2015; Monguié-Tortajada et al., 2019).

In this project, we setup and used a method based on ultrafiltration followed by SEC.
It is difficult to quantify EV content in samples, as the presence of EV markers does not
guantitatively determine EV content, but we have been able to demonstrate that vesicles can

be purified from human cardiac fibroblast-conditioned media by Sepharose CL-2B SEC.
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Studies have reported a lower quantity of exosome proteins recovered using ultrafiltration
and SEC techniques compared to ultracentrifugation, but SEC is credited to form very pure
samples compared to ultracentrifugation (Salih, Zietse and Hoorn, 2014; Lobb et al., 2015;
Taylor and Shah, 2015).

The principle of SEC is separation of proteins based on difference in size. The
Sepharose beads packed into the column have pores with a diameter of approximately 75 nm
(Hagel, Ostberg and Andersson, 1996) and a tortuous path through the beads. An increased
path length for particles that can enter the beads delays the point at which they elute at the
bottom of the column. All particles larger than 75nm, including exosomes, cannot enter the
beads so only travel along with the void volume fluid, eluting in the earlier fractions than the
proteins that enter the beads. Based on our NTA results, the largest size of particles in the
lowest decile (D10) for fractions 7 and 8, have a diameter of 97.9 + 2.2 and 80.6 + 2.2nm,
respectively. Fraction 8 also showed the highest CD9 and CD81 content by dot blot, which
coincides with the highest EV fractions. SEC fraction 9 has a D10 of 54.3 £ 0.3 nm, and this
decreases as the fraction number increases. This confirms the theoretical separation of
components above and below 75nm in diameter into fractions 7-8, and 9 onwards,
respectively. The finding that the highest expression of exosome marker CD63 is in Fraction
12 indicates that there are exosomes present in fractions 9 onwards, and CD63 may be a
marker for smaller EVs than those expressing CD9 and CD81. This demonstrates the

importance of using several markers when identifying the presence of EVs.

5.4.3 EV isolation purity

The quantification of EV markers does not provide a measure of EV content, as there
are no consistencies in EV marker expression on exosomes. Webber and Clayton proposed an
integration of quantification methods to assess the purity of samples following EV
purification, by calculating the ratio of particle concentration to protein concentration
(Webber and Clayton, 2013). Less stringent purification methods produce samples with fewer
particles per ug of protein, as these methods are unable to remove all contaminating proteins.
They proposed that samples with 3 x 10'° particles/ ug or greater should be considered highly
pure, samples with less than 1.5 x 10° particles/ ug are to be considered impure, and samples

with particle counts per pg of protein between these values are of intermediate purity. In our
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study, the ratio was detected as 4.67 x 10° particles/ug of protein, indicating an intermediate
purity. It is important to consider that this ratio may vary between cell lines. However, this
does provide a useful reference point and as the ultrafiltration-SEC system has already been

validated, this ratio was not considered a cause for concern.

5.4.4 Cardiac fibroblast EVs and their role in paracrine signalling

We investigated the effects of fibroblast-secreted EVs on hiPSC-CM Ca?* cycling.
Hyperflasks of cardiac fibroblasts were maintained in exosome-depleted serum-containing
fibroblast media for 48 hours. Foetal bovine serum has vast amounts of EVs so we utilised a
commercially-available FBS that has undergone EV depletion. Serum was present during the
exosome-isolation period, rather than maintaining the cardiac fibroblasts in serum free
media, because serum starvation may have led to cell stress. Cell stress has been shown to
induce phenotypic changes that are reflected in the content of EVs (de Jong et al., 2012).

Furthermore, cardiac fibroblasts were maintained throughout culture and passaging
in the presence of serum in the culture media. An abrupt change in culture conditions induces
changes in cardiac fibroblast metabolism (Pirkmajer and Chibalin, 2011). As cellular stress and
changes in metabolism can be reflected in the EVs, any functional characterisation of EVs
collected in serum-free conditions would have been affected and therefore not reflected the
native cardiac fibroblast secretory profile.

