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Abstract

Heart disease is a burgeoning epidemic in the world today, resulting in an alarming increase
of heart attacks each year. Myocardial infarctions cause irreversible damage to the heart,
motivating the development of innovative therapies. Millions of heart muscle cells, called
cardiomyocytes (CMs), are killed during a heart attack which decreases the functionality of the
tissue. As adult CMs cannot regenerate, the only current treatment to restore contractile function
is whole heart transplant. Human pluripotent stem cell-derived (hPSC-) CMs provide an abundant
source of CMs to replenish those lost during a heart attack. While chemically-defined methods to
produce virtually pure hPSC-CMs have been established, one drawback to these cells is their lack
of maturity. hPSC-CMs are more fetal-like in physiology and functionality compared to their adult
counterparts, resulting in arrhythmias when implanted into primate myocardial infarction models.

Many methods to induce hPSC-CM maturation have been tested, including mechanical
stimulation, electrical stimulation, and coculture with other cell types, yet no method has produced
an adult-like hPSC-CM. Intercellular interactions have proven essential for proper heart formation.
Presently, the cell-cell interactions necessary for CM maturation are unknown. The following work
investigated the interaction of CMs and their progenitors (CPCs) with endothelial cells (ECs) and
epicardial cells (EpiCs), two support cell types found within the heart, to determine if they provide
maturation-inducing interactions. We discovered that EC-induced maturation of hPSC-CMs is
dependent on the stage of differentiation of the CMs; hPSC-CPCs cocultured with ECs induced
heightened maturation compared to cocultured hPSC-CMs. Additionally, we modeled the
interactions of CMs with EpiCs during heart development using two different coculture systems.
One maintained the identity of hPSC-EpiCs throughout the coculture and the second allowed the
EpiCs to undergo an epithelial to mesenchymal transition into other stromal cells while in
coculture with the CPCs. We found that EpiC and EpiC-derived cell cocultures affected CM
maturation, each inducing different phenotypic changes associated with CM maturation. Overall
these studies motivate the inclusion of intercellular interactions during hPSC-CM manufacturing
and demonstrate the importance of integrating these interactions at earlier stages of differentiation
to create mature hPSC-CMs for use in cardiac patches.
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Chapter 1: Engineering Scalable Manufacturing of High-Quality Stem Cell-

Derived Cardiomyocytes for Cardiac Tissue Repair

1.0 Summary

This chapter summarizes the field’s current understanding in the differentiation of human
pluripotent stem cell (hPSC)-derived cardiomyocytes (CMs) and the current limitations in
manufacturing these cells as a potential therapeutic. Recent advances in the differentiation and
production of hPSC-derived CMs have stimulated development of strategies to use these cells in
human cardiac regenerative therapies. A prerequisite for clinical trials and translational
implementation of hPSC-derived CMs is the ability to manufacture safe and potent cells on the
scale needed to replace cells lost during heart disease. Current differentiation protocols generate
fetal-like CMs that exhibit proarrhythmogenic potential. Sufficient maturation of these hPSC-
derived CMs has yet to be achieved to allow these cells to be used as a regenerative medicine
therapy. Insights into the native cardiac environment during heart development may enable
engineering of strategies that guide hPSC-derived CMs to mature. Specifically, considerations
must be made in regards to developing methods to incorporate the native intercellular interactions
and biomechanical cues into hPSC-derived CM production that are conducive to scale-up.

This section was published as “Engineering Scalable Manufacturing of High-Quality Stem
Cell-Derived Cardiomyocytes for Cardiac Tissue Repair” in journal, Frontiers of Medicine, on

April 24" 2018.



1.1  Structural and functional considerations for cardiac tissue regeneration

The heart is a complex organ composed of three layers: the epicardium, myocardium, and
endocardium. Within these layers reside many different cell types including cardiomyocytes,
endothelial cells, smooth muscle cells, epicardial cells, fibroblasts, neurons, and immune cells (1).
Cardiomyocytes (CMs) are the cardiac muscle cells, which provide the mechanical contractile
function in the heart and reside specifically in the myocardium. They make up only 25-35% of the
cells found in the heart (2). There are distinct CM subtypes, including nodal, ventricular, and atrial
CMs, which differentially express over 6,274 genes (3). These CM subtypes originate from
different mesodermal subtype populations and reside in different locations -- ventricular CMs in
the ventricles, nodal CMs in the sinoatrial node, and atrial CMs in the atria (4). Additionally, the
left ventricle pumps blood throughout the body whereas the right ventricle to the lungs. Thus, the
left ventricular CMs must produce higher forces of contraction and require greater oxygen and
nutrient uptake. Conversely, atrial CMs require less force generation to pump blood from the atria
into the ventricles. The contraction of the heart is controlled by the cardiac pacemaker, which is
comprised of sinoatrial-node CMs. These nodal CMs exhibit distinct electrophysiological and Ca?*
handling properties relating to their primarily stimulatory role (5). Thus, the unique functions of
these CM subtypes are not interchangeable.

Throughout development and for normal function, CMs interact with other cell types in the
heart. The epicardial cells, cells that comprise the outer layer of the heart, undergo epithelial-to-
mesenchymal transition both during heart development and repair to produce smooth muscle cells
(SMCs), fibroblasts, and possibly endothelial cells (ECs) (6, 7). These SMCs, fibroblasts, and ECs
interact with CMs in the myocardium to influence their survival and function. The fibroblasts

compromise approximately 20% of the nonmyocytes found in the heart and are primarily



responsible for the extracellular matrix (ECM) deposition in the heart (2, 8). SMCs aid in the
regulation of blood flow in the heart. ECs are the most abundant nonmyocyte cell in the heart,
comprising 60% of the nonmyocytes (2). They line the vasculature and aid in the delivery of
nutrients and removal of waste. Endocardial ECs specifically line the heart chambers and
myocardial ECs comprise the capillaries that directly interact with CMs. Interactions between
these cardiac cell types are necessary to support the contractile function of the heart.

Cardiovascular disease is the leading cause of death globally. In 2015, it contributed to the
death of about 17.7 million people, which accounts for 31% of the total deaths that year (9). This
high mortality rate is caused by the death of millions of CMs, a cell type that has a very low ability
to regenerate to replace damaged areas with healthy cells (10). Valvular heart disease and cardiac
hypertension slowly kill CMs over time (11). In comparison, myocardial infarctions can cause
25% of the CMs in the left ventricle to undergo cell death in just a few hours (11). During an acute
myocardial infarction, a blockage occurs in the blood flow of a coronary artery preventing the
delivery of oxygen and nutrients to the cardiac tissue. The CMs in the left ventricle are most
impacted by heart attacks due to their high demand of oxygen and nutrients. During the heart’s
chronic response to a myocardial infarction, fibroblasts proliferate and form scar tissue, stiffening
the heart wall and disrupting the native conduction system, thereby contributing to the likelihood
of cardiac failure.

Currently, the only method to completely restore cardiac function for extended duration in
patients with advanced cardiac disease is a heart transplant. Alternatively, left ventricular assist
devices can temporarily aid the ability of the heart to function but these devices pose significant
risks for infection and thrombosis (12). Many efforts are being investigated to repair the damaged

cardiac tissue, including creating new heart tissue from stem or progenitor cells or from



reprogrammed somatic cells. Some of the most promising stem cell sources for cardiac tissue
include both human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs).
Other potential cell types that could be used to repair cardiac tissue include the proliferation of a
very rare population of adult cardiac progenitor cells (CPCs) or epicardial cells (10). The potential
of epicardial cells to form CMs in vitro or in vivo remains controversial, but they contribute to
nonmyocyte cell populations in the heart. Also further investigation will be required into methods
to stimulate differentiation of adult CPCs, which have very low rates of CM formation, to realize
their cardiac regenerative potential (10). The main advantage of using stem cells is that they can
be expanded prior to differentiation. Estimates of one billion CMs are required for repair of the
ventricle after a myocardial infarction (13). Unfortunately, human pluripotent stem cell (hPSC)-
derived CMs are immature, exhibiting the structure and function of developing CMs found in a
fetus instead of those in an adult heart (14). On the other hand, reprogramming fibroblasts is a
relatively new and still inefficient method, requiring further characterization of the resulting CMs
to determine their subtype and maturity (15). For these reasons, most research has focused on using

hPSC-derived CMs to replace native CMs cells lost in cardiac diseases.

1.2  Differentiation of hPSCs to CMs

1.2.1 Generation of immature hPSC-derived CMs

Methods have greatly improved to manufacture sufficient quantities of essentially pure CMs from
hPSCs under defined conditions to enable development of cardiac translational therapies. The
original differentiation methods relied on isolating small populations of CMs, typically 1-5% of
cells, which spontaneously formed in embryoid bodies (16, 17). While these initial demonstrations

of CM differentiation generated cells for research purposes, advances in yield and purity were



necessary to generate enough CMs for investigation of their therapeutic potential. Over the past
decade, CM differentiation processes have evolved and become more efficient. Major advances to
this method have allowed the differentiation to be optimized, including the determination of
pathways that are modulated during CM formation in the embryo, the timing at which to induce
these pathway changes, and the ability to activate these pathways in the cells with growth factors
and small molecules as seen in Figure 1.1. In 2007, Laflamme et al. cultured hESCs in a tissue
culture plate coated with Matrigel (18). They obtained purities of ~30% CMs through modulation
of TGFp superfamily signaling using Activin A and BMP4 to induce cardiac mesoderm formation
(18). In a suspension culture, addition of BMP4, bFGF, Activin A, Dkk1, and VEGF at different
stages of differentiation yielded >50% CMs (19). This method was further improved by the
inclusion of dorsomorphin and SC43152 (20). In another 2D differentiation approach, Lian et al.
generated 80-98% pure populations of CMs solely by modulating the Wnt pathway with the small
molecules CHIR99021 and IWP2 (21, 22). Combinations of these strategies incorporated
activation of the BMP pathway along with the Wnt pathway modulation to yield ~90% CMs (23).
Xeno-free differentiation platforms have been developed by adding ascorbic acid and replacing
the B27 supplement with human recombinant alboumin or removing the B27 supplement altogether
(24, 25). These fully-defined, xeno-free methods reduce the variability in media components and
eliminate possible patient immune reactions to animal components in the CM product. These
protocols can serve as templates to enable the production of CMs at a scale required for

regenerative medicines.
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Figure 1.1: Comparison of select directed differentiation protocols for differentiating hPSCs to CMs.



1.2.2 Immature phenotypes of hPSC-derived CMs

The lack of mature, adult-like phenotypes in hPSC-derived CMs is a crucial limitation in
advancing these cells toward clinical therapies. Their fetal-like state has been linked to arrhythmias
after transplantation in large animal models (13). Chong et al. implanted hESC-derived CMs into
infarcted macaque hearts through an intramyocardial injection. The immune-suppressed macaques
that received the injection experienced irregular heart rates, with premature beating and
tachycardia in the ventricle, with one monkey experiencing as many as a thousand non-sustained
ventricular tachycardia episodes in a day. Shiba et al. injected CMs differentiated from MHC-
matched, allogeneic, monkey induced pluripotent stem cells into infarcted hearts of Filipino
cynomolgus monkeys (26). Though the grafts were not rejected and the CMs were able to integrate
into the myocardial tissue partially restoring the heart, all the monkeys receiving CMs also
experienced ventricular tachycardia episodes for up to 24 hours per day. In both studies, the
arrhythmias decreased in frequency over time, perhaps due to a degree of in vivo maturation. For
cell safety and efficacy, these hPSC-derived CMs must be matured enough to significantly reduce
the potential to induce arrhythmias upon transplantation.

The hPSC-derived CM immature phenotype is characterized by a difference in marker
expression, electrical and mechanical functionality, metabolism, calcium handling, and
morphology in comparison to adult CMs, as summarized in Table 1.1. Structurally, hPSC-derived
CMs are smaller, rounded cells, which more closely resemble embryonic CMs (27). In comparison,
adult CMs have a much more elongated, rod-like shape as seen in Figure 1.2 (28). Around 30%
of adult CMs are multinucleated (29). Additionally, major changes affecting CM contractility
occur in the organization of the CM sarcomeres and myofibrils during maturation (30). The

anisotropic alignment of adult CMs is important to allow efficient propagation of electrical signals



(31, 32). These are aided by the formation of connexin-43 (Cx43)-containing gap junctions
between the cells (33).

Many CM genes are more highly expressed in adult CMs than in hPSC-derived CMs. These
genes encode ion channels, calcium regulators, sarcoplasmic reticulum transporters, and
sarcomeric proteins including, but not limited to: CACNALC, HCN4, SCN5A, ATP2A2, MYL2,
TNNI3, ACTN2, MYH7, MYL3, TNNC1, TNNT2, KCND3, and KCNH2 (34). Expression of
different isoforms of sarcomeric proteins switch during CM maturation. Immature CMs express
the slow skeletal isoform of troponin I (TNNI1) while more mature cells express the cardiac
isoform (TNNI3) (35). Ventricular CMs primarily express MLC-2a and B-MHC early in
development but upregulate MLC-2v and B-MHC as they mature (36). hPSC-derived CMs
spontaneously beat while adult ventricular CMs are quiescent, requiring pacing by the nodal CMs
(37). Also, the primary mode of carbon metabolism of CMs changes from glucose oxidation to
fatty acid B-oxidation during development (38). The force of the adult CM contraction is on the
order of uN, much larger than the reported hPSC-derived CM force of ~30 nN (39, 40).

hPSC-derived CMs have very immature, irregular electrophysiological responses. Their
upstroke velocity ranges from 2 to greater than 200 V/s in comparison to 300 V/s in adult CMs
(41). The immature CMs have reduced excitation-contraction coupling and a higher resting
membrane potential of -58 mV, compared to the adult CM resting membrane potential of -80 mV
(37). hPSC-derived CMs lack T-tubules, which aid in rapid signal transmission between cells
through the sarcoplasmic reticulum (28). Instead, hPSC-derived CMs rely on trans-sarcolemmal
calcium influx (28), which results in a reduced conduction velocity of 2.1-20 cm/s compared to

41-84 cm/s in adult CMs (42-44).



Table 1.1: Comparison of hPSC-derived CMs and adult CMs to demonstrate the changes during

maturation.
Differences between hPSC-derived CMs and Adult CMs
hPSC-derived CMs Adult CMs
Cell Structure and Organization
Round Rod-like
Cell Shape -
P Mono-nucleated 30% Multinucleated
Cell Alignment Disordered Anisotropic alignment
Disordered I bands, M lines, A bands, Z bands,
Sarcomere Structure .

sarcomere and Intercalated Discs

Sarcomeric Gene and

Low expression

High expression of MYL2,
TNNI3, ACTN2, MYH7, MYLS3,
TNNC1, TNNT2

Protein Expression MLC-2a MLC-2v (ventricular CMS)
a-MHC B-MHC
ssTnl cTnl
Electrophysiology
Upstroke velocity 2 to >200 V/s 300 V/s
Resting-Membrane Potential -58 mV -80 mV

lon channel Gene Expression

Low expression

High expression of CACNA1C,
HCN4, SCN5A, ATP2A2,
KCND3, and KCNH2

Contractility

Excitation-Contraction Coupling spo%l?zglecgﬁflt:ggt’ing High coupling, quiescent
Contraction force ~30 nN on the order of uN
Gap Junctions Low expression High expression, including
connexin-43
Ca2+ Handling
T-tubules Not present Present
Conduction Velocity 2.1-20 cm/s 41-84 cm/s
Metabolism Glucose oxidation Fatty acid f-oxidation
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Figure 1.2: Comparison of hPSC-derived CMs and adult CMs demonstrating the structural and
organizational changes during maturation.
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One strategy to induce maturation of hPSC-derived cells involves implanting immature
cells invivo. This method has proved effective in maturing other hPSC-derived cell types including
neural stem cells and pancreatic beta cell progenitors. For example, hESC-derived neural stem
cells were implanted into C5 spinal cord lesion sites and increasing numbers of cells producing
NeuN, a mature neural marker, were found throughout the following year (45). In addition, hRESC-
derived pancreatic progenitors differentiated into mature insulin-producing B-cells that expressed
prohormone convertase enzymes upon implantation below the left kidney of immune-deficient
mice (46, 47). Indeed, there is evidence that hPSC-CMs undergo a degree of maturation after
implantation to the heart. For example, Kadota et al. demonstrated that implantation of CPCs and
CMs into adult rat hearts exhibited maturation over time, as assessed by CM cell size, sarcomere
length, and cTnl expression (48). However, after three months these cells had not yet reached the
size of the rat CMs, suggesting they were still relatively immature. Some maturation was also seen
over time in hESC-derived CMs grafts that were implanted in the macaques after they underwent
an induced myocardial infarction, though many of the cells in the center of the grafts remained
immature (13). The transplanted CMs in the graft core were not fully aligned, displayed low a-
actinin expression and were much smaller than the hESC-derived CMs at the edge of the graft.
Even if it were effective, implantation of hESC-CMs in an animal does not represent a realistic
approach to scaling manufacturing of cells for human therapeutics. Therefore other methods must

be pursued to mature hPSC-derived CMs in order to improve their safety and efficacy.

1.2.3 Design considerations to induce hPSC-derived CM maturation
A tradeoff between functional maturity and engraftment efficiency complicates selection

of an ideal maturation state for transplanting hPSC-CMs. Funakoshi et al. reported that immature
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day 20 iPSC-derived CMs injected intramyocardially into mouse hearts engrafted to a greater
extent than more mature day 30 CMs, based on the number of human CMs found throughout the
heart two months after transplantation (49). Testing on large animal models with a more similar
physiology to human hearts will need to be done to determine the level of maturation that would
be optimal for both integration and functional improvements in developing human cell-based
therapies. Towards the goal of developing transplantable human iPSC-derived organs, Wu et al.
are developing human-pig chimeras by incorporating human iPSCs into the inner cell mass of a
pig blastocyst (50). Additionally, standardized maturity metrics are needed to compare how
different signals and environments affect hPSC-CM maturation. Bedada et al. profiled the switch
in expression of ssTnl to the cardiac isoform cTnl through cardiac development (35). Mouse stem
cell-derived and rodent neonatal CMs exhibit significant levels of cTnl but human iPSC-derived
CMs predominantly expressed ssTnl even after 9.5 months in culture. They suggested that the ratio
of cTnl:ssTnl may serve as a useful marker for later stages of hPSC-derived CM maturation (35).
However, the relationship between cardiac gene isoform switching and electromechanical and
metabolic phenotypes has not yet been established. While determining the extent of maturation
that leads to optimal regenerative performance and setting benchmarks to define when this level
has been reached will be important steps toward creating cardiac cell-based therapies, a significant
number of studies have been performed to attempt to accelerate maturation of hPSC-derived CMs
through both biochemical and biophysical methods.