We also maintained serum content to maintain a relatively high level of EV release.
The health of cardiac fibroblasts in culture is reflected in their secretory profile. Comparing
the protein yields from studies that use EV-depleted serum and studies that abruptly changed
culture media to serum-free conditions showed that studies using EV-depleted serum
reported a significantly higher average yield than the serum-free conditions (Gudbergsson et

al., 2016). This indicates that starved cells secrete fewer EVs and changes the secretome.

5.4.5 Effects of cardiac fibroblast EVs on CICR but none on removal of

cytosolic Ca?*

We identify that although the majority of the effect in conditions with fibroblast-

secreted EVs can be attributed to non-EV content of serum, there is a significant abbreviation
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in time to peak induced by the presence of fibroblast EVs. The plethora of bioactive content
that have been identified in EVs makes it difficult to discern the factors that are significant in
this abbreviation. However, it does show that the mechanisms that affect CICR and Ca?*
removal are independent, such that cardiac fibroblast EVs can increase CICR efficiency,
without causing a significant change in the Ca?* removal mechanisms.

Exogenous stimulation of cells is known to alter their phenotype, including their EV
secretome. As we now know that cardiac fibroblasts and cardiomyocytes interact in a
bidirectional manner, such that cardiac fibroblast secretory profile is influenced by
cardiomyocytes, the cardiac fibroblast EVs may be different to those secreted when cardiac
fibroblasts are in direct contact co-culture with hiPSC-CMs. To date, there is no way to
independently inhibit the EV secretion from one cell population in co-culture setups.
Proteomics and transcriptomic profiling of EVs are dependent on method of isolation (Eldh et
al., 2012; Yafez-Mé et al., 2015) and many —omics studies of vesicular content draws
conclusions from a single replicate. Therefore, the abbreviation of hiPSC-CM Ca?* cycling
following the application of the fibroblast EVs does rely on the assumption that these EVs are

representative of those in co-culture.

5.4.5.1 Bioactive components of fibroblast EVs

We explored possible cargo that could mediate the fibroblast EV effect on hiPSC-CM
Ca?* cycling. Fibronectin and other ECM proteins have been identified on circulating EVs and
this may be a mechanism by which fibroblast-derived ECM proteins may interact with
cardiomyocyte integrins (Purushothaman et al., 2016). The EV cargo can also be taken up by
recipient cells following initial membrane recognition between the EV and cell surface. We
identified one chemokine in the EV fractions — namely, CCL5 and stroma-cell-derived factor-
la (SDF-1a)/CXCL12.

CCL5 is a pro-inflammatory chemoattractant for monocytes and neutrophils
(Yabluchanskiy et al., 2016). The effect of CCL5 on cardiomyocytes is unknown. Future studies
could identify the effects this proinflammatory factor may have on cardiomyocyte function.
This indicates that fibroblast EVs are a source of pro-inflammatory chemokines to recruit
inflammatory cells but there is no evidence that the chemokine plays a direct role in

modulating hiPSC-CM Ca?* cycling.
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CXCL12 has been identified as a cardio-protective chemokine, acting through its G-
protein coupled receptor CXCR4. Treatment of rat neonatal cardiomyocytes with CXCL12
increased cytoplasmic Ca?* release and increased cardiomyocyte beating frequency in an IPs-
dependent manner (Hadad et al., 2013). In vivo, treatment of rats with CXCL12 increased left
ventricular dP/dtmax, suggesting that CXCL12 plays a positive chronotropic and ionotropic
effect (Hadad et al., 2013). In this manner, cardiac fibroblasts may mediate the abbreviation
in hiPSC-CM Ca?* transient time to peak, but this is to be determined in future studies. In a
murine study investigating the role of CXCL12 and its receptor CXCR4 in inflammation, they
identified that the presence of AMD3100, a specific CXCR4 inhibitor, abrogated the reduction
in calcium transient amplitude and resultant negative inotropic effect of CXCL12 (Pyo et al.,
2006).

The role of CXCL12 in normal heart function has been investigated in animal studies.
In isolated adult rat cardiomyocytes, CXCL12 treatment prevented isoproterenol-induced
hypertrophy and interrupted the calcineurin/NFAT pathway (Larocca et al., 2013). Cardiac-
specific knockout of CXCR4 in mice led to significant hypertrophy and cardiac dysfunction in
an isoproterenol-induced heart failure model (Larocca et al., 2013). Even in models without
exogenous stress, cardiomyocyte specific-CXCR4 knockout (CXCR4 cKO) mice demonstrated
a progressive cardiac dysfunction leading to cardiac failure (LaRocca et al., 2019). These
CXCR4cKO mice had significant tissue fibrosis vs. wild-type, indicating that CXCR4 function
plays a role as a negative regulator for cardiac fibroblast proliferation and secretory activity
(LaRocca et al., 2019). These indicate that CXCR4, a cytokine we have identified to be released
by the cardiac fibroblasts, plays a non-developmental role in regulating normal cardiac
function and is vital in prevention of progression to clinical heart failure.

Although we have identified a role for the fibroblast EVs in in vitro co-cultures with
hiPSC-CMs, the relevance of these EVs in vivo is yet to be determined. To date, we have been
unable to accurately determine the relevant levels of EVs or these chemokines in vivo.
However, the finding of EV mediated effects in vitro and the presence of these cytokines may

suggest a role for these factors in vivo, and warrants further investigations.
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5.5 Summary

We validated an effective EV isolation and purification protocol. Assessment of the
contribution of fibroblast EVs to hiPSC-CM monolayers and using a chemical inhibitor of
exosomes in cardiac fibroblast-hiPSC-CM co-cultures indicate that fibroblast EVs are involved,
at least in part, in the abbreviation of hiPSC-CM Ca?* transient time to peak, indicating an
abbreviation in CICR efficiency. Experimental techniques that do not consider the non-EV
serum content of culture media could lead to misleading results and erroneous identification
of EVs as major signalling effectors. Further research could clarify if these results are limited

to the in vitro studies or are more widely relevant within the native myocardium.
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6 Conclusions and future perspectives

This chapter provides suggestions for future investigations and provides a summary

of the conclusions of the study, including recommendations for the field.

6.1 Highlights

- Reconfigurable, elastic PDMS co-culture substrate used to identify a spatial
relationship of interactions between cardiac fibroblasts and hiPSC-CMs

- Integrin ligands induced functional recruitment of the SR Ca?* stores to increase
hiPSC-CM Ca?* cycling efficiency

- Fibril-forming, self-assembling peptides with cell- and substrate-binding properties
induce SR recruitment without cell detachment from substrate

- ultrafiltration- and SEC-based EV isolation technique efficiently isolate fibroblast EVs
from contaminating proteins

- Fibroblast EVs increase the rate of hiPSC-CM [Ca?*]; rise in vitro

6.2 Overview of key findings

The aim of this project was to investigate mechanisms by which hiPSC-CM Ca?* cycling
is regulated by human cardiac fibroblasts and the ECM. In chapter 3, our initial co-culture
studies identified that human cardiac fibroblasts modulated hiPSC-CM Ca?* cycling in vitro.
Co-cultures that only allow paracrine interactions but not physical interactions between the
two cell types significantly prolonged Ca?* transient duration, whereas, direct contact co-
cultures between cardiac fibroblasts and hiPSC-CMs significantly abbreviated Ca?* transient
time to peak and time to decay, indicating more efficient CICR and Ca?* removal mechanisms,
respectively. This increase in Ca%' cycling efficiency was attributed to an increase in
contribution of SR Ca?* stores to Ca?* cycling, as this is a more efficient mechanism for Ca?*
cycling than sarcolemma NCX, the latter being the prominent mechanism in hiPSC-CMs, as
well as neonatal and diseased cardiomyocytes. This is in line with the findings from our
group’s study using commercially available hiPSC-CM (CDI), lending support for the findings

(Kane and Terracciano, 2018). We utilised a PDMS-based co-culture substrate to identify that
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the paracrine effects by cardiac fibroblasts on hiPSC-CMs Ca?* cycling is spatially dependent,
with the prolongation of hiPSC-CM Ca?* transient declining as the distance between the two
cell types extends. These paracrine and contact-mediated effects must be considered when
developing multicellular, tissue-engineered constructs with hiPSC-CMs and cardiac
fibroblasts.