Several strategies to enhance maturation of hPSC-derived CMs have been described in
recent years, with limited success in terms of rate and extent of maturation achieved. Both
Ivashchenko et al. and Lundy et al. characterized the temporal changes in iPSC-derived CM

maturation throughout time in culture, up to 80 days and 120 days respectively (51, 37). Though
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the cells increased in size, organization, sarcomere length, expression of key cardiac genes,
responsiveness to ion channel activators and inhibitors, and electrophysiology, they were still
immature compared to adult CMs. Even though extended culture can be an effective strategy to
mature hPSC-derived CMs, the amount of time required is generally not compatible with
manufacturing timelines. Strategies to accelerate the rate of maturation include mechanical
stimulation, electrical stimulation, altering ECM composition and substrate stiffness, directing
cellular alignment, and coculture of the CMs with the other cell types prominent in the heart. These
strategies provide differentiating CMs with cues found in the developing heart environment and

their ability to induce maturation will be discussed in detail in Section 6.

1.2.4 The impact of nonmyocytes on hPSC-derived CM maturation

In a developing heart the CMs are in direct contact with and receive soluble cues from a
variety of other cell types including fibroblasts, SMCs, ECs, and epicardial cells. In fact, when
these interactions are eliminated in mouse embryos, the heart is unable to form correctly. For
example, when Luxan et al. specifically inactivated Delta-Notch pathway components Mibl or
Jagl in mouse myocardium or Notchl in the endocardium, the resulting hearts demonstrated left
ventricular non-compaction cardiomyopathy (52). Similarly, Lavine et al. found Fgf9 upregulation
in both mouse endocardium and epicardium (53). Fgf9 knockout resulted in decreased CM
proliferation and dilated cardiomyopathy, a result that was also achieved by knocking out
myocardium-specific expression of the receptors Fgfrl and Fgfr2.

As in vitro CM differentiation processes have evolved to become more efficient, signals
from other cell types in a more heterogeneous population have been lost, perhaps altering the

ability of the CMs to achieve mature phenotypes. For example, Kim et al. purified hESC-derived
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CMs from embryoid bodies (EBs) at different time points and further cultured the cells to 60 days
(54). The CMs maintained in culture with non-cardiomyocytes for longer time displayed enhanced
maturation, including elevated expression of cardiac ion channels, electrophysiological maturity,
and responsiveness to HCN, Na*, and Ca?* ion channel blockers, compared to CMs purified earlier.
It is not clear why CMs cultured with non-cardiomyocytes for longer time achieved greater
maturation than the CMs in monoculture. EBs are known to contain many cells types in addition
to CMs, including endodermal, ECs, neural crest, and epicardial cells (53). With <7% of the EB
composition being CMs, this study suggests that nonmyocytes may play an important role in
phenotypic maturation of hPSC-derived CMs.

In tissue development and maintenance, cells interact in a variety of manners including
autocrine and paracrine signaling, juxtacrine and biomechanical cues, and through remodeling of
ECM components as shown in Figure 1.3. Identifying how various cardiac cell types impact CM
phenotypes will be important for designing appropriate coculture systems that stimulate maturation
of hPSC-derived CMs in a manufacturing setting. Some cues, such as soluble factors, are amenable
to scale-up, while others like electrical and mechanical signals are more complicated to integrate
into a bioreactor. The remainder of this review will focus on our current understanding of the role
of both intercellular interactions and acellular methods to induce maturation in hPSC-derived CMs
and cardiac tissues and discuss the logistics of incorporating these interactions into scalable CM

manufacturing processes.

1.3 Mimicking intercellular interactions via soluble factors and ECM
The simplest method to incorporate intercellular signals into the production of CMs would

be through the addition of soluble factors into the differentiation platform. If the pathways or
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molecules through which various cardiac cells interact with CMs to accelerate maturation were
identified, then these signals or other molecular modulators of these pathways could be introduced
into the culture at specific times by manipulating medium composition. Additionally identification
of the defined, cardiac-tissue inspired ECM for hPSC-derived CM maturation could mitigate the
need to integrate other cell types into the production hPSC-derived CMs. A summary of the
methods to induce maturation, shown in Figure 1.4, and their effects on specific CM phenotypes

can be seen in Table 1.2.

1.3.1 Interactions with fibroblasts

Fibroblasts are a vital cell type for cardiac function and may be essential for cardiac
maturation. They are responsible for secretion of growth factors, ECM deposition and remodeling,
and even connect to CMs through connexins to aid in electrical signal propagation (55). Several
studies have employed different methods and platforms to simulate and incorporate coculture of
different fibroblast populations with either hPSC-derived or neonatal CMs. Culturing rat neonatal
CMs in rat neonatal cardiac fibroblast-conditioned medium induced proarrhythmic changes (56).
After 24 hours in the conditioned medium, the CMs had a prolonged action potential duration and
a slower conduction velocity, measured by single-cell electrophysiology, compared to the
unconditioned  control,  suggesting the fibroblast-conditioned  medium  impeded
electrophysiological maturation. This adverse effect was not seen when the CMs were able to
interact with the cardiac fibroblasts in a noncontact coculture (56). In contrast, the noncontact
coculture appeared to enhance structural maturation of the CMs, increasing CM cell size and
expression of B-MHC, suggesting that intercellular crosstalk is important in regulating the signals

between the fibroblasts and CMs for CM maturation.
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Table 1.2: Summary of improvements to maturation phenotypes through different cues. + symbolizes an
improvement of maturation, 0 is no significant improvement, - is a decrease in maturation. If left blank,
then that type of analysis was not reported.

Methods to Induce hPSC-derived CM Maturation

% E S o E 5
= , 2 5§52 = © §%2

= = g § 58 8 28 £ &

O O O] n n o [3) L =0 (@) (@)
Cell-secreted factors
Fibroblast conditioned media (56) + 0 -
Indirect fibroblast coculture (56) +
EC-lysates (61) +
EC-conditioned media (61) 0
EC-conditioned media (62) 0 0
Juxtacrine
Direct fibroblast coculture on fibroblast ECM in comparison .
to indirect coculture (58)
Direct EC coculture (61) + o+ + o+ +
Direct EC coculture (62) + o+
Fibroblast and EC coculture (78) + o+ o+ + + +
Fibroblast and EC coculture (79) + + + o+
Direct EC coculture (91) + - 0o+ +
Extracellular Matrix
Fibroblast-deposited ECM (58) + + +
EC-deposited ECM (61) 0
Decellularized adult bovine heart ECM in comparison to . . .
decellularized fetal heart (97)
Metabolite and Hormone
Tri-iodo-I-thyronine (14) + + - + + o+
Glucocorticoid signaling (64) + 0 + o+
Galactose and fatty acid carbon source (67) + o+ + 0+ + o+ o+ + o+
Biomechanical
Cyclic stretch (92) + 4+ + +
Cyclic Stretch with fibroblasts and ECs present (86) + + + o+
Cyclic stretch (93) + o+ o+ + + +
Culture on soft PDMS in comparison to glass (98) + + + +
Culture on aligned fibers (99) + + + + 4+
Electrical
Electrical pacing (94) + + + o+ +

Electrical pacing (95) + o+ o+ + + + o+
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The cardiac ECM is important for distributing mechanical forces, conveying biochemical
and biomechanical signals, and providing structural integrity to the surrounding tissue (55). Since
it is essential to transmitting signals between CMs and the neighboring tissue, the ECM
composition likely impacts the ability of hPSC-derived CMs to mature. Thus, it is likely a direct
coculture or culture on fibroblast-derived ECM can influence hPSC-derived CM cell states (57).
Indeed, Suhaeri et al. developed a scaffold coated with mouse fibroblast-deposited ECM that,
when used to culture hESC-derived CMs, caused enhanced maturation as demonstrated by
enhanced transcription of TNNT2, upregulation of Cx43 and a-actinin expression, and increased
cell length-to-width ratio (58). Rat neonatal CMs also exhibited enhanced cardiac gene and protein
expression, cell hypertrophy, increased sarcomere length, and more extensive cell multinucleation
in both direct contact and noncontact cocultures with fibroblasts while cultured on fibroblast-
derived ECM. While the neonatal rat CMs approached adult-like phenotypes with respect to cell
shape and electrophysiology, the hESC-derived CMs remained more similar to embryonic CMs in
their shape. Minimal differences were seen between the contact and non-contact neonatal CM-
fibroblast cocultures on fibroblast-derived ECM (58).

Together these studies demonstrate that a noncontact coculture with fibroblasts and
fibroblast-derived ECM can enhance CM maturation and can recapitulate the majority of effects
from a direct contact coculture, pointing toward ECM deposition and remodeling along with
paracrine secretion being the main methods of interaction between the fibroblasts and CMs for
CM maturation. While known paracrine factors could be added to culture media, cell-deposited
ECM could be introduced into large-scale production through either direct coculture, co-
differentiation, or through pre-depositing ECMs onto the substrate before introducing the CMs

into the culture.
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No evidence so far indicates the necessity of having direct cell-cell contact between CMs
and fibroblasts, though incorporation of fibroblasts directly into culture with CMs would allow the
fibroblasts to deposit their ECM and secrete paracrine factors. It is also not yet evident whether
cardiac-specific fibroblasts affect CM maturation to a greater degree than fibroblasts harvested
from other tissues. Cardiac fibroblasts are largely responsible for synthesizing cardiac ECM
components, including collagens | and I1l which together comprise 91% of the total collagen in
the heart (8). The ECM also includes CM-produced collagen IV and other components including
collagen V and VI, fibronectin, laminin, elastin, and fibrillin (57). Unlike other fibroblasts, cardiac
fibroblasts specifically express DDR2 (57). In addition to other paracrine and juxtacrine
interactions, further research should investigate cardiac fibroblasts, in comparison to others found
in the body, to determine the specific factors and ECM components they produce to accelerate

maturation of hPSC-derived CMs.

1.3.2 Interactions with ECs

As the most numerous cell type in the myocardium besides CMs, ECs are in close contact
with CMs throughout heart development, delivering nutrients and removing wastes via the
circulatory system (2). EC-derived factors may also regulate development and maturation of CMs.
For example, endocardial ECs have been shown to produce neuregulin-1, a paracrine signaling
factor that can induce electrophysiological maturation in hPSC-CMs (59, 60). To investigate
whether rat arterial ECs could enhance hPSC-derived CM maturation, Lee et al. incorporated
either EC lysates, EC-generated ECM, or EC-conditioned medium into the CM culture in addition
to direct contact coculture of two cell types (61). Both direct coculture and EC lysates enhanced

CM maturation, including better-organized sarcomeres, greater cell elongation and alignment, and
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improved Ca?* handling, compared to CMs in monoculture. However, EC-conditioned medium
and EC-derived ECM had no detectable effect on maturation. Additionally, they found that the
EC-induced changes in CM maturity were not replicated by mouse cardiac fibroblast coculture
(61). ECs from rat fat, aorta, and heart induced similar effects on CM maturation, suggesting that
the EC-derived effects on CM maturation are a general endothelial property. Direct EC coculture
and EC lysates induced the CMs to upregulate expression of four specific microRNAs, miR-125b-
5p, miR-199a-5p, miR- 221, and miR-222. Transfection of these microRNAs into CMs induced a
degree of CM maturation, although not to the same extend as direct EC coculture (61). Adding
microRNAs or other genetic targets of maturation pathways may be a facile method to simulate
the effects of coculture in a CM manufacturing process, although more research is necessary to
determine the mechanisms by which CMs sense and respond to cues produced by other cardiac
cell types. Further investigation by Pasquier et al. saw improvements in the chronotropy and
synchrony of hESC-derived CMs when in direct coculture with E4orfl-transfected human
umbilical vein ECs in comparison to both EC-conditioned media and monoculture (62). This study
further suggests the importance of juxtacrine signaling between the ECs and CMs for CM
maturation. Notably, ECs also may aid in CM survival after transplantation due to their ability to
vascularize the tissue and therefore are important to include in cardiac regenerative therapies in

addition to possible CM maturation effects.

1.3.3 Hormone and metabolite induction of hPSC-CM maturation
Alternatively, biochemical activation of cardiac maturation pathways may be an effective
strategy for manufacturing more mature CMs. Tri-iodo-I-thyronine (T3), a hormone synthesized

by the thyroid, has been shown to decrease fetal gene expression and induce an isoform switch
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from fetal to adult titin in embryonic rat CMs (63). T3 treatment increased iPSC-derived CM cell
size and elongation, increased contractility, and increased sarcomere length after 1 week compared
to untreated iPSC-derived CMs when the cells were treated with the compound for a week (14).
Interestingly, expression of a-MHC was substantially upregulated following T3 treatment, which
may indicate specification to atrial CMs. Kosmidis et al. investigated the ability of glucocorticoid
signaling, which is known to enhance maturation of all organs in the fetus, to mature hPSC-derived
CMs (64). Treating hESC-derived CMs with the synthetic glucocorticoid dexamethasone
increased sarcomere length and force of contraction. A combination of dexamethasone and T3
applied to human iPSC-CMs cultured on a Matrigel substrate induced t-tubule network formation
and enhanced excitation-contraction coupling (65). Lastly, it may be possible to induce hPSC-
derived CM maturation through the metabolites provided in the culture media. Bhute et al. found
a substantial shift in the metabolism of the hESC-derived CMs as they aged from 1 month to 3
months old in vitro (66). Aging in culture significantly upregulated phospholipid metabolism,
pantothenate and Coenzyme A metabolism, and fatty acid oxidation and metabolism. It may be
possible to induce these changes by altering media formulations. Indeed, Correia et al. found that
switching to a medium containing galactose and fatty acids as primary carbon sources, rather than
of glucose, forced the hPSC-derived CMs to mature at a faster rate (67). These cells demonstrated
enhanced contractility, calcium handling, and a more elongated cell shape than CMs cultured in
medium containing glucose. Altogether these studies illustrate the potential of regulating hPSC-
derived CM maturation via known molecular and metabolic modulators of heart maturation.
Addition of galactose and fatty acids along with T3 and dexamethasone could easily be
incorporated into large-scale production of hPSC-derived CMs through culture media

optimization.
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1.4  hPSC-derived CM maturation in microtissues

While the addition of soluble factors or fibroblast-derived ECM may not be sufficient to
fully mature hPSC-derived CMs, these strategies represent a step in the right direction. Signaling
through direct cell-cell contact is also important for cardiac maturation. Also, incorporating hPSC-
derived CMs into a scaffold with other cell types may enhance engraftment and survival in vivo
(68). For these reasons, cardiac microtissues have been investigated as potential regenerative
therapies. To create these microtissues, researchers have combined fibroblasts, SMCs, and ECs
with CMs by separately differentiating the cells from stem cells or harvesting them from primary
sources, and then constructing the tissue. Initially the strategy to combine multiple cell types into
a cardiac microtissue was explored to enhance CM survival and engraftment after transplantation,
but effects of intercellular interactions on CM phenotypes were observed in these tissues.
Alternatively, it may be possible to use the innate ability of certain CPCs to create a microtissue
in which the different cardiac cell types spontaneously organize as they differentiate, which will
be discussed in Section 5.

In the past few years, hPSC differentiation protocols have been developed to generate
relatively pure populations of multiple cardiac cell types in addition to the CMs described in
Section 1.2.1. Pure populations of CD34+ cells, which can give rise to both ECs and SMCs, are
obtainable using either MEK/ERK and BMP4 pathway or Wnt pathway activation, followed by
magnetic activated cell sorting (MACS) (69, 70). Lui et al. used VEGF-A to drive the formation
of cardiac-specific ECs from IsI1* CPCs (71). Purification of CD31+CD144+ cells was achieved
by FACS with antibodies for both CD31+ and CD144+ surface markers. Epicardial cells and their
derivatives have also been differentiated from hPSCs via an Isl1*Nkx2-5* progenitor. lyer et al.

utilized the WNT3A, BMP4 and RA pathways to create WT1+ epicardial cells whereas Bao et al.
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generated similar cells by stage-specific modulation of the Wnt pathway (72, 73). The resulting
epicardial cells were 80-100% pure and could undergo epithelial-to-mesenchymal transition using
TGFp1 together with PDGF-BB or bFGF to generate SMCs and FGF treatment to create
fibroblasts (6, 73). Bao et al. also demonstrated that hPSC-derived epicardial cells have the
capacity to differentiate to cells expressing endothelial markers after VEGF treatment, but this
process remains inefficient (74). hPSC-derived epicardial cells may be differentiated to epicardial-
derived cells and then combined with hPSC-derived CMs to form cardiac tissues, or hPSC-derived
epicardial cells may be directly incorporated into the cardiac tissues.

Initial attempts to generate cardiac tissues often utilized primary cells as a proof of concept
to demonstrate the benefits of including these cells into microtissues in comparison to a CM-only
graft. For example, Stevens et al. found that incorporation of human umbilical vein endothelial
cells (HUVECs) and mouse embryonic fibroblasts (MEFs) into spheroids containing hESC-
derived CMs greatly enhanced the survival of the CMs after transplantation into nude rat hearts
(75). Invitro, ECs have the capacity to form tube-like vascular structures, though they are generally
unstable and often require specific growth factors and 3D ECM or other scaffolds to form. In the
presence of fibroblasts, these vascular-like structures were able to form and were maintained and
stabilized without specific growth factor supplementation (76). When MEFs were cocultured with
hESC-derived ECs and CMs on Matrigel in poly(lactic-co-glycolic acid) sponges in vitro, the
stability of the tubes was enhanced and the CMs exhibited increased proliferation and expression
of MLC-2v (76). Inclusion of ECs aided CM survival after transplantation of hESC-derived
cardiac patches over the anterior cardiac wall of infarcted rat hearts (75, 77). The vascular
structures in the patch were able to connect to the host capillaries as shown by the staining of

Indian ink that was injected into the inferior vena cava (77) and by the presence of leukocytes and
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Ter-119-positive red blood cells inside the vessels (75). It is not entirely clear whether the EC-
mediated vascularization improved CM survival by enhancing delivery of oxygen and nutrients to
the graft, or if paracrine and juxtacrine signaling influenced CM fate.