In chapter 4, we built on the hypothesis that the deposition of ECM proteins may play
a prominent role in the SR-dominant Ca?* cycling in hiPSC-CMs, and investigated the integrin-
mediated interactions between hiPSC-CMs and ECM proteins. We identified that both soluble
and fibril-forming, self-assembling integrin ligands abbreviate Ca?* cycling by increasing the
efficiency of CICR and cytosolic Ca?* removal. Fibril-forming, self-assembling integrin ligands
functionally recruited the SR Ca?* stores to cytosolic Ca?* cycling in the hiPSC-CMs,
recapitulating the effects observed in cardiac fibroblast direct contact co-cultures.

We showed structural changes in the hiPSC-CMs following treatment with fibril-
forming, self-assembling integrin ligands; a more rod-like hiPSC-CM morphology and increase
in sarcomere length, closer to the adult cardiomyocyte phenotype. The hiPSC-CMs treated
with the integrin ligands also showed an increase in the junctional gap distance between the
SR and sarcolemma at the CRUs, closer to the values of the healthy, adult cardiomyocyte. Our
findings indicate that integrin ligands present in the ECM play a pivotal role in the
development of features of the healthy, adult cardiomyocyte. We show that integrating
integrin ligands into hiPSC-CM cultures can be used to induce a morphology and
electrophysiology in hiPSC-CMs closer to the healthy, adult cardiomyocyte.

In chapter 5, we built on the knowledge that all mammalian cells secrete EVs to
investigate the role of EVs in the intercellular interaction between cardiac fibroblasts and
cardiomyocytes. We identified that a chemical inhibitor of ceramide-mediated exosome
synthesis and release, GW4869, attenuated the abbreviation in hiPSC-CM Ca?* transient time
to peak induced by cardiac fibroblasts, implicating the EVs as a mediator of intercellular
crosstalk between cardiac fibroblasts and hiPSC-CMs. We then validated an ultrafiltration
and SEC-based EV isolation technique to isolate fibroblast EVs from soluble contaminating
proteins. The fibroblast EVs could abbreviate the hiPSC-CM Ca?* transient time to peak. This
study implicates the fibroblast EVs as important mediators of the cardiac fibroblast-induced
abbreviation in Ca?* transient time to peak. Human cytokine arrays identified the presence of

CCR5 and CXCL12 in the fibroblast EV samples. CXCL12 has previously been shown in animal
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studies to play a pivotal role in preventing the onset of heart failure in animals even without
exogenous stress, indicating that cardiac fibroblast-derived CXCL12 delivered by EVs could

play a prominent role in the maintenance of the healthy, adult cardiomyocyte phenotype.

6.3 Implications

6.3.1 Human hiPSC-CM EC-coupling

hiPSC-CMs have huge potential for applications in disease modelling, cell
transplantation and in drug discovery. However, a major limitation to their use, as we have
mentioned throughout the study, is that their phenotype closely resembles the neonatal or
diseased, adult cardiomyocyte. A key issue to the used of hiPSC-CMs is inefficient EC-coupling,
which is heavily reliant on sarcolemma NCX for Ca?* cycling (Kane et al., 2015). We have built
on previous cardiac fibroblast-hiPSC-CM co-culture studies to implicate integrin ligand-
receptor interactions as a key pathway for the recruitment of the SR Ca?* stores to hiPSC-CM
Ca?* cycling and EC-coupling. Integrin ligands induce a phenotype resembling the adult
cardiomyocyte and more efficient Ca?* cycling. This goes some way to enabling greater
application of the hiPSC-CMs by enabling a more accurate representation of the adult
cardiomyocyte phenotype. Current models of disease lack many of the extracellular
interactions and often utilise a monocellular population of hiPSC-CMs, but models must
recapitulate the extracellular environment if we are to develop more accurate models of the
native myocardium (Wang, Kit-Anan and Terracciano, 2018). In this study, we have implicated
the ECM in the development of a hiPSC-CM phenotype with more efficient EC-coupling, more
akin to the adult cardiomyocyte phenotype.