Additionally, combining multiple different cardiac cell types into cardiac tissue constructs
has elicited greater maturation than individual cell types, suggesting additive or synergistic effects.
Vuorenpéa et al. found that fibroblasts together with ECs helped mature CMs (78). They seeded
HUVECSs and human foreskin fibroblasts first, allowing the cells to spontaneously form a vascular-
like network in the culture dish, before adding iPSC-derived CMs. This caused the resulting CMs
to orient longitudinally and to become larger. In a similar experiment, Ravenscoft et al. cultured
human primary cardiac fibroblasts and ECs with hESC-derived CMs for two weeks (79). The
resulting CMs exhibited increased contractile response to drugs targeting the Bl-adrenergic
receptor, EGFR-1/EGFR-2 receptor, or Na/K+ ATPase and the increased expression of S100A1,
TCAP, PDE3A, NOS3 and KCND3 in comparison to either a monoculture or the combination of
CMs with either ECs or fibroblasts alone. This response to the pharmacological agents was elicited
by cardiac-specific fibroblasts and ECs, but not dermal fibroblasts or ECs, further suggesting a
unique capacity for cardiac-specific cells in maturing hPSC-derived CMs. Though cardiac
fibroblast and EC coculture improved gene expression in the CMs, they were still much more
representative of fetal CMs than adult CMs.

Further microtissue design and evaluation should test the ability of hPSC-derived cell types
to improve the functionality of hPSC-derived CMs. Production of cardiac tissues containing
multiple cell types including ECs, fibroblasts, and possibly SMCs or epicardial cells will need to
be investigated and optimized. These cardiac microtissues will likely need additional exogenous

stimulation via biochemical and/or biophysical cues to achieve sufficient maturation.
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1.5  Creating cardiac tissues via morphogenesis of CPCs

Instead of independently differentiating various cardiac cell types then combining them to
create a cardiac microtissue, it may be advantageous to start with a CPC that can form the desired
cell types and differentiate these progenitors in such way that they form organized cardiac
structures. If differentiation can be spatially and temporally controlled, one may be able to
manufacture cardiac tissues similar in composition and structure to the native myocardium,
incorporating key factors that impact CM maturation and survival upon engraftment.

The adult heart contains rare populations of adult CPCs that can differentiate into CMs,
ECs, SMCs, and fibroblasts (80). Different markers have been used to identify these adult CPCs
including Sca-1 and c-kit, with consensus still needing to be reached on each populations’ potential
to form cardiomyocytes (80-82). Alternatively, CPCs found during development and
differentiation of hPSCs to CMs are characterized primarily by the expression of Nkx2.5, Isl1,
FIk-1/KDR, and PdgfR-a (20). These hPSC-derived CPCs are multipotent and can further
differentiate to epicardial cells, ECs, SMCs, and CMs in vitro (71, 73, 83-85). While these CPCs
have the capacity to form myocardial cell types, this potential has not yet fully been harnessed to
manufacture cardiac tissues in vitro. Ruan et al. utilized an hPSC-derived KDR*PDGFRa"
progenitor to create cardiac tissue constructs, co-differentiating the CPCs in a medium containing
VEGF into CMs, SMCs, and ECs, which organized into vascular structures containing lumens
(86). Interestingly, 3D differentiation favored CM generation while tissues differentiated in 2D
contained a much greater SMC population. One caveat in using the CPCs for engineering cardiac
tissues is that it is difficult to fully control the differentiation, with up to 40% of their constructs
composed of unidentified cell types (86). Though use of hPSC-derived CPCs may provide a

seemingly facile, development-inspired approach for engineering myocardial tissues, progress
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must be first made to understand how to expand and control differentiation of these cells in vitro
to generate sufficient quantities of therapeutically relevant cardiac tissues.

In fact, several recent advances in expanding and differentiating CPCs have opened the
possibility of implanting CPCs for cardiac regeneration. Isolating CPCs from cardiac tissue and
expand these CPCs in vitro is challenging (87). Only recently, Birket et al. discovered that by
genetically modifying hESCs to allow doxycline-induced MYC expression, the CPC population
could be maintained for up to 40+ doublings with the addition of IGF-1 and a hedgehog agonist
(88). Though the genetic modification to stimulate MYC expression may limit the potential to use
these cells in regenerative therapies, they will likely prove beneficial to study mechanisms of self-
renewal and differentiation fates. Alternatively, two teams have reported methods to reprogram
murine fibroblasts into induced CPCs (iCPCs) that can be expanded in vitro (15, 89). Lalit et al.
induced expression of the cardiac transcription factors and chromatin regulators Mespl, Gata4,
Tbx5, Baf60c, and Nkx2-5 in the fibroblasts (15). Zhang’s method utilized the small molecules
B431542, CHIR99021, parnate, and forskolin together with induced expression of Oct4 (89, 90).
Both methods resulted in FIk-1"PdgfR-a* iCPCs which were purified and then expanded in
medium containing Wnt and JAK/STAT pathway activators (15) or containing BMP4, Activin A,
a Wnt inhibitor, and an inhibitor of FGF, VEGF, and PDGF signaling (89). When transplanted
into mouse hearts, these cells exhibited the capacity to differentiate into SMCs, ECs, and CMs, but
did not form teratomas. The expandable iCPCs generated tissues comprised of approximately 60%
SMCs, 7% ECs, and 30% CMs (89). This propensity to differentiate to SMCs may be a
consequence of the fibroblast origin of the iCPCs. Lastly, reprogramming of fibroblasts to iCPCs
has not yet been demonstrated in human cells and further characterization of the resulting CMs

need to be done to determine their subtype specificity and maturity. Therapeutic delivery of
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reprogrammed iCPCs may eliminate the need to terminally differentiate stem cells to cardiac cell
types in vitro, but we need a better fundamental understanding of how to control differentiation
fates and tissue morphogenesis in order to reliably manufacture structurally organized and
functional cardiac tissues from iCPCs.

This concept of co-differentiation was used to direct hRESCs to a mixed population of CMs
and ECs using culture conditions permissive for differentiation to both cell types (91). Addition of
VEGEF at the same time as inhibition of Wnt signaling generated a population comprised of ~50%
CMs and ~16% cardiac-specific GATA4+ ECs by day 10 after initiation of differentiation. It is not
clear whether the VEGF directed a cardiac progenitor to an endothelial fate or provided a selective
growth advantage to ECs in the differentiating culture. The CMs and ECs were purified then
recombined to form a cardiac microtissue with enhanced CM maturity in their ion channel gene
expression which was upregulated compared to CMs alone. These microtissues formed from co-
differentiated CMs and ECs also exhibited increased sensitivity to the Ca?* inhibitor verapamil
and the B-adrenoreceptor agonist isoprenaline, signs of functional maturation. In contrast, the
microtissues formed from co-differentiated CMs and ECs contained a lower cTnl:ssTnl ratio than
the CMs alone, suggesting that co-differentiation did not induce myofilament maturation.

Co-differentiation allows cross-talk between developing cell types throughout the
differentiation process, similar to what occurs in the embryonic heart during development, while
combining cells after differentiation may fail to provide intercellular differentiation and maturation
cues during the most impactful developmental stages. However, co-differentiation will likely be
more difficult to implement in a manufacturing setting because of challenges in controlling the
ratio and organization of multiple cell types and the potential need to purify and recombine cells

into tissues if they do not spontaneously assemble into appropriate structures. With enough control
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of the differentiation and morphogenesis processes, it may be possible to engineer the cells to
autonomously form organized cardiac tissue structures, enhancing their function and ability to
engraft into an adult heart. Further research will be needed to achieve this level of control through
design of effective strategies that permit the formation of structured tissues from mixed

populations of differentiating cardiac cells.

1.6 Incorporation of acellular methods to induce hPSC-derived CM maturation

While intercellular interactions play crucial roles in cardiogenesis, providing these signals
during differentiation and subsequent culture of hPSC-derived CMs will likely be insufficient to
fully mature the CMs. Other microenvironmental cues, including mechanical forces, electrical
stimulation, and ECM composition and mechanical properties also regulate CM phenotypes. Here
we will discuss how these cues impact hPSC-derived CM phenotypes and how they can integrate
into a CM manufacturing process. These cues and their effects on specific CM maturation
phenotypes are shown in Table 1.2.

The contractile forces generated by the heart are necessary for cardiac homeostasis and
impact heart development. To investigate the role of stresses on hPSC-derived CMs, Tulloch et al.
assessed the effects of cyclic and static stresses on these cells (92). The cells were cast into a gel
which was attached to a flexible silicon surface. Mesh tabs were used to introduce static stress
whereas the deformable silicon substrate was stretched to induce cyclic stresses. Both cyclic and
static stresses induced sarcomere organization, CM enlargement and alignment, and increased
expression of MYH7, CACNALC, RYR2, and ATP2A2 (92). Cyclic stretch on the CMs cultured
with HUVECs did not further enhance maturation in comparison to the monoculture though the

cocultured CMs demonstrated increased DNA synthesis (92). By using CPCs to co-differentiate
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SMCs, ECs, and CMs together, Ruan et al. tested the effects of cyclic stretching on the resulting
cardiac tissue constructs. Cyclic stretch increased the tissue stiffness and, in the hPSC-derived
CMs, expression of cTnT, ratio of B-MHC:a-MHC, and cell contractility (86). Alternatively, Mihic
et al. incorporated hESC-derived CMs into a gelatin sponge which could then be physically
stretched and saw increased expression of the proteins Cx43 and MLC-2v and the genes
CACNAILC, SCN5A, KCNJ2, KCNH2, MYHY7, and faster Ca2+ handling (93). Incorporation of
mechanical stresses into scalable CM manufacturing processes will likely prove challenging,
although these cues may be effective when applied to cardiac tissues and might not be necessary
during the CM differentiation phase of manufacturing.

Chan et al. employed electrical conditioning to simulate the cardiac conduction system
signaling that developing myocytes are exposed to in the embryo in an effort to mature hESC-
derived CMs (94). Electrically-paced CMs demonstrated increased spontaneous and caffeine-
induced calcium flux and upregulated expression of cardiac genes including SCN5A, ATP2A2, and
KCNH2, suggesting enhanced electrophysiological changes in ion channel expression. Eng et al.
further demonstrated the ability of electrical conditioning to enhance CM expression of cTnl and
Cx43, and increase the fraction of rapidly depolarizing cells through inducing expression of
KCNHZ2, a gene that encodes a potassium channel responsible for the ability of hPSC-derived CMs
to adapt their autonomous beating rate to the rate of the stimulation (95). The ability to respond to
signaling provided by the conduction system rather than to follow intrinsic pacing may reduce the
risk of arrhythmias after cells are implanted.

The composition and mechanical properties of the ECM and cell microenvironment
impacts hPSC differentiation and cell phenotypes (96). Decellularized tissues provide 3D scaffolds

with the composition and structure of native ECM. Fong et al. cultured iPSC-derived CMs in
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decellularized fetal and adult bovine hearts in 3D culture (97). The decellularized adult heart ECM
was found to be 10-fold stiffer than the decellularized fetal hearts and resulted in more extensive
CM maturation, with increased expression of JCN, CACNA1C, GJAL, and CASQ2, compared to
the CMs in decellularized fetal hearts. Herron et al. found that plating iPSC-derived CMs on soft
PDMS gels increased cell size, Cx43 and cTnl expression, and CM contractility compared to CMs
plated on glass (98). Culture on PDMS with an elastic modulus similar to that of cardiac tissue led
to greater activation of B1 integrin receptors than culture on glass. When either the 1 integrin was
directly inhibited by a neutralizing antibody or its downstream target, focal adhesion kinase, was
inhibited, the CMs demonstrated a decrease in cTnl expression and cell size. This study further
suggests the benefits of imitating both the composition of cardiac ECM and the stiffness of native
heart tissue to accelerate CM maturation. Similarly, alignment of the ECM components also affects
CM maturation. Li et al. cultured iPSC-derived CMs on electrospun, aligned nanofibers. CMs
cultured on aligned fibers exhibited enhanced alignment, increased expression of MLC-2v and f3-
MHC, and higher electrical field potentials than CMs on random fibers and flat substrates (99).
This highlights the ability of substrate topography to regulate both CM organization and
maturation. Thus, one must consider ECM mechanics and organization as well as composition in

designing a matrix for manufacturing CMs.

1.7  Current methods to scale up hPSC-derived CM manufacturing

Many recent advances have been made toward up-scaling the production of hPSC-derived
CMs. From optimizing the differentiation and identifying how to adjust crucial parameters during
the process, the industry is getting closer to being able to reliably produce CMs on a large-scale

basis. For example, Tohyama et al. recently demonstrated the ability to differentiate hPSC-derived



32

CMs in monolayer culture in 10-layer, 1.2 L culture flasks with active gas ventilation, creating
near a therapeutically relevant number of 1.5-2.8 x 10° cells with >66% purity (100).

To reduce the cost of manufacturing, 3D suspension differentiation platforms have been
developed. Suspension systems generate higher cell concentrations, reducing the cost of culture
medium and the size of reactor needed. Ting et al. utilized microcarriers to transition from hESC
expansion and differentiation to CMs on a flat 2D substrate to CM production in suspension. (101).
Microcarriers have a large surface area per volume and can be coated with different ECMs to
facilitate cell attachment, proliferation, and differentiation. With gentle rocking during the stem
cell culture and intermittent agitation during the differentiation, they obtained approximately 60%
CM purity and about 200 million cells per 15 mL batch. With further development, microcarriers
could provide a reliable and inexpensive method to produce clinically-relevant numbers of hPSC-
derived CMs. However, the resultant cells would likely have to be separated from the microcarriers
prior to clinical use.

Recent advances also have demonstrated the ability to produce hPSC-derived CMs in
suspension without microcarriers. For example, Nguyen et al. followed either the Laflamme et al.
2007 or Lian et al. 2012 directed differentiation protocols to generate CMs, singularized the CMs
and plated them in microwells to form 3D aggregates before transferring the cells into a rotary
orbital suspension culture (18, 21, 102). By optimization of the cell density in the microwells, they
achieved almost 100% a-actinin+ cells in 3D culture. Both Chen et al. and Kempf et al. seeded
undifferentiated hPSC aggregates in reactors to scale up production of hPSC-derived CMs in
suspension culture (103, 104). Kempf et al. differentiated the hPSCs in a 100 mL stirred tank
reactor, generating 40-50 million CMs per batch (104). Chen et al. produced 1.5 to 2 billion CMs

in a 1 L spinner flask (103). To date, these suspension differentiation platforms have strived to
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produce pure populations of CMs. Moving forward, to introduce intercellular interactions in
suspension CM manufacturing processes, direct cocultures may be achieved either through co-
differentiation or introduction of other cell types during the differentiation. Further, perfusion of
media from a reactor containing other cell types could provide a method to introduce conditioned
media to simulate coculture conditions. Alternatively an indirect coculture could be achieved
through separation of the cell types with a membrane. The use of small molecules and growth
factors to mimic intercellular interactions would provide a simpler, easier to scale, and likely more
robust and cost-effective alternative to coculture platforms.

To create cardiac patches with mature hPSC-derived CMs, several studies have devised
methods to culture the constituent cells on a large scale after differentiation. Shadrin et al.
developed a method to create cardiospheres, using differentiated and singularized hPSC-derived
CMs and culturing them in a hydrogel plug free-floating in medium. After three weeks in culture,
the CMs demonstrated increased maturation with highly structured sarcomeres and T-tubules
(105). The hydrogels were 36 x 36 mm, a size relevant for clinical application (105). In addition
to allowing CM maturation, this method of culturing the CMs in the hydrogels post-differentiation
is amenable to both coculture and scale-up. The introduction of other cell types could be easily
achieved when encapsulating the cells into the hydrogel. Specific ECM components also could be
incorporated into the hydrogel.

Biophysical techniques to maturate hPSC-derived CMs may prove difficult to integrate
into a large-scale manufacturing process. Lux et al. created a bioreactor that can both provide
cyclic mechanical stretch and perfusion of medium to cardiac patches up to 2.5 x 4.5 cm in size
(106). Tandon et al. developed a portable bioreactor which can both provide perfusion and

electrical stimulation to cardiac patches (107). Further engineering is required to scale-up these
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types of reactors, to design systems able to transmit electrical and mechanical cues in suspension.
A comparison of the methods to scale-up production of mature hPSC-derived CMs is provided in
Table 1.3.

Research has begun to look at monitoring and controlling the cells during production to
ensure the quality of the cell product. Kempf et al. investigated the effects of cell density and CHIR
concentration on CM yield and purity (108). They found that the CHIR concentration needed to
induce CM differentiation correlated with cell density. This suggests that CHIR concentration can
be modified to account for differences in growth rates between different cell lines or different
batches (109). Metabolic analysis of the media would also allow monitoring of the differentiation
and maturation processes. For example, an increase in glycerophosphocholine and the
glycerophosphocholine:phosphocholine ratio during maturation may be markers for the

maturation state of the hPSC-derived CMs (66).

1.8  Scalable purification of hPSC-derived CMs

After differentiation, hPSC-derived CMs will likely need to undergo a purification process
to remove any traces of undifferentiated hPSCs or undesired differentiated cell types, and ensure
a consistent product. Antibody-based purification methods are highly selective but costly to scale.
Toward a negative-selection process to remove undifferentiated hPSCs, Choo et al. developed an
antibody, mAB 84, which selectively caused undifferentiated hESCs to die, likely through oncosis
(110). This antibody could reduce the tumorigenic potential of cells differentiated from hPSCs,
although this has not yet been shown to be a significant problem in preclinical models of hPSC-
derived cardiac cell therapies. CM-specific surface markers allow separation of hPSC-derived

CMs by MACS and FACs. MACS against SIRPA and VCAM1 has been used to yield >95% pure
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CMs (111, 112). However, there is a loss of CM yield following MACS (111). FACS also separates
living cells based on expression of specific surface proteins. While it is highly efficient in terms
of purity and yield, FACS is costly to scale. To eliminate the necessity of antibodies, Hattori et al.
discovered that tetramethylrhodamine methyl ester perchlorate, a fluorescent dye that labels
mitochondria, could be used to enrich hPSC-derived CMs to 99% purity (113). To enable their
high energy utilization rate, CMs contains a large number of mitochondria in comparison to other
cell types, with mitochondria comprising 30% of the CM volume (114).

Alternatively, genetic modification could allow purification of hPSC-derived CMs and
other cardiac cells. Antibiotic resistance genes that are under the control of a cardiac specific
transcriptional regulator enables purification via negative antibiotic selection. For example, a 99%
pure population of CMs differentiated from a murine stem cell line expressing aminoglycoside
phosphotransferase under control of the Myh6 promoter was isolated following treatment with
G418 (115). Additionally, lineage-specific expression of fluorescent markers would allow FACS
without the need for antibodies. Expressing eGFP from the MYL2 promoter allowed purification
of a 95% pure hESC-derived ventricular CM population (116). Miki et al. developed microRNA
switches that can selectively terminate undesired cell types (117). Upon successful transfection of
a specific microRNA switch corresponding to the desired cell type, the switch will induce
apoptosis of all cell types except the target. By using microRNA 208a, they were able to enrich
IPSC-derived CMs to a 95% purity with a loss of only 10% of the CMs (117). They further
demonstrated the ability to use one switch with two targets, microRNA 208a for CMs and 126-3p
for ECs, yielding a purified coculture of these two cell types (117). This method may be able to
eliminate any non-CMs in tissue patches without disrupting the cellular organization. The main

limitation of the microRNA switches and genetic selection methods is the necessity for either
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Table 1.3: Comparison of scaling methods for the generation of mature hPSC-derived CMs. +
symbolizes minimal engineering to incorporate the maturation method into the bioreactor; -
symbolizes significant engineering necessary.
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limitation of the microRNA switches and genetic selection methods is the necessity for either
transient or permanent genetic modification of these cells, which will have to be thoroughly
analyzed to establish safety in vivo before their potential use in regenerative medicine.

Lastly, a metabolic selection may be used to purify CMs, taking advantage of their ability
to use carbon sources that other cells cannot, such as lactate. Tohyama et al. demonstrated that
lactate-containing medium can be used to generate 99% pure IPSC-derived CMs (118). This
selection method was optimized in concert with differentiation of hPSC-derived CMs such that a
pure population of cells was obtained within 20 days after the initiation of differentiation (24). By
using a glucose-free medium, a pure CM population can be manufactured in a simple, defined,
scalable process.

An overall comparison of the purification methods can be found in Table 1.4. After CM
purification, the cells could undergo either density gradient or membrane filtration purification to
remove any debris from the culture. Both of these methods are conducive to sterile large-scale cell

manufacturing (119).

1.9  Preservation of hPSC-derived CMs

Preservation would simplify the supply chain for meeting the clinical demand of hPSC-
derived CMs. Typically the cells will be singularized then cryopreserved in a medium that contains
a cryoprotectant, such as DMSO, and apoptosis inhibitors. When using the proprietary DMSO-
containing cryopreservation solution CryoStor, Xu et al. found that the hESC-derived CMs had a
recovery rate of 70-77% with similar viability and purity as before freezing (120). To enhance
survival, the cells were pretreated with a pro-survival cocktail containing apoptosis inhibitors, K*

channel modulators, and growth factors for 24 hours prior to cryopreservation (18). Following
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implantation into an ischemic rat heart, there were no differences in the sizes of grafts composed
of hESC-derived CMs that had or had not undergone cryopreservation (120). Chong et al. also
found no effect of hESC-derived CM cryopreservation on graft size after implantation of into mice
hearts following myocardial infarction (13). DMSO causes cell toxicity and adverse reaction of
patients, and thus must be removed from the cells prior to transplantation. DMSO alternatives
including trehalose and poly-L-lysine, have been investigated although none have yet proven to
effectively replace DMSO in cryopreservation media (121).

Alternatives to cryopreservation have been designed to simplify stabilization of hPSC-
derived CMs. Correia et al. found that in 3D aggregates, about 70% of hPSC-derived CMs survived
after storage at 4°C for up to 7 days (122). Although large scale manufacturing will likely require
long-term cryopreservation, hypothermic stabilization may be suitable for transporting cells from

a central manufacturing site to the clinic.

1.10 Conclusion

Significant advances have recently been made in manufacturing relatively pure populations
of CMs from hPSCs in fully-defined processes, making the use hPSC-derived CMs for heart repair
more plausible. The focus of research in this field is shifting to imparting more mature phenotypes
in these cells to increase their safety and efficacy following transplantation. Additionally standards
need to be defined to both quantify the extent of maturation and determine the level of maturation
that is optimal for transplantation. The ratio of cTnl:ssTnl expression was proposed to be such a
marker, but it is not yet clear how to assess electrical, mechanical, or metabolic maturation.

Recent efforts to simulate the intercellular interactions found in the heart in vivo during

hPSC differentiation to CMs in vitro have demonstrated the importance of incorporating ECM,
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Singularization
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juxtacrine, and paracrine interactions between CMs, ECs, and fibroblasts. Of these, fibroblast
ECM and EC juxtacrine signaling have been shown to enhance maturation phenotypes in hPSC-
derived CMs. In addition, several experiments have pointed toward the necessity to use cardiac-
specific cell types to induce maturation with the coculture. This should be further investigated to
reveal mechanisms by which fibroblasts and ECs induce specific phenotypes in CMs. These cues
could then be engineered into CM manufacturing processes in simpler manner than coculture.
Also, efforts to discover genetic and epigenetic regulators of cell state, growth factors, hormones,
and metabolites that enhance maturation would facilitate scalable production of hPSC-derived
CMs.

Introduction of cardiac intercellular interactions via either microtissues or co-
differentiation has been shown to enhance CM survival and engraftment in vivo in addition to CM
maturation. Thus far the potential to co-differentiate cardiac cells from stem and progenitor cell
types has not been investigated in sufficient depth due to insufficient control of these complex
differentiation systems. In addition, co-differentiation would likely require purification using
methods such as microRNA switches or antibiotic or metabolic selection. The potential of CPCs
to form appropriately-structured myocardial tissue is a powerful advantage in developing cardiac
regenerative therapies and should be investigated more extensively.

Mechanical and electrical simulation are effective means to accelerate maturation in hPSC-
derived CMs but are difficult to incorporate in scalable manufacturing processes. Design of
bioreactors to deliver these biophysical cues will likely improve CM and cardiac tissue
manufacturing processes. A better mechanistic understanding of mechanotransduction during

differentiation and maturation would enable alternative biochemical or genetic strategies to
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modulate these pathways during CM manufacturing. Control of ECM organization, stiffness, and
structure represents another promising approach to regulate hPSC-derived CM maturation.

To date no single method has proved effective in inducing maturation in hPSC-derived
CMs. A combination of factors will likely be necessary to generate CMs of the appropriate
maturity for regenerative therapies. ldentification of effective strategies will be enabled by studies
that relate the effects of maturation cues on specific phenotypes and identify mechanisms by which

these signals impart maturation.
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Chapter 2: Coculture of ECs with hPSC-derived CPCs Reveals a

Differentiation Stage-Specific Enhancement of CM Maturation

2.0 Summary

Cardiomyocytes (CMs) generated from human pluripotent stem cells (hPSCs) are
immature in their structure and function, limiting their potential in disease modeling, drug
screening, and cardiac cellular therapies. Prior studies have demonstrated that coculture of hPSC-
derived CMs with other cardiac cell types, including endothelial cells (ECs), can accelerate CM
maturation. This chapter addresses whether the CM differentiation stage at which ECs are
introduced affects CM maturation. We cocultured hPSC-derived ECs with hPSC-derived cardiac
progenitor cells (CPCs) and CMs, and analyzed molecular and functional attributes of maturation.
ECs had a more significant effect on acceleration of maturation when cocultured with CPCs than
with CMs. EC coculture with CPCs increased CM size, expression of sarcomere and ion channel
genes and proteins, the presence of intracellular membranous extensions, and chronotropic
response compared to monoculture. Maturation was accelerated with increasing EC:CPC ratio.
This study demonstrates that EC incorporation at the CPC stage of CM differentiation expedites
CM maturation, leading to cells that may be better suited for in vitro and in vivo applications of
hPSC-derived CMs.

This section was published in part as “Coculture of Endothelial Cells with Human
Pluripotent Stem Cell-Derived Cardiac Progenitors Reveals a Differentiation Stage-Specific

Enhancement of Cardiomyocyte Maturation” in the Biotechnology Journal on March 30" 2019.
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2.1 Introduction

Cardiac failure affects 6.5 million people in the US annually and accounts for 9% of the
total deaths (123). Cell-based therapies represent a promising class of emerging treatments to
combat this mortality. Heart attacks often result in heart failure, killing approximately one billion
cardiomyocytes (CMs) via hypoxia (10). Adult CMs are minimally proliferative, with only about
1% of the cells proliferating per year in an adult heart (124). Current methods of treatment for
heart failure are limited; left ventricular assist devices only provide temporary aid and cardiac
transplants are constrained by a shortage of donor hearts (12). The proliferation and differentiation
potential of human pluripotent stem cell (hPSC)-derived cardiac cells and tissues provides a novel
strategy to restore contractility to a failing heart (125).

Recently, hPSC-derived CMs differentiation methods have been optimized such that a
nearly pure population of CMs can be created in fully-defined conditions (25). Scale-up of CM
differentiations to produce over one billion CMs at >90% purity has been achieved using
microcarriers in a 1L flask (103). When hPSC-derived CMs were injected intramyocardially into
major histocompatibility complex-matched or immune-suppressed nonhuman primate hearts,
cardiac function after myocardial infarction was significantly enhanced (13, 26, 126).
Unfortunately, the implanted CMs caused transient arrhythmias and suffered from poor long-term
survival (13, 26, 126). The arrhythmias may result from intrinsic spontaneous electrical signals
generated by immature hPSC-derived CMs, which more closely resemble fetal CMs than CMs
found in adult hearts (126). For example, hPSC-derived CMs express higher levels of myosin light
chain 2a (MLC2a), a-myosin heavy chain (MHC), and slow skeletal troponin I (ssTnl) and lower
levels of myosin light chain 2v (MLC2v), B-MHC, and cardiac troponin | (cTnl) than adult

ventricular CMs (36). Additionally, expression of channels, regulators, and transporters such as



44

CACNAILC, SCN5A, HCN4, KCNJ2, ATP2A2, RYR2, and GJAL is generally lower in hPSC-
derived CMs than in adult CMs (127). Additionally, hPSC-derived CMs are much smaller and
rounder than adult CMs, and lack aligned myofibrils, localized gap junctions, and organized
sarcomeres. hPSC-derived CMs spontaneously contract, lack t-tubules, and exhibit slower Ca+2
conduction than adult CMs (28, 43). In adult CMs, gap junctions localize at the cell membrane at
the end of the myofibrils, and contain the gap junctional protein Cx43, allowing the flow of ions
between adjacent cells. Also, hPSC-derived CMs utilize metabolic pathways similar to those
employed in the fetal heart, including glycolysis and glucose oxidation, rather than fatty acid -
oxidation (66). These immature phenotypes limit the potential of hPSC-derived CMs in drug
screening and clinical applications.

Several strategies have been shown to induce maturation in hPSC-derived CMs, but thus
far no method has yet generated an hPSC-derived CM that fully mimics an adult CM (125). With
extended time in culture, hPSC-derived CMs gained more organized sarcomeres and more mature
gene expression profiles and electrophysiology after 90 to 120 days (37, 51). Electrical stimulation
of hPSC-derived CMs enhanced expression of ion channels, cTnl, and Cx43 (94, 95). Mechanical
stimulation induced expression of adult CM genes and proteins and accelerated Ca2+ handling
(86, 92, 93). Ronaldson-Bouchard et al. reported ultrastructural sarcomere organization, sarcomere
spacing of 2.2 um, and more mature gene expression profiles after 4 weeks of simultaneous and
continuous mechanical and electrical conditioning, but the cells did not generate the same
contractile forces as adult CMs (128). Culturing CMs on micropatterned or soft substrates had a
variety of impacts on maturation, including enhanced structural organization of sarcomeres and
myofilaments, increased MLC2v and 3-MHC expression, cell size, and contractility (98, 99, 129).

Incorporation of electrically conductive materials, through integration in cardiac spheroids or with
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the creation of cardiac films on polymer-covered plate, increased the expression of Cx43 and
cellular alignment while decreasing the calcium transient time (130, 131). Similarly, biochemical
cues such as hormone production or metabolic induction also can induce partial maturation (14,
67).

Heterotypic intercellular interactions also impact CM maturation. Coculture of
mesenchymal stem cells with induced pluripotent stem cell (iPSC)-derived CMs increased CM
contractility and sarcomere organization and alignment (132). This effect was recapitulated with
EC-derived exosomes containing proteins and microRNAs (132). Similarly, fibroblasts have been
shown to induce hPSC-derived CM maturation, including elevated cardiac troponin T (cTnT),
Cx43, and o-actinin protein expression and contractility through both soluble factors and
extracellular matrix protein production (58, 133).

To induce CM maturation and increase CM survival after implantation, hPSC-derived CMs
have been cocultured with endothelial cells (ECs) (76). ECs are abundantly found in the
myocardium, with each CM in direct contact with at least one capillary (134). Recently rat ECs
and human umbilical vein ECs (HUVECs) were shown to induce structural and electrical
maturation when cocultured hPSC-derived CMs; these effects were partially attributed to the
transfer of microRNAs via gap junctions between the ECs and CMs (61). ECs isolated from fat,
aorta, and heart had similar effects on cocultured CMs. A similar study found that direct contact
was required for ECs to enhance maturation in cocultured hPSC-derived CMs (62). Giacomelli et
al. cocultured purified hPSC-derived ECs and CMs, and found that ECs enhanced the CM
chronotropic response to isoprenaline (91).

In addition to these binary cocultures, cardiac tissues comprised of hPSC-derived CMs,

ECs, and stromal cells have been constructed. Construction of cardiac patches containing mouse
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embryonic fibroblasts and hPSC-derived ECs and CMs led to tube-like structures and increased
MLC2v expression in the CMs (76). Another group implanted patches composed of these three
cell types into rat hearts and found that the vascular-like structures integrated with host capillaries
when the patches were implanted onto the surface of rat hearts (75). The incorporation of
fibroblasts and ECs enhanced transplanted CM survival compared to patches containing only CMs
(75). Another study found that culturing iPSC-derived CMs with human foreskin fibroblasts and
HUVECs increased CM size (78). Coculture with both primary cardiac fibroblasts and ECs
increased hPSC-derived CM response to drugs such as isoprenaline, in comparison to
monocultured CMs, EC and CM cocultures, and fibroblast and CM cocultures (79). These
microtissues displayed increased contractility, Ca2+ handling, and CM-specific gene expression.
Interestingly, dermal fibroblasts and ECs did not induce CM maturation.

CM differentiation and the migration of ECs into the developing heart occur in concert.
For example, an endocardial tube has formed next to the myocardial layer by the Hamburg
Hamilton (HH) stage 8 of chick embryo development (135). At stage HH13, endocardial-lined
spaces have appeared within the myocardium. CMs begin spontaneously contracting at stage
HH10 though vascularization of the myocardium does not occur until 6 days after the initiation of
beating (135). The proximity of ECs in the endocardium to the developing CMs in the myocardium
may be crucial in providing the CPCs and CMs with intercellular interactions vital for CM
maturation. In developmental biology, the endocardium has been shown to impact myocardial
development through pathways such as FGF signaling, neuregulin, and NOTCH signaling which
affect myocardial proliferation, trabeculation of the myocardium, and cardiac development gene
expression (52, 53, 59, 60). Through these pathways and other yet unidentified mechanisms, ECs

may be assisting CM maturation.
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Here we addressed whether EC effects on hPSC-derived CM maturation is influenced by
the state of development of the CMs at which the coculture is initiated. We investigated whether
hPSC-derived ECs can induce CM maturation when the ECs are cocultured with hPSC-derived
cardiac progenitor cells (CPCs) or with beating CMs. We found that culturing CPCs with ECs
generated larger CMs with elevated cTnl, cTnT, and MLC2v protein expression, with greatest
effects at a 3:1 EC:CPC ratio. In contrast, EC coculture had little effect on beating CMs.
Additionally, electrically active intracellular membrane formation increased when CPCs were
cocultured with ECs. Both CPCs and CMs exhibited greater chronotropic responses when cultured
with ECs. Together these results suggest that ECs have differentiation stage-specific effects on

maturation of hPSC-derived CMs.

2.2 Materials and methods
2.2.1 hPSC culture with CM and EC differentiation

hPSC lines were maintained in mTeSR1 (STEMCELL Technologies; Vancouver, Canada)
on Matrigel-coated (BD Biosciences; Franklin Lakes, NJ) culture plates (Corning; Corning, NY)
using versene (ThermoFisher; Waltham, MA) or ACCUTASE™ (Innovative Cell Technology;
San Diego, CA) for passaging. H9 human embryonic stem cells (hESCs) were differentiated to
CPCs via the GiWi protocol (22, 136, 137). In brief, on day O cells were treated with 8-12 uM
CHIR99021 (Selleckchem; Houston, TX) for 24 hours in RPMI (ThermoFisher) medium
supplemented with B27 minus insulin (ThermoFisher). On day 3 of the differentiation, 5 uM IWP2
(Tocris; Bristol, UK) was added to the medium for two days. On day 6, the cells were frozen for
future use in the coculture experiments, with test wells maintained in culture in RPMI/B27

containing insulin (ThermoFisher) for at least 5 days to verify their CM differentiation potential.
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For the EC differentiation, the protocol from Bao et al. was followed using the H1 hESC
line, 6-9-9 IPSC line, and 19-9-11 iPSC line (21, 136). To initiate differentiation, undifferentiated
cells were treated with 6 pM CHIR99021 for two days in LaSR medium (Advanced DMEM F12
(ThermoFisher) supplemented with 60 ug/mL ascorbic acid (Sigma; St. Louis, MO) and 2.5 mM
Glutamax (ThermoFisher)). On day 5, CD34+CD31+ endothelial progenitor cells were purified
using the EasySep FITC Positive Selection Kit (STEMCELL Technologies) for magnetic activated
cell sorting (MACS) on CD34. Purified EC progenitors (EPCs) were plated on either 1 mg/mL
gelatin (Sigma) or 10 pg/mL fibronectin (Sigma) coated, polystyrene, tissue culture plates and
cultured in EGM-2 (Lonza; Basel, Switzerland) supplemented with 5 uM Y-27632 (Selleckchem).
The ECs were then passaged using ACCUTASE™ when near ~90% confluent, plated with Y-

27632 in EGM-2, and maintained in EGM-2 medium.