It is well documented that in disease there is an increase in fibroblast activity,
contributing to accumulation of ECM proteins. This resultant fibrosis is initially compensatory
for insufficient heart function and maintains myocardial integrity following loss of viable
cardiomyocytes. However, the excessive fibrosis adversely influences the stiffness of tissue
and thus ventricular function, eventually leading to heart failure. The accumulation of ECM
proteins is an initial attempt to recover cardiomyocyte contractile function in the native
myocardium, and manipulating the turnover of ECM proteins may be a useful target for

therapeutic strategies against excessive fibrosis.
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6.3.2 Cell- and substrate-binding scaffold for tissue engineering

One of the major potential uses for hiPSC-CMs is as a therapeutic which can be applied
to the native myocardium, broadly as either a suspension of cells or within a tissue construct
such as an engineered heart tissue. However, a significant barrier is poor cell retention in vivo.
Ban and colleagues first demonstrated the potential of integrin ligands in promoting hiPSC-
CM retention in engraftment (Ban et al., 2014). They encapsulated cardiomyocytes derived
from mouse embryonic stem cells (mESCs) in an injectable nanomatrix gel consisting of
peptide amphiphiles incorporating RGDS (PA-RGDS) in experimental myocardial infarction.
They found a 3-fold higher engraftment in mice receiving the mESC-CMs with the PA-RGDS
compared to those without PA-RGDS and higher cardiac function in the PA-RGDS mESC-CMs
up to 12 weeks following engraftment. The fibril-forming properties of the RGD-linked self-
assembling peptides used in our study could aid retention of the cardiomyocytes even more
than the PA-RGDS incorporating mESC-CMs used by Ban and colleagues (Ban et al., 2014). The
substrate-binding properties also opens the avenue for using these fibril-forming, self-
assembling integrin ligands as an intermediate scaffold for attaching hiPSC-CMs to substrates

which by themselves have poor cell-binding properties.

6.3.3 EVs modulate human hiPSC-CM EC-coupling

We identified that fibroblast EVs increase the efficiency of Ca?* cycling in the hiPSC-
CMs and are implicate in carrying CXCL12, a chemokine with cardioprotective effects in
animal studies. As EVs have been shown to express ECM proteins on their surface, these may
mediate the transfer of integrin ligands from human fibroblasts to human cardiomyocytes. In
this way, fibroblast-derived integrin ligands can interact with and modulate the
cardiomyocyte phenotype. Both EV surface proteins and EV cargo may play a role in the
modulation of hiPSC-CM Ca?* cycling by cardiac fibroblasts physiologically and in disease. It is
clear that EVs are multi-target messengers that may have a prominent role in the native
myocardium. Although much focus has been on the use of exogenous EVs as a vector for drug
delivery, the ability to identify subpopulations of EVs and the role that patient morbidity has
on EV function indicates that manipulation of the EV cargo in the native myocardium could

be a potential therapeutic target.
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6.4 Limitations

The immaturity of the hiPSC-CM phenotype is a crucial limitation to the translatability
of findings from hiPSC-based studies to adult human physiology. Studies have shown that the
contractile function of hiPSC-CMs improves with prolonged culture periods, as a result of
more efficient EC-coupling parameters. In our study, we used hiPSC-CMs over a narrow period
of culture (D30-32) to limit the biological variability. The plasticity of the hiPSC-CMs and
dependence on culture conditions had to be considered when determining the experimental
techniques for this project. Our group previously identified density-dependent changes in
hiPSC-CM electrophysiology (Du et al.,, 2015). This prevented us from employing
electrophysiological studies that required sparse densities or hiPSC-CM detachment form
substrates.