2.2.2 Coculture of ECs, CPCs, and CMs

To initiate EC:CPC cocultures, cells were plated in the following ratios with 160 x 103
cells/cm? total added to each well of a 12-well plate: 1:3, 1:1, 3:1, 0:1. Cells were plated on
Matrigel in EGM-2 with 5 uM Y-27632 and maintained in EGM-2 with the medium changed daily.
Similarly EC:CM cocultures were initiated with 160 x 10° total cells at a 1:1 ratio. Upon thawing,
the D6 CPCs were either seeded in EGM-2 medium with 5 uM Y-27932 with or without ECs or
seeded in DMEM with 10% FBS and 5 uM Y-27932. The cells plated in DMEM with 10% FBS
were then maintained in RPMI with B27 until D13-D18 (when beating was observed). At this
point, the CMs were singularized with ACCUTASE™ and plated with or without ECs in EGM-2
medium with 5 pM Y-27632, then maintained in culture for two weeks with daily medium

changes. For the transwell cocultures, the 400 x 10° MACS-purified EC progenitors (EPCs) were
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plated in the transwell on a 3.0 um polycarbonate membrane coated in collagen IV and fibronectin.
The transwell were coated Matrigel for the CPCs. The main wells of a 12-well plate were coated
in Matrigel and CPCs were plated at a density of 250 x 10° cells/cm? in DMEM with 10% FBS
with 5 uM Y-27632. After allowing one day for cell attachment, the transwell was placed in the
main well and the medium was changed daily with EGM-2 and cultured for seven days.
ACCUTASE™ was used to singularize the cells for further analysis. For confocal microscopy,
cells were replated onto Matrigel-coated glass plates (Cellvis; Mountain View, CA) or slides
(LabTek; Grand Rapids, MI). For cell size analysis, the cells were replated onto gelatin-coated

tissue culture plates at a density of 40 x 10° cell/cm?.

2.2.3 Flow cytometry

After singularization with ACCUTASE™, cells were fixed in 1% paraformaldehyde for
20 minutes. Primary antibodies were diluted in flow buffer (5% wt/vol BSA (ThermoFisher) in
PBS containing 0.1% Triton X-100 (Sigma)) according to Supplementary Table 1 and added to
fixed cells overnight at 4 °C. Secondary antibodies (1:1000 dilution in flow buffer) were incubated
for 30 minutes at room temperature prior to analysis. Samples were run on a BD FACSCalibur
flow cytometer. H9 hESCs were used to make CPCs and CMs and 19-9-11 and H1 hPSCs were
used to make ECs for flow cytometry analysis. Statistical analysis was performed using one-way
ANOVA with Tukey’s HSD post hoc analysis, Student’s t-test, Mann-Whitney test, or the

Kruskal-Wallis test with Dunn’s post hoc analysis.
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2.2.4 Immunochemistry and confocal microscopy

Cells were fixed in 4% paraformaldehyde for 15 minutes before incubation with primary
antibody diluted (Supplementary Table 1) in a blocking buffer containing 5% wt/vol non-fat dry
milk and 0.4% Triton X-100 (Biorad; Hercules, CA) in PBS at 4 °C overnight. Secondary
antibodies were added (1:1000 dilution in blocking buffer) for at least 20 minutes at room
temperature. Nuclei were stained with 0.4 pL/mL Hoechst in PBS for 5 minutes. For confocal
imaging, gold antifade reagent with DAPI (ThermoFisher) was used to seal the slides. Images were
taken either with an inverted Olympus 1X70 microscope or with a Nikon A1R confocal
microscope.

T-tubule analysis was performed by incubating live cells with 30 uM di-8-anepps
(ThermoFisher) and 2.5 pL/mL of Pluronic F-127 (ThermoFisher) for 5 minutes at 4 °C. eGFP
and di-8-anepps were excited with the 488nm laser on a Nikon A1R confocal microscope. eGFP
emission was collected a 450/50 bandpass filter, and di-8-anepps emission with a 595/50 bandpass
filter. Comparison of the immunochemistry data between cocultures and monoculture controls was

performed using Student’s t-test.

2.2.5 FACS, RNA extraction, and qPCR

CPCs differentiated from H9-hTnnTZ-pGZ-D2, a hESC line which expresses GFP under
control of the CM-specific TNNT2 promoter, facilitated separation of CMs from EC cocultures
(138). After using ACCUTASE™ to singularize the cells from the two week cultures, cells were
suspended in versene containing 1% FBS (ThermoFisher) and 5 uM Y-27632 and kept on ice. 300
nM DAPI (ThermoFisher) was added to the flow buffer with the samples at least five minutes

before flow activated cell sorting (FACS) to eliminate dead cells during sort. After gating out the
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eGFP- cells, dead cells, and doublets, using the forward and side scatter area, eGFP+ cells were
sorted directly into lysis buffer using a BD FACSAria cytometer. Immediately following the sort,
total RNA was extracted using the RNEasy Micro kit (Qiagen; Venlo, Netherlands). Cells from
three separate differentiations and cocultures were used to account for variation in the
differentiated cells. The RNA was then converted to cDNA using the RT SuperScript Il First-
Strand kit (Invitrogen; Carlsbad, CA). gPCR was carried out with the PowerUP SYBR green
master mix (ThermoFisher) and run for 45 cycles with annealing temperatures between 58-63 °C
on an AriaMx Real-Time PCR System (see Supplementary Table 2 for further information of
primer sequences). To normalize for the amount of cDNA loaded, averaged CT values of VIRMA
and ZNF384 were used as two housekeeping genes. Relative gene expression was calculated using
the AACt method, with normalization to the monoculture control for each differentiation.
Significance was determined via the Kruskal-Wallis test with Dunn’s post hoc analysis between

cocultures and controls.

2.2.6 Multielectrode array analysis

To obtain multielectrode array (MEA) recordings, monocultures and coculture were
initiated on glass MEA plates coated with poly-D-lysine (Sigma) and Matrigel, with a total cell
count of 160 x 102 cell/cm?. After two weeks, initial recordings with the MEA were taken for 100
seconds using the MEA2100 system (ALA Scientific; Farmingdale, NY) before the addition of 0.5
puL of 0.01 mM isoprenaline (Sigma). The cells were placed in the incubator for 15 minutes before
an additional recording was taken. This was repeated with escalating isoprenaline doses (up to 500
puM) until recordings at all concentrations were made. Analysis of the MEA data was done with

Student’s t-test.



52

2.3 Results
2.3.1 Coculture of hPSC-derived ECs and CPCs increased cardiac protein expression and cell
size in the resulting CMs

During development ECs play crucial roles in the formation of cardiac tissue via many
potential routes, including providing juxtacrine and paracrine factors such as Notchl, Fgf9,
neuregulin-1, and nitric oxide (52, 53, 59, 60, 139). ECs have also been shown to enhance
maturation of hPSC-derived CMs in vitro (61, 62, 91). The goal of this study was to determine
whether hPSC-derived ECs affect maturation of hPSC-derived CMs when cocultured at different
stages of differentiation, specifically comparing the effect of ECs on CPCs and early stage CMs.
Since ECs are present at early stages of heart development, we hypothesized that hPSC-derived
ECs would impact maturation phenotypes of hPSC-derived CPCs and CMs in vitro. To first test
the impact of EC coculture on CPCs, hPSCs were differentiated to D6 CPCs via the GiWi protocol
(22). CPCs were frozen, with test wells maintained to ensure the capacity to differentiate to CMs.
After culture for at least 4 additional days, these CPCs formed a population of spontaneously
contracting cells with greater than 90% of cells expressing cTnT, demonstrating their high CM
differentiation potential (Figure 2.1A). The CPCs expressed ISL1 and VEGR2, consistent with
multipotent cardiac progenitors (Supplementary Figure 2.1A-B) (73). Endothelial progenitor
cells were differentiated from hPSCs using the protocol developed by Bao et al. and purified via
magnetic activated cell sorting for CD34-expressing cells to obtain a progenitor population of at
least 90% CD34+/CD31+ cells (Figure 2.1B) (73). These progenitors were expanded in EGM-2
for at least five days, yielding nearly pure ECs that expressed membrane-localized CD31 and VE-
cadherin along with cytoplasmic VWF but no longer expressed CD34 (Figure 2.1C-D). The ECs

were then maintained for up to five passages in EGM-2. The two cell types were co-plated at 160
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x 10° cells/cm? on Matrigel-coated tissue culture plates with EC:CPC ratios of 1:3, 1:1, and 3:1,
placing the two cell types in direct contact with each other to allow both juxtacrine and paracrine
interactions (Figure 2.1E). A CPC monoculture also plated at 160 x 102 cells/cm? was used as a
control to determine if the ECs enhance maturation of the resulting CMs. Brightfield images taken
one day after plating the 1:1 EC:CPC coculture and the CPC monoculture control show cell
attachment and formation of a confluent monolayers in both conditions (Supplementary Figure
2.1C). EGM-2 medium, changed daily, was used for both monoculture and coculture experiments.
Other media, including RPMI/B27, caused the ECs to undergo an endothelial-to-mesenchymal
transition to smooth muscle-like cells whereas the CMs survived and maintained their identity in
EGM-2 medium (data not shown). After the two weeks in coculture, the percentage of VE-
cadherin+ cells and cTnT+ cells in the culture was assessed via flow cytometry, and the final cell
population approximately maintained the EC:CM cell ratios initially seeded, with the presence of
small populations of other unidentified cell types (Figure 2.1F). Interestingly, 7.4 + 1.0% VE-
cadherin+ cells were present in the CPC monoculture control, suggesting that some endothelial
progenitors or ECs exist in the CM differentiation. However, there were significantly fewer ECs
in the monoculture control than the 24.7 + 4.7% VE-cadherin-expressing cells in the 3:1 EC:CPC
coculture (p<0.05).

During heart development, CMs begin to express cTnl at the late fetal or early neonatal
stage (73). Induction of this protein has been elusive in hPSC-derived CMs and cTnl expression
has been suggested as a molecular benchmark for CM maturity (140). To determine whether ECs
induced cTnl expression in hPSC-derived CMs, we used flow cytometry to assess the co-
expression of cTnl and cTnT+ cells after two weeks of coculture, and calculated the percent of

cTnl+ cells within the cTnT+ cell population. With the addition of ECs, the percentage of cTnT+
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Figure 2.1: Cocultures of ECs and CPCs induced phenotypes in the resultant CMs that are associated with
CM maturation. (A) H9 hESC-derived CPCs were differentiated to CMs via the GiWi protocol and the
percentage of cells expressing cTnT was quantified by flow cytometry. (B) H1ls and 19-9-11s were
differentiated to EPCs by two days of CHIR99021 treatment followed by three days in culture, then purified
by MACS for CD34 expression. CD34 and CD31 expression were determined by flow cytometry before
(left) and after (right) MACS. (C-D) EPCs derived from 19-9-11 iPSCs were cultured in EGM-2 medium
for five or more days, passaging when confluent. Before coculture, the cells were immunostained for (C)
CD34 (green) and CD31 (red) or (D) vVWF (green) and VE-cadherin (red) with DAPI (blue) to verify their
identity prior to the coculture. (E) Schematic illustrating how hPSC-derived CPCs and ECs were cocultured
for two weeks at a varying ratio with a constant 160 x 102 cells/well. (F) After two weeks, monoculture and
coculture populations were analyzed for the percentage of cells expressing VE-cadherin and cTnT by flow
cytometry. cTnT+ cells in the indicated monoculture and cocultures were analyzed via flow cytometry for
(G) the percentage of cTnT+ cells expressing cTnl, (1) the median fluorescence intensity (MFI) of cTnT in
cTnT+ cells, normalized to the monoculture, and (J) forward scatter of cTnT+ cells, normalized to the
monoculture. (H) The cells in monoculture and cocultures were costained simultaneously for expression of
both MLC2a and MLC2v by flow cytometry and the percent of MLC2v+ cells were calculated from the
total cells expressing either MLC2 isotype. For each differentiation, the MLC2v percentages were
normalized to the monoculture control. Data represent mean + SEM of three independent differentiations
with at least two experimental replicates each. Comparison of percentage of cells expressing VE-cadherin,
cTnT, MLC2a/v, and cTnl was performed using ANOVA with Tukey’s HSD post hoc analysis, N=3 (*
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p<0.05, ** p<0.01). cTnT MFI, forward scatter, and normalized %MLC2v values were normalized to the
CPC monoculture in each differentiation, and comparisons were performed using the Kruskal-Wallis test
with post hoc Dunn analysis, N>8 (* p<0.05, ** p<0.005).
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CMs expressing cTnl+ increased from 18.4 £ 8.2% in the monoculture to 59.4 + 4.1% and 64.7
3.0% cells in the 1:1 and 3:1 EC:CM ratios (p<0.05) (Figure 2.1G). To verify the specificity of
the cTnl antibody used in this study, three-month old CMs were immunostained to demonstrate
expression and localization of cTnl to myofilaments. As shown in Supplementary Figure 2.1D-
F, the cTnT and cTnl antibodies colocalized in a striated pattern throughout the CMs and the cTnl
did not stain cTnT+ day 10 CMs nor undifferentiated hESCs.

Expression of MLC2v is induced during ventricular CM development (36). The atrial
MLC2 isoform, MLC2a, is expressed in embryonic ventricular CMs and is downregulated after
induction of MLC2v (32). At day 14, the monoculture CPC control contained 15.3 + 4.4%
MLC2v+ CMs while the 1:1 and 3:1 EC:CPC cultures contained 29.9 + 5.5% and 28.9 + 4.9%
MLC2v+ cells respectively (Supplementary Figure 2.1G). When the MLC2v percentages were
normalized to the monoculture control in each condition, the 1:1 and 3:1 EC:CPC cultures
contained a greater percentage of MLC2v+ CM populations by 2.16 and 2.04-fold respectively
(p<0.005) as shown in Figure 2.1H, indicating that EC coculture accelerated induction of MLC2v.
While cTnT is expressed early in CM differentiation, the expression level increases throughout
development and thus may be used as another marker of CM maturation (141-143). To further
investigate the influence of ECs on CM maturation, the degree of cTnT expression was measured
in the cTnT+ CMs by the median fluorescence intensity (MFI) via flow cytometry. cTnT MFI was
1.9 £ 0.95-fold greater (p<0.001) in CMs from 3:1 EC:CPC samples compared to CMs in the
monoculture control (Figure 2.11). Additionally the size of CMs is known to increase during
development (37). Via assessment of forward scatter by flow cytometry, which increases with cell
volume, the size of resulting CMs was seen to increase significantly after coculture with ECs

(Figure 2.11-J). Overall, the addition of ECs to CPC cultures increased CM size and induced
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expression of structural markers of maturation. The 3:1 EC:CM ratio resulted in the greatest
percentage of cells expressing cTnl and MLC2v, the highest cTnT expression level, and the largest
CMs.

To narrow down the potential methods of intercellular interactions between EPCs and
CPCs that induce maturation, iPSC-derived EPCs and hPSC-derived CPCs were cocultured via
transwells or co-plating for 7 days, focusing on differences that are essential during the intial
formation of the hPSC-derived CMs. EPCs were used to further model interactions in the
developing myocardium. The transwells limit cell-cell interaction to solely excreted paracrine
factors whereas co-plating allows for a combination of paracrine signaling, juxtacrine signaling,
and ECM modifications. As shown in Supplementary Figure 2.2A, 400 x 10® MACS-purified
EPCs were plated in the transwell with 10° CPCs plated in the main well compartment. As a
control, CPCs were plated on the membranes, in addition to the CPC in the main well. After the 7
days of coculture in EGM-2, the CPCs in the main compartment formed ~80% cTnT+ CMs and
did not significant differ in percent of cTnT+ cells between the control and the coculture as shown
in Supplementary Figure 2.2B. On the transwell after the 7 days in culture, the EPCs formed
nearly pure ECs as shown by immunostaining, with junctional CD31 and VE-cadherin, minimal
staining for a-SMA, a marker for smooth muscle cells, and no remaining CD34, a marker for EPCs
(Supplementary Figure 2.2C-D). Using flow cytometry, the cells from the CPCs in the main well
were analyzed, and no change in cTnT expression, cell size, nor MLC2v expression was detected
(Supplementary Figure 2.2E-G).

To compare the transwell experiment to co-plated cell condition, the iPSC-derived EPCs
and CPCs were co-plated in a 1:1 ratio as shown in Supplementary Figure 2.3A. There was a

significant decrease, from 77.6 = 1.6% to 47.4 =+ 7.5%, in the percent cTnT+ cells found after one
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week in the coculture compared to the monoculture (Supplementary Figure 2.3B; p<0.05).
Correspondingly, there was a slight increase in cTnT expression from 1.00 £ 0.08 to 1.26 £ 0.21
and a significant (p<0.05), though small, increase in forward scatter from 1.000 + 0.002 to 1.031
+ 0.015 between the monoculture and coculture CMs (Supplementary Figure 2.3C-E). To verify
the results of these EPC/CPC co-plated cocultures, further replicates should be performed and the
presence of ECs in the coculture should be validated after seven days. The increase in CM cell size
in the co-plating coculture, which is not seen in the transwell cocultures, may indicate that
physiological maturation effects are aided by juxtacrine signaling or ECM remodeling, and not
exclusively paracrine signaling. It is possible the difference in seeding densities and total ratio of
ECs the CPCs in the cocultures allowed the ECs to have a greater impact on the CMs in the co-
plating experiment and should be further investigated. Longer coculture time may yield the same
level of CM maturation by the EPCs as the ECs, shown in Figure 2.1, and future experiments

should be extended to 14 days to determine if culture time impacts the CM maturation.

2.3.2 CM-specific protein expression induced by coculture with ECs is dependent on the stage
of CM development at which coculture is initiated

In EC cocultures, we used either early beating hPSC-derived CMs, obtained between days
13 and 18 of the differentiation, or pre-CM D6 CPCs as shown in Figure 2.2A. To generate CMs,
hPSC-derived CPCs were maintained in RPMI/B27 medium for ~9 additional days. When
coculture was initiated, the cells were plated at a density of 160 x 102 cells/cm? in EGM-2 medium.
The cells were plated as a monoculture or in a 1:1 ratio of ECs to the CPCs or CMs. Cells were
then maintained in monoculture or coculture for two weeks before analysis (Figure 2.2B). After

two weeks the monocultures contained approximately a 1:2 EC:CM ratio whereas the 1:1 seeded
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Figure 2.2: Comparison of induction of CM maturation properties when hPSC-derived ECs were
cocultured with hPSC-derived CPCs and CMs. (A) Schematic illustrating how hPSC-derived ECs were
cocultured with either CPCs or CMs. (B) The timeline in which the EC cocultures were induced and
maintained in EGM-2 for two weeks before analysis and compared to their time-matched monoculture
controls. (C) After two weeks in culture, the indicated monoculture and coculture samples were analyzed
for the percentage of cells expressing cTnT and VE-cadherin by flow cytometry. (D) After two weeks in
culture the percentage of cTnT+ cells expressing cTnl was determined by flow cytometry. Representative
flow cytometry histograms are shown for (E) the ¢cTnT+ cells in the CPC monoculture (red) and the
EC:CPC coculture (green) and the cTnT- cells in the EC:CPC (blue), and (F) the cTnT+ cells in the CM
monoculture (red) and the EC:CM coculture (green) and the cTnT- cells in the EC:CPC (blue). The numbers
indicate the percent of cTnl+ cells in the corresponding samples. (G) Cells in the cocultures were costained
and analyzed for expression of both MLC2a and MLC2v by flow cytometry, and the percent of each were
calculated based on the total number cells expressing either MLC2v or MLC2a. (H) The median
fluorescence intensity of cTnT in cTnT+ cells was quantified by flow cytometry. Data represent mean +
SEM of three independent differentiations with at least two experimental replicates each. Comparisons of
VE-cadherin, cTnT, and MLC2a/v expression between cocultures and monocultures were performed using
Student t-test, N=3 (* p<0.05, ** p<0.01). Comparisons of percentage of cells expressing cTnl were
performed using one-way ANOV A with Tukey’s HSD post hoc analysis, N=3 (* p<0.05, ** p<0.01). ¢TnT
MFI values were normalized to the monoculture and statistical comparisons were performed using the two-
way Mann-Whitney test, N>8 (* p<0.05, ** p<0.005).
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cocultures contained approximately 2:1 EC:CM, perhaps as a result of greater proliferation of ECs
than CMs. The EC:CPC coculture contained a significantly higher percentage of VE-cadherin+
cells and a lower percentage of cTnT+ cells compared to the monoculture control (Figure 2.2C;
p<0.05), consistent with observations in Figure 2.1. Similarly, the EC:CM coculture also
contained a significantly higher percentage of VE-cadherin+ cells compared to the monoculture
control (p<0.005). Immunostaining for VE-cadherin and MLC2a after two weeks of coculture of
the CPC, EC:CPC, CM, and EC:CM samples demonstrated the presence of ECs and CMs in the
wells (Supplementary Figure 2.4A). In all conditions, the ECs did not display any notable
organization but were evenly dispersed throughout the plate. The CPC and CM monocultures were
comparable in the final EC percentage and organization, as were both EC coculture conditions and
are therefore are suitable for comparison of the impact of the incorporation of the ECs into the
cultures on the resulting CMs.

Next, we determined if the stages of CM differentiation (CPCs vs. beating CMs) impacts
the ability of ECs to induce the expression of key proteins indicative of CM maturation. To
compare induction of CM maturation via the switch in troponin | expression to the cardiac isoform,
the percentage of cTnl+ CMs was examined after two weeks in coculture. A significantly greater
percentage of cTnT+ cells in the EC:CPC coculture expressed cTnl (65.5 + 6.4%) as compared to
the monoculture control (23.5 = 4.0%, p<0.05) (Figure 2.2D-F). The percentage of cTnl+ cells
within the cTnT+ population was not significantly different between the CM monoculture and
EC:CM conditions (67.6 £ 9.1% and 69.8 + 8.5%). This demonstrates that ECs may accelerate the
rate at which cTnl expression is initiated when coculture is initiated prior to CM commitment. To
see if this acceleration of cTnl expression is representative of other markers of CM maturation, we

also assessed the expression of MLC2v in the CMs in the CPC, EC:CPC, CM, and EC.CM
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conditions after two week in culture. Consistent with results shown in Figure 2.1, initiating EC
coculture with the CPCs led to a significant increase in the percentage of CMs that were MLC2v+
compared to the monoculture control (p<0.005) (Figure 2.2G). However in the CM and CM:EC
samples, MLC2v expression was not affected by EC addition. This supports the hypothesis that
the CM differentiation stage at which the interaction with ECs is incorporated affects the ability
of ECs to accelerate the induction of CM maturation. We next measured the expression level of
cTnT in the cTnT+ cells to determine if EC coculture also increases cTnT expression when
coculture is initiated with CMs. The MFI of cTnT demonstrated a significant increase in the cTnT
expression in the CPC coculture compared to its control, but not in the CM coculture (Figure
2.2H, Supplementary Figure 2.4B). Overall, ECs accelerated production of structural markers of
CM maturation when coculture was initiated while the cardiac cells were in their progenitor state

but not with already beating CMs.

2.3.3 EC coculture with CPCs induced changes in CM morphology

Early hPSC-derived CMs are small, round cells (144). In extended culture they grow and
elongate over time, but they do not become as large or rod-shaped as adult CMs (37, 51). To assess
whether EC coculture with CPCs or CMs affects the resultant CM cell size, we first measured
forward scatter by flow cytometry. CMs from the EC:CPC coculture forward-scattered light
significantly more than CMs differentiated in monoculture (Figure 2.3A), consistent with a larger
cell volume. To directly measure CM size, cells were replated after two weeks in monoculture or
coculture and immunostained for cTnT. Image J was used to quantify the cell area, perimeter, and
circularity of cTnT+ cells (Supplementary Figure 2.5A). Consistent with the forward scatter

results, CMs from the EC:CPC coculture had a 33 + 13% greater cell area than CPCs differentiated
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Figure 2.3: Cocultures of hPSC-derived ECs with CPCs, but not CMs, induced a more adult-like phenotype
in the CMs after two weeks in culture. (A) The forward scatter of cTnT+ cells in the indicated monoculture
and coculture samples was measured by flow cytometry after two weeks in culture. Data represent mean +
SEM of three independent differentiations with at least two experimental replicates each. Forward scatter
values were normalized to the CPC monoculture in each differentiation and comparisons were performed
using the two-way Mann-Whitney test, N>8 (** p<0.005). (B) CM area, CM perimeter, and CM circularity
of cTnT+ cells in the indicated monoculture and coculture samples were quantified by analyzing at least 40
cells per experimental replicate using ImagelJ after replating two week samples onto gelatin-coated plates
and culturing for 3 days. Values were normalized to the monoculture for each differentiation. Data represent
mean = SD of three independent differentiations with three experimental replicates each. Comparisons
between corresponding cocultures and monocultures were performed using Student t-test, N=3 (* p<0.05).
(C) H9 hESC-derived CPCs and CMs with or without hPSC-derived ECs were cultured for two weeks
before replating on Matrigel-covered glass slides and immunostained for a-actinin (green) and phalloidin
(red) with DAPI (blue) to compare sarcomere organization. (D) Blinded images of sarcomeres stained as
described in panel (C) were ranked for their organization based on the following criteria: 1, no visible
sarcomere structure; 2, some sarcomere organization; 3, H zones and Z lines visible in areas with some
sarcomere organization; 4, near perfect sarcomeres with clear H zones, Z lines, and thick myofibrils. The
percentage of CMs containing each rank in the indicated monoculture and coculture samples is plotted. (E)
After replating the CPC, EC:CPC, CM, and CM:EC cultures after the two weeks in culture, cells were also
stained for Cx43 (green), a-actinin (red), and DAPI (blue) to assess gap junction formation and localization.
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(F-G) hESCs expressing eGFP under the TNNT2 promoter were differentiated to CPCs and CMs and
cultured in the indicated monocultures or with hPSC-derived ECs for two weeks. The cells were then
replated on glass slides and were then stained with di-8-anepps to identify membranous extensions into the
intracellular area of the CMs. (F) A high magnification image of an eGFP+ (green) CM is shown to illustrate
the faintly striated di-8-anepps stain (red). (G) The percentage of the cell area, determined by eGFP, stained
by di-8-anepps was quantified in Imagel. Values were normalized to the monoculture for each
differentiation (1.59% and 2.23% for the CPC and CM monocultures, respectively). Data represent mean +
SD of three independent differentiations for the CM and EC:CM data and two independent differentiations
for the CPC and EC:CPC data. Cocultures were compared to monocultures using Student’s t-test (* p<0.05).
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in monoculture (Figure 2.3B; p<0.05). The cTnT+ cells in the EC:CPC cocultures displayed a 6.1
+ 3.1% greater circularity than the CMs from a monoculture control (p<0.05). This increase in
circularity is inconsistent with increased structural maturation, which was interesting considering
the ECs induced other structural markers of CM maturation. Both the EC:CPC and EC:CM
cultures exhibited a greater perimeter than CMs in monoculture control of 10% (+ 5% and 3%
respectively) which could signify CM elongation. The raw values without normalization in each
differentiation are provided in Supplementary Figure 2.5B-D.

Additionally, adult CMs have organized, aligned sarcomeres and myofibrils in addition to
gap junctions localized to the intercalated discs, which together coordinate the direction and timing
of contractions between CMs. The organization and alignment of sarcomeres within the CMs were
analyzed for the presence of H zones and Z lines, and sarcomere length was measured on the
replated cells by a-actinin immunofluorescence and phalloidin staining for F-actin. No significant
differences in the organization of the sarcomeres and myofibrils were seen (Figure 2.3C-D). To
examine differences in sarcomere structure induced by EC coculture, at least 75 cells in each
condition over three separate differentiations were analyzed for their organization (examples in
Supplementary Figure 2.5E). In all conditions, CMs exhibited a wide variety of sarcomeric
structures, demonstrating some of the CMs in all conditions had developed to contain organized
sarcomeres and myofibrils. Also during heart development, sarcomere spacing increases to ~2.2
um from 1.6 pm (145). For every cell in which at least 11 Z lines in a row were visible, sarcomere
length was measured. There was no significant change seen in the sarcomere length between the
CPC, EC:CPC, CM, or CM:EC cultures. The average lengths ranged between 1.58 um and 1.79
um, indicating immature sarcomere spacing in all conditions (Supplementary Figure 2.5F).

Finally, gap junction localization was visualized in CMs by immunostaining for Cx43 and a-
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actinin (Figure 2.3E). We did not see a difference in Cx43 localization between the CPC, EC:CPC,
CM, and EC:CM cultures. Overall, culturing ECs with CPCs yielded larger CMs compared to the
CPC culture without ECs, though no additional structural organization was observed and the
coculture seemed to decrease the amount of elongation in the CMs. In contrast, ECs had very little
effect when cocultured with beating CMs, leading to a small increase in CM perimeter but no
significant change in area or circularity.

Along with organized sarcomeres and localized gap junctions, t-tubules are another
structural feature of adult CMs. In rats, formation of t-tubules begins after birth and are fully
developed after a month (141). However, in hPSC-derived CMs, t-tubules are rarely seen, and this
lack has been suggested to contribute to irregular Ca2+ handling in hPSC-derived CMs (37, 132).
CMs and CPCs were generated from the H9-hTnnTZ-pGZ-D2, an hESC line that expresses eGFP
under the TNNT2 promoter, and used in monoculture and coculture configurations with hPSC-
derived ECs as illustrated in Figures 2.2A-B. Live cells were stained with di-8-anepps (Figure
2.3F), a lipophilic membrane dye that fluoresces upon changes in the membrane potential and can
be used to identify the CM membrane and extensions of the membrane into the cell (41). Over two
separate differentiations, 43 eGFP+ cells in the CPC monoculture and 51 in the EC:CPC coculture
were imaged. For the CM cultures, 71 eGFP+ cells were imaged in the monoculture and 78 in the
EC-CM coculture over three differentiations. The percentage of the cell area stained with di-8-
anepps was quantified for each CM analyzed (Supplementary Figure 2.5H). After normalizing
to the monoculture control within each differentiation, we found that significantly more
intracellular areas were stained by di-8-anepps in the EC:CPC coculture compared to the CPC
monoculture (Figure 2.3G). Alternatively, the EC:CM coculture did not show any difference in

di-8-anepps staining compared to the CM monoculture. The di-8-anepps staining demonstrates
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that EC coculture can induce the formation of membrane extensions in CMs only when the culture
is instigated early in the differentiation. These extensions may accelerate t-tubule formation

although bona fide t-tubules were not observed in any of the experimental conditions.

2.3.4 Upregulation of CM-specific genes was induced by the coculture of ECs with CPCs
Genes encoding sarcomeric proteins, ion channels, and regulators of said channels are
upregulated during CM differentiation and maturation (14). By analyzing relative mRNA
abundance between the CPC and EC:CPC cultures, we further addressed whether EC coculture
induces CM maturation at the early stage of differentiation. We cultured CPCs or CMs derived
from H9-hTnnTZ-pGZ-D2 hESCs with hPSC-derived ECs for two weeks. We then used FACS to
collect eGFP+ CMs for RNA extraction, using at least two experimental replicates across three
differentiations, and analyzed gene expression via gPCR in Figure 2.4 for the CPCs and
Supplementary Figure 2.6 for the CMs. MYL2 expression was significantly upregulated in the
EC:CPC coculture sample (p<0.01), consistent with the increase in MLC2v protein levels in the
EC:CPC coculture shown in Figures 2.2H and Figure 2.3G. A significant decrease (p<0.05) in
TNNI1 (ssTnl) and an increase in TNNI3 (cTnT) in the EC:CPC coculture is also consistent with
increased cTnl expression in this sample. Myosin heavy chain isoform switches from
predominantly a-MHC (MYHG6) to B-MHC (MYH7) during human ventricular CM development
(147). A decrease in MYH6 and a significant increase (p<0.01) in MYH7 provide additional
evidence for accelerated CM maturation in the EC:CPC coculture compared to the CPC
monoculture. Interestingly an increase in GJA1 (Cx43) expression was also observed in the
coculture sample (p<0.05), even though no any changes in gap junction organization were

observed (Figure 2.4F). Finally, CMs from the EC:CPC coculture exhibited higher expression of
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Figure 2.4: CMs from EC:CPC cocultures express genes associated with CM maturation. hESCs
expressing eGFP under the TNNT2 promoter were differentiated to CPCs, and maintained as CPC
monocultures or cocultured with hPSC-derived ECs for two weeks. Then, eGFP+ cells were purified via
FACS and expression of the indicated genes was quantified by gPCR. Values were normalized to the
average of the expression of VIRMA and ZNF384, two housekeeping genes. Fold change values were
calculated via the AACt method. Data represent mean + SEM of at least six replicates taken from three
independent differentiations with at least two gPCR experimental replicates each. The values were
normalized to the CPC monoculture in each differentiation and statistical comparisons were performed
using the two-way Mann-Whitney test, N>6 (* p<0.05, # p<0.01).
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KCNJ2 and ATP2A2, genes encoding a potassium-gated channel and an intercellular ATP pump,
respectively. Alternatively, the ECs only significantly increased KCNJ2 expression in the EC:CM
coculture in comparison to the CM control as shown in Supplementary Figure 2.6. Summarizing
this gene expression data, coculture of ECs with only CPCs resulted in upregulation of several

genes involved in CM sarcomere formation and electromechanical coupling.

2.3.5 ECs promoted a CM chronotropic response from a ff-adrenoreceptor agonist
hPSC-derived CMs are less electromechanically mature than adult CMs, as seen by lower
upstroke and conduction velocities, reduced excitation-contraction coupling, and a higher resting
membrane potential (43, 37, 41). These are in part due to their lower expression of specific ion
channels and regulators along with the expression of different ion channel isoforms (148). Also,
hPSC-derived CMs express lower levels of -adrenoreceptors than adult CMs (149). Isoprenaline,
a B-adrenoceptor agonist, generates a positive chronotropic response in CMs (150). The extent of
this response has been shown to be affected by CM maturation, with 10 day hPSC-derived CMs
having smaller increase in beating rate when exposed to isoprenaline in comparison to 80 day CMs
(151). We initiated culture of CPC, EC:CPC, CM, and EC:CM on the MEAs. After two weeks,
we measured changes in the time between each beat (RR interval) upon exposure to a range (0-
500 nM) of isoprenaline concentrations. Example MEA recordings are shown for each sample with
and without 500 nM isoprenaline in Supplementary Figure 2.7A-D. As shown in Figure 2.5A,
there was no significant decrease in RR interval in EC:CPC and monoculture samples after
isoprenaline treatments in part due to the high variability in the replicates. Alternatively, the
EC:CM coculture required only 50 nM isoprenaline to result in a statistically significant decrease

in RR interval (p<0.01), compared to 500 nM for the CM monoculture (Figure 2.5B).
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Figure 2.5: EC coculture increased CM response to isoprenaline in CMs. Monocultures and cocultures
were maintained on Matrigel-coated multielectrode arrays for two weeks. The RR interval was measured
for (A) H9 hESC-derived CPC monocultures or cocultures with H1 hESC-derived ECs and (B) H9 hESC-
derived CMs monocultures or cocultures with H1 hESC-derived ECs as a function of isoprenaline
concentration. Recordings were first acquired for the control condition lacking isoprenaline, then increasing
doses of isoprenaline were added for 15 min before each recording. Data for each electrode were normalized
to the untreated control. Data represent mean + SD of RR intervals for two biological replicates.
Comparisons between cocultures and monocultures were performed using Student t-test, N=2 (* p<0.05).
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Incorporation of ECs into only the CM cultures significantly decreased the RR interval, suggesting

that ECs enhanced the positive chronotropic response of CMs when cocultured with beating CMs.