There is difficulty in identifying appropriate control cardiomyocytes for disease
modelling. It is ethically difficult to justify isolation of human cardiomyocytes from a healthy
control patient. Cardiomyocytes are available from healthy donor hearts that are rejected for
transplantation but, as described in the introduction, these undergo rapid dedifferentiation
when isolated from the myocardium. Therefore, much of the work in disease modelling uses
adult animal cardiomyocytes as a control. However, animal controls were not used in this
project.

Despite the limitations of hiPSC-CMs, they have advantages over adult human and
animal cardiomyocytes. The ability to form a confluent electrically-coupled syncytia of
cardiomyocytes is similar to that of native cardiomyocytes but not possible with isolated adult
human cardiomyocytes. Their human origin is hugely beneficial over models utilising animal
cardiomyocytes. By utilising hiPSC-CMs, we are able to construct a humanised model
substantially more beneficial in recapitulating the native environment than alternative animal
or adult cardiomyocyte models.

There are also limitations to the use of cardiac fibroblasts in this study. Despite their
human origin providing a more accurate representation of cardiomyocyte-cardiac fibroblast
interactions of the human adult heart than animal fibroblasts, there are criticisms as to the
relevance of cultured fibroblasts as a model for the native fibroblast phenotype. Our group
reported that fresh and cultured rat fibroblasts have different effects on cardiomyocyte

properties (Cartledge et al., 2015). Paracrine factors from fresh, physiological fibroblasts
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increased cardiomyocyte Ca?* transient amplitude, whereas pathological myofibroblasts
maintained in culture secrete paracrine factors that decrease the Ca?* transient amplitude of
cardiomyocytes. The need to passage the cardiac fibroblasts to achieve a large enough
population for the study may therefore induce changes in the cardiac fibroblast phenotype
that does not represent the native active cardiac fibroblast phenotype.

We should consider the cardiac fibroblasts as a heterogeneous population of cells,
rather than just a quiescent vs active phenotype. In the native myocardium, cardiac fibroblast
secretome changes over the course of pathological activation. Mouton et al., recently
identified that following myocardial infarction, fibroblasts shift from a pro-inflammatory
secretome on day 1 post-myocardial infarction, to a pro-angiogenic secretome on day 3
(Mouton et al., 2019). There is also a lack of consensus on the classification of cardiac
fibroblast phenotype, as discussed in the Introduction. Despite these limitations, the
overarching changes that occur following cardiac fibroblast activation still lends support to
the findings of our study — integrin signalling is the major enriched process for the pan
fibroblast phenotype following myocardial injury and remains enriched up to a week post
injury, indicating that fibroblasts selectively express integrins to adapt to the changing ECM
environment (Mouton et al., 2019).

In our study, inclusion of results from other cell types could strengthen claims that the
effects seen are specific to the fibroblast cell type. In the co-culture experiments of chapter
3, cardiomyocyte-conditioned serum was used as a control for the cardiomyocytes that
underwent optical recording. However, non-myocyte cellular controls different to cardiac
fibroblasts should be used to strengthen the claims that the effects are cardiac fibroblast-
specific. Even with non-myocyte cellular controls, we would still need to consider the
myocardium as a multicellular organ containing all the components shown in table 1.1 and
described in section 1.4.

The purity of fibroblasts and cardiomyocytes used in this study were not formally
assessed. There is general consensus that the techniques for human fibroblast isolation and
hiPSC-CM differentiation and purification generate populations of cells with the
characteristics of fibroblasts and cardiomyocytes, respectively. The explant technique relies
on the expansion of proliferative cells and the assumption is that non-fibroblastic cells are
removed during the passaging of the cultured cells (Huschtscha et al., 2012). The biphasic

manipulation of the Wnt pathway and glucose depletion during stem cell differentiation into
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cardiomyocytes assumes the production of cells with measurable calcium transients are all
cardiomyocytes. However, whether this feature is sufficient to attribute these cells to be
cardiomyocytes is debated (Kane and Terracciano, 2015b).