2.4  Discussion

To determine the ability of ECs to impact CM maturation when coculture is initiated with
cardiac progenitors, we seeded ECs and CPCs together in the ratios of 1:3, 1:1, and 3:1 along with
a CPC monoculture. We observed an increase in the percentage of CMs that expressed MLC2v
and cTnl, the expression of cTnT per cell and the size of CMs from the EC:CPC coculture
compared to CMs from CPC monoculture. The extent of CM maturation depended upon the ratio
of ECs to CPCs, with the greatest induction of maturation observed at a 3:1 EC:CPC ratio.
Congruously, this ratio is similar to the ~2:1 ratio in which ECs and CMs are found in adult hearts
(2). CPC:EC coculture enhanced the expression of MYL2, TNNI1, MYH7, GJA1, KCNJ2, and
ATP2A2, which indicates CM maturation. Alternatively, we did not see an induction of any of
these genes except for KCNJ2 when the ECs coculture was initiated with beating CMs. We did not
detect an increase Cx43 localization to longitudinal termini of the cells, even though the expression
of the gene was upregulated. There was a slight, but not statistically significant, increase in the
sarcomere organization when CPCs were cocultured with ECs. When the CPCs were cocultured
with EPCs for 7 days, a similar but smaller induction in CM cell size and cTnT expression was
found with co-plated cells but not with the cells in transwell, hinting that the maturation inducing
signals are reliant on juxtacrine signaling.

Next, to determine if the induction of maturation when ECs were cocultured with CPCs
was unique to the stage of the cells in the CM differentiation at which coculture was initiated, we

compared the effects of coculturing the ECs with either young, beating CMs or with CPCs. When
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the coculture was initiated with beating CMs, we did not see a significant impact on cell size or
expression of cTnT, cTnl, and MLC2v. This lack of cTnl or cTnT induction is consistent with the
lack of TNNI3 or TNNT2 induction reported by Giacomelli et al. when they cocultured hPSC-
derived CMs in spheroids with or without ECs (91). Additionally the presence of membranous
extensions, which might be t-tubule precursors, was enhanced by EC coculture only when the
coculture was initiated with CPCs, but not CMs. However, ECs increased sensitivity of CMs to
the B-adrenoreceptor agonist, isoprenaline, when coculture was initiated with only beating CMs.
Similar enhancement in isoprenaline sensitivity was observed by Giacomelli et al. in EC:CM
spheroids and by Ravenscroft et al. in hESC-derived CMs with coculture of both human primary
cardiac fibroblasts and ECs (91, 79).

Based on our results, it is apparent that inducing EC coculture at the CPC stage resulted in
greater acceleration of maturation than initiating EC coculture with beating CMs. This is consistent
with a study performed by Ronaldson-Bouchard et al., where they found that the stage at which
electrical stimulation is applied to hPSC-derived CMs impacted the extent of maturation achieved
(128). Electrical pacing of day 12 CMs induced greater sarcomere organization, upregulation of
genes expressed in adult CMs, and enhanced electrophysiological maturation compared to pacing
day 28 CMs. The additional induction of isoprenaline sensitivity in the EC:CM coculture may also
point to the importance for EC-derived signals to be continued out from the D20 CMs when the
EC:CPC coculture to D29, the point at which the EC:CM coculture was assessed.

It is possible that the tissue specificity of ECs may be vital to induce the hPSC-derived CM
development or maturation. In Ravenscroft’s coculture system, human primary dermal fibroblasts
and ECs were found not to enhance the response to drugs in comparison their cardiac-specific

counterparts (79). When Nolan et al. engrafted generic, stem cell-derived ECs into mouse Kidneys
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and livers, they found that the ECs acquired the expression of markers specific to the tissue in
which the cells were engrafted (152). The hPSC-derived ECs used in this study arise from a
mesoderm progenitor but lack tissue and vessel-type specificity, which may result from
developmental immaturity (153). It would be interesting to determine whether cardiac specificity
is induced in these hPSC-derived ECs cocultured with hPSC-derived CPCs or CMs and if this
specification has an impact on the observed CM maturation.

We observed the appearance of small populations of ECs in the CPC and CM monoculture
controls. This may be attributed to the fact that ECs and CPCs arise from the same mesodermal
population as CPCs, or the differentiation of ISL1+ CPCs to ECs (23). Indeed, ECs have been
found as a byproduct of small molecule-induced CM differentiation (154-156). It is possible that
our use of EGM-2, an EC growth medium, for our cocultures selectively expanded the EC
population that arose during CM differentiation. Our data indicates that these “contaminating” ECs
may in fact be beneficial to CM maturation.

Our results suggest the potential of ECs to influence CM development and maturation in a
developmental stage-specific manner. For example, the endocardium influences myocardial
development through pathways such as FGF signaling, neuregulin, and NOTCH signaling (52, 53,
59, 60). In addition to these paracrine signals, ECs have been shown to induce partial maturation
via juxtacrine signaling through microRNA transfer via gap junctions (61). It is yet unclear which
of these pathways and other yet unidentified mechanisms, also including biomechanical signaling
and ECM remodeling in addition to juxtacrine and paracrine signaling, may mediate CM
maturation caused by EC coculture with CPCs. Additionally, incorporating EC:CPC interactions
during CM manufacturing may accelerate production of more mature cells. The maturation

phenotypes seen in this study were only in the increased expression of some CM proteins and RNA
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along with some structural organization and sensitivity to isoprenaline, demonstrating that full
maturation of the cocultured CMs has not been achieved. It is likely that other signals will be
necessary to induce full maturation of hPSC-derived CMs, such as the incorporation of other cell
types or the design of a novel ECM in which to culture the CPCs. Further research should
investigate the mechanisms by which the cocultured ECs induce hPSC-derived CM maturation.
Identification of the biochemical and biophysical interactions between the ECs and CPCs that
induce CM maturation may facilitate efforts to manufacture mature CMs without EC coculture.
In conclusion, coculturing hPSC-derived ECs and CPCs accelerated acquisition of CM
maturation properties, including gene and protein expression, cell size, and development of t-
tubule-like membrane extensions. This induction of maturation required initiation of EC coculture

at the CPC differentiation stage, before spontaneous contraction was initiated.



74

Chapter 3: Modeling Myocardial and Epicardial Interactions during Heart

Development Induces hPSC-derived Cardiomyocyte Maturation

3.0 Summary

Chapter 3 models the interaction of epicardial cells (EpiCs) with cardiac progenitor cells
(CPCs) and the integration of EpiC-derived cells into the myocardium to investigate their impact
on cardiomyocyte (CM) maturation. EpiCs form the epicardium, the outer layer of the heart,
surrounding the myocardium and undergo an epithelial to mesenchymal transition (EMT) to create
fibroblasts and smooth muscle cells in the myocardium. EpiCs have been shown to interact with
cardiomyocytes during heart development and provide essential signals for proper myocardium
formation, yet little is known about their impact on CM maturation. We differentiated human
pluripotent stem cells (hPSCs) to both CPCs and EpiCs using protocols optimized previously in
the Palecek lab. The TGF-p inhibitor, A83-01, induces proliferation of EpiCs and allows the cells
to be maintained, without which they undergo EMT. We cocultured EpiCs and CPCs in both the
presence and the absence of A83-01 for two weeks. The two cocultures each induced their own
unique phenotypic changes in the resultant CMs indicative of CM maturation. This demonstrates
the importance of investigating the interactions of different cell types on CM maturation to identify

unique signaling pathways for identification and inclusion in CM manufacturing.

3.1 Introduction
As discussed throughout Section 1, myocardial infarctions are a growing issue for which
human pluripotent stem cell (hPSC)-derived cardiomyocytes (CMs) could serve as a potential

therapeutic. Additionally, these cells can be used for drug screening, disease modeling, and cardiac
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toxicity tests. Highly efficient, fully-defined protocols have been developed recently to create
hPSC-derived CMs (21-27). However these cells are immature in phenotype, mimicking more
closely the cells found in embryos than those in adult hearts (27, 125). This immaturity is seen in
the functionality of the hPSC-derived CMs, resulting in arrhythmias when implanted in primates
(13, 26).

Epicardial cells (EpiCs) form the outer barrier of the heart. During development, they
originate from the proepicardium and begin a migration to cover the heart immediately following
the looping and beginning of contraction of the embryonic heart tube (135). The EpiCs then
migrate into the myocardium, through a matrix-rich barrier called the subepicardium, to form
fibroblasts (FBs), smooth muscle cells (SMCs), and potentially endothelial cells (ECs) (74, 157,
158). EpiCs play a key role in the development of the myocardium. Prevention of epicardial
outgrowth caused a change in the conduction of the heart in embryonic chickens (159). Elimination
of EpiC-derived cells caused a decrease in CM proliferation, mechanical coupling, and electrical
coupling in embryonic mice models (160). Additionally, developmental biology studies have
found that EpiCs interact with CMs through paracrine signals (161). These include fibroblast
growth factors (FGF) and retinoic acid (RA) (162, 163). They influence myocardial
morphogenesis and when eliminated, resulted in embryonic lethality in mice. For example, FGF9
depletion from epicardial cells or CM-specific FGF receptor knockouts in mice caused a decrease
in CM proliferation and malformation of the heart (163). These interactions demonstrate the
importance of epicardial-derived signals in embryonic heart formation.

Minimal research has investigated the impact that EpiCs have specifically on hPSC-derived
CM maturation. Bian et al. designed EpiC mimetics from elasteromeric molds to have same

alignment as the epicardium (164). These mimetics were shown to induce hPSC-derived CM
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maturation in the increase in CMs alignment along with adult-like conduction velocity and the
formation of t-tubules. Other research has more focused on the impact that EpiC-derived cells has
on CM maturation since these cells are found throughout the myocardium. For example, Weeke-
Klimp et al. used EpiC-derived cells from embryonic quail eggs and cocultured them with neonatal
mouse CMs and found that the coculture induces CM maturation in the CM alignment and increase
in Cx43, ¢Tnl, and a-actinin expression (160). Moreover, FBs have been shown to induce elevated
cardiac troponin T (¢TnT), Cx43, and a-actinin protein expression and contractility in hPSC-
derived CMs (58, 133). This induction of maturation was caused specifically by soluble signals
and FB-deposited ECM. Thus far SMCs have only been cocultured with hPSC-derived CMs in
efforts to create multi-cellular tissue patches with ECs to increase CM survival after transplantation
(76, 86). In Section 2, we demonstrated the ability for ECs to also induce CM maturation in cell
size and the induction of many genes and proteins such as cTnl and ¢cTnT in hPSC-derived CMs
when cocultured with CPCs. Together these demonstrate the ability for EpiC-derived cells and
even the physical structure of the epicardium to induce hPSC-derived CM maturation, but it is yet
unknown if EpiCs and the process of EMT of these EpiCs during heart development has any impact
on CM maturation.

Recent protocols have been optimized to generate hPSC-derived EpiCs and prevent the
initiation of EMT within the EpiCs through using TGF-p inhibitors (72, 73). By combining hPSC-
derived CM progenitors (CPCs) with hPSC-derived EpiCs, the interactions of these cell types
during heart development can be modeled. We cocultured these two cell types in the presence and
absence of the TGF- inhibitor, A83-01, to prevent EMT and compared the resulting changes in
maturation of the CMs that arise from the CPCs. In the presence of A83-01, the EpiCs maintained

their WT1+ expression whereas, without the inhibitor, a calponin+ population was identified and
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lacked any WT1+ population, indicating that the EpiCs underwent EMT. After the seven day
coculture, the cells were analyzed for phenotypic changes indicative in CM maturation, including
cTnT expression CM cell size. In the coculture with A83-01, the CMs had only a larger MLC2v+
CM population compared to a monoculture control. Alternatively in the coculture without A83-
01, the CMs only were larger cells with more cells expressing cTnl. Together these results indicate
that both EpiCs and EpiCs undergoing EMT can induce hPSC-derived CM maturation, each

specifically targeting different CM phenotypes.

3.2  Materials and methods
3.2.1 hPSC culture with CPC and EpiC differentiations

H9 human embryonic stem cells (hESCs) were cultured on Matrigel-coated (BD
Biosciences) tissue culture plates in mTeSR1 (STEMCELL Technologies) and passaged every
three days with Versene (ThermoFisher) (136). To differentiate to CPCs, the H9 cells singularized
with ACCUTASE™ (Innovative Cell Technology) for 7 minutes, quenched in media, and seeded
at 265 x 10° cells/cm? on Matrigel-coated plates in mTeSR1 with 5 uM Y-27632 following the
protocol from Lian et al. (22). The next day, D-1 of the differentiation, the media is changed to
only mTeSR1. On DO, the media is switched to RPMI with 10 mL B27 minus insulin per 500 mL
RPMI (RPMI/B27-) and with 12 uM CHIR99021 (Selleckchem) (22). The media is changed on
D1 with only RPMI/B27- and again on D3 with half of the current media, half fresh RPMI/B27-
and 5 uM IWP2 (Tocris). On D5 the media is changed again with RPMI/B27-. On D6, CPCs have
formed and the cells are either continued in culture with RPMI and B27 with insulin or treated
with ACCUTASE™ for 5 minutes for freezing in 10% DMSO or for continuation to the EpiC

differentiation.
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For the EpiC differentiation, the protocol from Bao et al. was followed (73). In brief, the
CPCs were plated at density of 50 x 102 cells/cm? on gelatin-coated tissue culture plates in RPMI
with 20% FBS and 5 uM Y-27632. For the following two days, the medium is changed every day
using LaSR medium (500 mL Advanced DMEM with 6.25 mL Glutamax and 0.03 g ascorbic acid)
with 2 uM CHIR99021. For the next three days, the media is changed daily with only LaSR. At
this point EpiCs have been obtained and can be passaged on gelatin-coated plates using Versene
with the addition of 5 uM Y-27632, 0.5 uM A83-01 (Stemgent), and 1% FBS in the LaSR medium.
After plating, the cells are maintained in the LaSR medium with 0.5 pM A83-01. EpiCs were
maintained and used for further experiments for up to 8 passages. Further passaging of the EpiCs
was done using Versene.

For the 14 day culture of the EpiCs, H9-derived EpiCs were plated on gelatin-coated plates
at a density of 50 x 103 cells/cm? in LaSR medium with 0.5 uM A83-01, 5 uM Y27632, and 1%
FBS. The medium was then switched to LaSR basal medium or with 10 ng/mL bFGF, 0.5 uM
A83-01, or 5 ng/mL TGF-B1 (R&D Systems) and changed every two days for 14 days before

immunostaining.

3.2.2 Coculture of CPCs and EpiCs

The H9-derived CPCs were thawed and plated in monoculture or in 1:1 ratio with H9-
derived EpiCs on gelatin-coated plates at a density of 250 x 10° cells/cm? in DMEM with 10%
FBS and 5 uM Y-27632. The media was changed after one day to the LaSR media alone or with
0.5 uM A83-01. This media was changed every two days for 14 days. Then the cells were

singularized with ACCUTASE ™ for at least 30 minutes and quenched with DMEM/F12. The cells
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were then counted before being replated for immunostaining in DMEM with 10% FBS with 5 uM

Y-27632 or for flow cytometery.

3.2.3 Flow cytometry

After singularization, the cells were fixed using 1% paraformaldehyde for 20 minutes
followed by 90% methanol on the cells for 10 minutes for permeabilization. Next, the cells were
resuspended in diluted primary antibodies, shown in Supplementary Table 1, in flow buffer
containing 5% wt/vol BSA (ThermoFisher) and 0.1% Triton X-100 (Sigma) in PBS at 4 °C
overnight. Secondaries were also diluted (1:1000) in the flow buffer and added to the cells for 30
minutes at room temperature. Samples were run on a BD FACSCalibur flow cytometer and

statistical analysis was done using the Student’s t-test.

3.2.4 Immunochemistry

The cells were fixed with 4% paraformaldehyde for 15 minutes. After washing with PBS,
the primary antibodies (shown in Supplementary Table 1) were diluted in milk buffer containing
5% wt/vol non-fat dry milk and 0.4% Triton X-100 (Biorad; Hercules, CA) in PBS at 4 °C
overnight on a rocker. Next, after three washes with PBS, the secondary antibodies were added in
a 1:1000 dilution for 20 minutes at room temperature. Finally nuclei were stained using 0.4 ulL/mL
Hoechst in PBS and the solution was added to the cells for 5 minutes at room temperature. Images

were taken either with an inverted Olympus 1X70 microscope.
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3.3  Results
3.3.1 Coculture of EpiCs and CPCs

Little is currently known about the impact of EpiCs and their derivatives on the maturation
ability on hPSC-derived CMs. We have previously shown in Section 2 that EC interactions with
CM progenitors can affect the ability for CMs to mature, either through speeding up the maturation
or by interacting with the cells at a point where they have higher sensitivity to these interactions.
EpiCs have been shown in vivo to impact heart development (165). Our hypothesis is that
providing the interactions originating from EpiCs during heart development to CPCs will further
induce CM maturation. Using the protocols to make EpiCs from Bao et al. (shown in Figure 3.1A)
and to make CMs from Lian et al., H9 hESCs were differentiated to relatively pure EpiCs and
CMs, shown by the >95% WT1+ cell population from the EpiC differentiation and by >90%
cTnT+ cells from the CM differentiation in Figure 3.1B-C (73, 22).

Following the same procedure as outlined in Section 3.2, CPCs were obtained from D6 in
the CM differentiation and frozen, with one well continuing on for testing on their ability to form
pure CMs. The CPCs were thawed and plated at a density of 250 x 10% cells/cm?, either in a
monoculture or coculture with EpiCs in a 1:1 ratio as shown in Figure 3.2A. The cells were
maintained for 14 days in LaSR medium with or without A83-01 as shown in Figure 3.2B. Without
A83-01, the EpiCs have been shown to undergo EMT, a process seen during heart development in
which myocardial SMCs, FBs, and ECs are formed (72, 73). Prior to analysis, pictures were taken
from each condition shown in Supplementary Figure 3.1. In the monocultures, the CPCs formed
a thick layer of cells and which, in the condition without A8301, began to peel off the plate before
the two weeks were up seemly due to the intense contractions of the CMs. In the basal medium

coculture, the CPCs appeared to form denser areas which were beating, surrounded by other
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Figure 3.1: H9 hESCs were differentiated to pure EpiCs and CMs. (A) Differentiation protocol to make
EpiCs from hPSC-derived CPCs. In short, CPCs were treated with the Wnt activator, 2 uM CHIR99021,
for two days after seeding on gelatin-coated plates. On from D3 to D6, LaSR basal media without any small
molecules is changed daily. By D6, WT1+ EpiCs have formed and can be maintained and passaged in LaSR
with a TGF-f inhibitor, 0.5 uM A83-01. (B, C) Passage 4 H9-derived EpiCs and D20 H9-derived CMs are
labeled with antibodies to WT1 (B) and ¢TnT (C) and analyzed via flow cytometry.
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non-beating cells. Similarly, in the A83-01 treated coculture, the beating areas were exclusively
found within the almost spheroid-like clusters of cells tended to detach throughout the two weeks.
Around the clusters were cells that appeared more epicardial in shape. After the two weeks in
culture, the cells were singularized with ACCUTASE™ and the numbers of cells were counted
manually using a hemocytometer. Since much greater numbers of cells were found in the CPC/Epi
coculture in A8301 (~2.3 x 10° cells/well in comparison to the 0.54 to 1.25 x 10° cells/well in the
other conditions), the cardiomyocytes were costained for MF20, to identify the CMs, and Ki67 to
determine if the coculture impacted the proliferation of the CMs as shown in Figure 3.2C. Only a
significantly higher percent of Ki67+ CMs were found in the coculture of the CPCs with EpiCs in
the presence of A8301 (p<0.05). This difference may be caused in part by the proliferative signals
that EpiCs have been shown to produce in vivo to induce CM proliferation (163).