Currently, there is a lack of agreement on the optimal EV isolation technique.
Differences in the techniques accounts for variable impurities form the same sample but
isolated with different techniques. In our study, we use cultured cardiac fibroblasts that have
undergone passaging. Isolation of fibroblast EVs in the native myocardium would allow us to
investigate if the effects we see in our study are representative of the effects of the native
cardiac fibroblast EVs. However, the high number of EVs required for studies and difficulties

in identifying fibroblast-specific EV markers may be a limiting factor.
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6.5 Future directions

There are several substantial avenues of further investigation following the work of
this project:

In chapter 3, we demonstrated the potential that an elastic, reconfigurable PDMS co-
culture substrate has in investigating the spatial relationship between pure cell populations.
This study used one barrier to investigate the two cell types — cardiac fibroblasts and hiPSC-
CMs- in co-culture. As we know that the two cell types interact bidirectionally, this substrate
can be used to investigate the changes in cardiac fibroblast structure induced by bidirectional
paracrine interactions with hiPSC-CMs, independent from physical contact.

Previous studies have reported a change in cardiac fibroblast phenotype over the
course of injury (Mouton et al., 2019). Future studies could investigate the temporal
dependency in fibroblast phenotype when co-cultured with hiPSC-CMs over different time
periods. This is not possible with the co-culture substrates using porous tissue culture inserts
as this would require fibroblast detachment from the inserts and replating, which would
change the hiPSC-CM phenotype. In addition, our study investigated the co-culture between
two cell types but future studies can utilise more than one barrier to investigate more
complex intercellular interactions e.g. triculture. This would enable us to gain a deeper
understanding of the interactions that occur in multicellular tissue preparations.

The use of fibril-forming integrin ligands with substrate binding properties offers the
opportunity to investigate the effects of integrin binding on cell ultrastructure. We identified
a significant increase in the junctional gap at the CRUs, closer to the values in the healthy
adult cardiomyocyte. This indicates progression in the development of the CRUs, but future
studies should investigate the development and recruitment of accessory proteins to the CRU
to confirm whether the integrin ligands are promoting development of these ultrastructural
domains towards an adult phenotype.

We have implicated fibroblast EV surface proteins and cargo in the fibroblast-
mediated modulation of hiPSC-CM Ca?* cycling in vitro. The relevance of EVs in the
intercellular crosstalk in vivo is yet to be determined. However, we’ve identified that EVs
could be a potential mediator of crosstalk between these two cells and manipulating the
surface proteins and cargo content offers the potential for use as a therapeutic for human

cardiac disease.
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In this project, we have focused on the cardiac fibroblasts and the ECM. However,
endothelial cells and smooth muscle cells also make up a large bulk of the non-myocyte
composition of the native myocardium. Understanding the intercellular interactions in co-
culture with these different cell types, combined with tissue engineering techniques to
implement ECM proteins would enable us to produce a more physiological mechanical and
structural extracellular environment for the cardiomyocytes.

The findings of this study have important implications in the use of hiPSC-CMs in
disease modelling and cell transplantation, as well as identifying therapeutic targets in the
native myocardium. Future work investigating these findings in an in vivo setting would

enable us to determine the implications for these findings for translational medicine.

6.6 Conclusion

In this project, we have demonstrated that human cardiac fibroblasts cause functional
recruitment of the SR Ca?* stores to hiPSC-CM Ca?* cycling, and identified comparable effects
when cultured with integrin ligands, as well as inducing a morphology closer to the healthy,
adult cardiomyocyte. In demonstrating that EVs secreted from human cardiac fibroblast
abbreviate hiPSC-CM CICR, we implicate these as a form of intercellular crosstalk between
the two cell types. We highlight the importance of the cell extracellular environment in
regulating cardiomyocyte function. Future work will delineate the mechanisms by which
these effects are achieved and determine the importance of these in mediating maturation

and maintenance of the mature phenotype and the changes that occur in disease.
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