To determine the identity of the cells in the cultures after two weeks, the percent of cells
expressing cTnT, WT1, or calponin from each condition was assessed via flow cytometry (shown
in Figure 3.2D). Calponin can be used as a marker of SMCs and FBs as it has been shown to be
highly expressed in SMCs, with low expression found in FBs (166). In the monocultures,
significantly more WT1+ cells were found with the addition of A83-01 to the medium than in the
basal medium (9.3 £ 1.6% vs 1.2 + 0.9% respectively, p<0.01). Significantly more calponin+ cells
were found between the monoculture and coculture conditions in the basal medium (8.0 + 4.5%
vs. 18.2 + 2.2% respectively, p<0.05) with a negligible difference in the cTnT+ of 93.7 £ 4.1% in
comparison to 87.5 £ 5.1%, respectively. With A83-01, the coculture had a higher WT1+ percent
than the monoculture (9.3 £ 1.6% vs. 41.6 + 8.7%, p<0.01) with a corresponding decrease in
cTnT+ from 83.5 £ 4.8% to 44.8 + 16.2% with the addition of EpiCs (p<0.05). This demonstrates

that the EpiCs were maintained in the coculture with the A83-01 and may have caused the
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Figure 3.2: Coculture of H9 hESC-derived EpiCs and CPCs. (A) Schematic of the co-plating of the EpiCs
and CPCs in LaSR medium with or without 0.5 uM A83-01. The cells were kept in culture for two weeks
before analysis of the EpiCs impact on the CM maturation. (B) Table of the four resulting conditions for
the coculture experiment, showing the CPC monoculture controls in addition to the CPC cocultued with
EpiCs. (C-D) After the H9-derived CPCs and EpiCs were cocultured for two weeks in a 12-well tissue
culture plate. The cocultured cells were analyzed after the two weeks via flow cytometry for the
coexpression of Ki67 and MF20 (C) and the markers cTnT, WT1, and calponin, and the percent of the total
cell population for each was calculated (D). The hemocytometer and flow data represent mean + standard
deviation of three samples taken from three independent differentiations and cocultures. The values were
normalized to EpiC controls for each differentiation and statistical comparisons were performed using
ANOVA with Tukey’s test post hoc, N=3 (* p<0.05, ** p<0.01).
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proliferation of a minor population of EpiCs from the plated CPCs. Without the A83-01, the
coculture of EpiCs with CPCs resulted in an increase from 8.0% to 18.2% in the calponin+

population without an increase in WT1%, likely indicating the EpiCs underwent EMT.

3.3.2 Cardiac protein expression and cell size are increased in CPCs cocultures with EpiCs
and EpiCs undergoing EMT

To assess the maturation effects of the EpiCs on the resulting CMs, the cocultured cells
were analyzed via flow cytometry for the expression of proteins related to maturation state. In
comparison to embryonic and hPSC-derived CMs, adult CMs have higher cTnT expression (141-
143). Using cTnT to identify the CMs, the median fluorescence intensity or MFI of cTnT was
analyzed within the CMs with normalizing to an EpiC control in Figure 3.3A. The MFI slightly
increased from 110 £ 32 to 181 + 28 with the addition of the EpiCs in the A83-01. No significant
change was found between the monocultures due to the addition of the A83-01 nor between the
monoculture and cocultures without the A83-01. Additionally, the CMs undergo a transition in
which the cells switch from primarily expressing the atrial version of the myosin light chain
protein, MLC2a, to ventricular version, MLC2v (32). By co-labeling the cells with MLC2a and
MLC2v as markers of CMs, the percentages of MLC2v+ CMs were determined via flow cytometry
after the two week cocultures in Figure 3.3B. A significant increase in MLC2v+ CMs was found
when the EpiCs were cocultured with the CPCs in A83-01 in comparison to the A83-01
monoculture (46.3 £ 10.8% vs. 20.1 + 3.6%, p<0.01). No change was found with or without the
A83-01 in monoculture nor with the basal media coculture. This demonstrates that the EpiCs, when
their identity is maintained and not allowed to undergo EMT, will cause the induction of MLC2v

expression in the CMs derived from the CPCs, indicating their ability to induce hPSC-derived
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Figure 3.3: Maturation of CMs through coculture of EpiC and EpiC-derived cells with CPCs. H9 hESC-
derived CPCs and EpiCs were cocultured on gelatin-coated plates for two weeks in LaSR basal medium
with or without 0.5 uM A83-01. The cells were singularized and analyzed via flow cytometry after antibody
labeling. Monocultures are labeled CPC only, cocultures are labeled CPC/Epi. (A) The median fluorescence
intensity (MFI) of cTnT within the cTnT+ cells was normalized to an EpiC sample run at the same time.
(B) The percent of cells expressing MLC2v was calculated from the total number of cells expressing either
MLC2a or MLC2v. (C) The percent of cTnl+ cells was calculated from the cTnT+ CM population. (D) The
forward scatter of the cTnT+ cells was normalized to the EpiC control sample. The data represent mean +
standard deviation of three samples taken from three independent differentiations and cocultures. The
values were normalized to EpiC controls for each differentiation and statistical comparisons were
performed using ANOVA with Tukey’s test post hoc, N=3 (* p<0.05, ** p<0.01)
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CM maturation. This maturation was specific to the EpiC coculture in A83-01 and not found in
the EpiC basal medium coculture.

Troponin | also switches from the slow skeletal to the cardiac isoform, cTnl, in late stage
development of the heart (140). To determine if troponin | isoform protein expression is impacted
by coculture using flow cytometry, the cells were co-labeled for cTnT and cTnl, allowing the
percent of cTnl+ CMs to be identified in Figure 3.3C. Very few of the CMs expressed cTnl in the
different conditions, however there was a slight but significant increase from 1.7 + 0.5% cTnl+
CMs to 8.8 + 1.6% with the addition of the EpiCs in the LaSR basal medium (p<0.01). Similarly,
when CMs mature throughout development, the cell elongate and become larger (37). By using
the forward scatter from flow cytometry, a rough measurement of the cell size can be determined.
The cells were labeled with a cTnT antibody and the median of the forward scatter of the CMs
were analyzed in Figure 3.3D. The CMs resulting from the cocultured EpiCs with the CPCs in the
LaSR basal medium had significantly higher forward scatter than the monoculture control after
normalizing to the forward scatter of an EpiC sample (1.26 £ 0.02 vs. 1.09 £ 0.04, p<0.01). This
demonstrates that specifically the EpiCs when undergoing EMT throughout their coculture with
CPCs, promote the expression of cTnl and an increase in cell size from the resulting CMs,

indicative of CM maturation.

3.3.3 Induction of EMT in EpiCs

During the two week coculture, the EpiCs appeared to undergo EMT when cultured in the
LaSR basal media. To further reinforce the idea that the calponin+ cells found in the basal media
coculture after two weeks originated from the EpiCs and not from the CPCs, H9-derived EpiCs

were cultured for 14 days without passaging in LaSR medium alone or with either 10 ng/mL bFGF,
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5 ng/mL TGF-B1, or 0.5 uM A83-01. Previously, it has been shown that culture of EpiCs with
bFGF causes the cells to undergo EMT to form FBs (73). Alternatively when TGF-B1 was added
to the medium, the EpiCs became SMCs (73). By using these proteins to induce EMT as a positive
control, the identity of the cells in the LaSR basal medium may be identified.

After two weeks of culture, the cells were fixed and stained with the mesenchymal cell-
marker vimentin, a smooth muscle cell marker (calponin), an EpiC marker (WT1), a SMC and
myofibroblast marker (a-SMA), and a junctional endothelial marker (VE-cadherin) (166-168). As
shown in Figure 3.4A-C, the cells maintained in A83-01 had minimal to no expression of a-SMA
or VE-cadherin, lower expression of calponin, and high expression of nuclear-localized WT1 and
vimentin. The lower expression of calponin and expression of vimentin with the continued
expression of WT1, is indicative of the cells in A83-01 after two weeks being EpiC beginning to
undergo EMT. In the bFGF containing media, the cells were positive for a-SMA, vimentin, and
calponin, though the calponin expression was lower than found in the basal media and TGF-$1
conditions. Although calponin is considered a marker for SMCs, it is also expressed at a lower
amount in FBs (166). These results indicate that after bFGF treatment, the EpiCs became
myofibroblasts or FBs though further markers will be needed to differentiate them from SMCs.
This matches the results found by Bao et al. when they treated EpiCs with bFGF, yielding
vimentin+ FBs (73). The basal media and TGF-B1 conditions yielded similar staining and
morphology of the cells, with expression of vimentin and a-SMA, high expression of calponin,
and lacking expression of WT1 and VE-cadherin. These results are phenotypically found in SMCs
and TGF-B1 had previously been shown to create SMCs from EpiCs (73). Altogether this points
to the EpiCs undergoing EMT to a SMC-like cell type when in culture for two weeks in the LaSR

basal medium.
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Figure 3.4: Culture of H9-derived EpiCs in LaSR basal medium alone, with bFGF, or with TGF-B1 induces
EMT. H9-derived EpiCs were plated on gelatin-coated plates at a density of 50 x 10 cells/cm? in LaSR
medium with 0.5 uM A83-01, 5 uM Y27632, and 1% FBS. The medium was then switched to LaSR basal
medium or with 10 ng/mL bFGF, 0.5 uM A83-01, or 5 ng/mL TGF-B1 and changed every two days. After
14 days, the cells were fixed and immunostained for (A) a-SMA (green) and VE-cadherin (green) (B)
vimentin (red) (C) WT1 (green) and calponin (red) with Dapi staining on all (blue).
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3.4  Discussion

Coculture of EpiCs with CPCs, with and without the presence of the TGF-f inhibitor, A83-
01, induced phenotypic changes in the resulting CMs indicative of CM maturation. With A83-01,
the EpiC fate was maintained as shown by the significant increase of WT1+ cells in the coculture
after two weeks compared to the monoculture, allowing interactions between the epicardium and
the CMs in the myocardium to be modeled. This interaction led to the increase in the percent of
MLC2v+ CMs. Without the A83-01, the EpiCs underwent EMT as shown by the lack of WT1+
cells in the coculture after two weeks and the increase in calponin+ cells compared to the
monoculture. This models stages of heart development in which EpiCs undergo EMT in the
myocardium in the presence of CMs. The EMT coculture yielded more mature CMs in the increase
in the percent of CMs expressing cTnl and the cell size of the CMs. Additional effects from the
cocultures should be analyzed using other assays to determine the impact on sarcomere
organization, cellular alignment, ion channel expression, localization of gap junctions.

There is also an increase in hPSC-derived CM proliferation with coculture in the A83-01
medium, contributing to the ~50% increase in the number of cells found after the two week
coculture. This proliferation may be induced by the EpiCs which are known to produce RA and
other signaling factors that cause CM proliferation in the developing heart (162, 165). Further
investigation should be done to determine if this effect may be caused solely by soluble factors
secreted by the EpiCs or through some other interaction with the EpiCs. Identification of this
proliferative effect may increase yield in the production of mature CMs from hPSCs for cellular
manufacturing of cardiac patches.

The hPSC-derived EpiCs that underwent EMT in the coculture with hPSC-derived CPCs

require further characterization to identify the cell types that were formed. EpiCs have been shown



90

to form FBs, SMCs, and potentially ECs in the myocardium during heart development (73, 74).
When in monoculture for two weeks in LaSR medium, the EpiCs formed cells that closer
mimicked the marker expression of EpiCs directed to a SMC-like fate. Additional markers should
be used to differentiate these cells from myofibroblasts, a similar but distinctly different cell type
found in the heart in response to heart disease (169). Follow-up research should be done to confirm
the same transition of the EpiCs to SMC-like cells is found after the two weeks in coculture with
CPCs and that these cells are originating from the EpiCs and not from the CPCs. Once the identity
of these EpiC-derived cells is determined, coculture of these cells should be done directly with the
CPCs to demonstrate if the maturation-inducing effects are partially caused by the EpiCs
undergoing EMT or exclusively from the formation of these EpiC-derived cells within the
coculture. Lastly, investigation should be done to determine if the effects from the EpiC cocultures
with and without A83-01 on the hPSC-derived maturation could be combined. Utilization of these
cells in combination with other cells types that have been shown to induce hPSC-derived CM
maturation, such as ECs and FBs, should be done to assess if these cell types influence each other
to further interact with CMs via alternative pathways than when in a two cell coculture.

In conclusion, we have demonstrated the ability for EpiCs to induce CM maturation, in the
induction of MLC2v but not cTnl or CM cell size when coculture with CPCs when the EpiC fate
is retained, and the induction of cTnl and CM cell size yet neither MLC2v or cTnT when the EpiCs
are allowed to undergo EMT. The differences in phenotypic changes in the CMs further
demonstrate the importance of the different interactions from other cell types that the CMs and
their progenitors experience during heart development. This simplistic EpiC-CPC coculture model
may be useful for screening small molecules and proteins that may inhibit these maturation-

inducing interactions, allowing the pathways through which they interact to be recognized.
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Analyzing the isotype-switching of MLC2a to MLC2v and ssTnl to cTnl via flow cytometry would
allow for higher throughput assessment of the CM maturity, though all maturation phenotypic
changes may not be captured. Once identified, the changes in these pathways could be integrated

into hPSC-derived CM manufacturing without the need for the EpiCs present.
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Chapter 4: Conclusions

In this thesis, we sought to improve the properties of hPSC-derived CMs so that they are
more adult-like and may be used in regenerative medicine therapies. Toward this goal, we
cocultured hPSC-derived CPCs with hPSC-derived ECs to determine the ability of ECs to induce
CM maturation. By coculturing the cell types in different ratios, we found that a EC:CPC ratio of
3:1 yielded the greatest induction of ¢TnT, cTnl, MLC2v, and cell size in the resulting CMs
indicative of CM maturation. We additionally investigated the importance in differentiation stage
of the CMs in which the EC coculture should be initiated. We compared EC cocultured with either
CPCs or beating CMs and found that after two weeks, the EC coculture had the higher impact on
the CPCs, further increasing the presence of t tubule-like extensions and CM gene expression in
addition to a heightened expression of cTnT, cTnl, MLC2v, and cell size. This difference in the
induction of maturation reveals a differentiation stage-specific response of the CMs to the
interaction with ECs. Future work should test other maturation-inducing methods such as electrical
or mechanical stimulation on CPCs to determine if this stage-specific response applies to other
signals in addition to those generated by ECs.

Next, we investigated the importance of including epicardial-myocardial interactions
during development on hPSC-derived CM maturation. hPSC-derived EpiCs were cocultured with
hPSC-derived CPCs for two weeks in the presence and absence of a TGF-f inhibitor, A83-01, to
control the EpiCs in the initiation of EMT. The presence of WT1% cells were maintained in the
coculture with the inhibitor, but WT1+ cells were not found in the coculture without A83-01,
instead the coculture had a 10% increase in the population of calponin+ cells compared to the
monoculture control. The EpiC cocultures with and without A83-01 each induced phenotypic

changes in the resulting CMs indicative of CM maturation. With the A83-01 coculture, the CMs
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had a larger percent of them expressed MLC2v and maintained the proliferation of the CMs,
though no changes to cTnl expression or cell size was identified. Alternatively, without the A83-
01, the CPCs became larger CMs with a higher percent expressing cTnl in the coculture, but no
changes in cTnT nor MLC2v expression were seen. This demonstrates that both the EpiC coculture
and the resultant coculture from the EpiCs undergoing EMT cause different phenotypes likely due
to the induction of different pathways within the differentiating CPCs. Further characterization of
the calponin+ cells in the coculture without A83-01 should be done to determine if these cells
originate from the EpiCs and to fully identify them as either SMCs or FBs. This cell type should
then be used in coculture with CPCs to determine whether the presence of these cells are inducing
the CM maturation or if the EpiCs undergoing EMT is partially responsible. Additional assays
should also be done to fully characterize the hPSC-derived CMs to identify other phenotypic
changes indicative of CM maturation.

Altogether these results demonstrate the importance of different cell types in providing
specific maturation-inducing signals. Each of the cocultures with ECs, EpiCs, and EpiCs
undergoing EMT produced their own profile of changes in CM maturation, likely indicating that
the different cell types are producing their own unique combination of factors through which they
interact with the hPSC-derived CPCs and CMs. Additionally, these EpiCs, ECs, and EpiC-derived
cells should be cocultured together with the CPCs to more fully model the developing heart and
incorporate possible interactions between these support cell types that may regulate the
intercellular signals received by the hPSC-derived CPCs and CMs. These cocultures should also
be done in 3D, to more accurately represent the biomechanical and biochemical environments
found in vivo (168). For example, even 3D culture of exclusively hPSC-derived CMs has been

shown to induce maturation as shown by their metabolic profiles (169). The correct combination
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of signals may further activate additional phenotypic changes within the CMs and induce the most
maturation.

Current efforts to upscale the production of hPSC-derived CMs have focused on creating
a pure CM population to be used for cardiac tissue repair (103, 104, 125). This allows the cost of
the manufacturing of the cells to be minimized, eliminating the need for extensive purification
steps while maximizing the quantity of CMs produced. However, production of pure hPSC-CMs
prevents maturation-inducing intercellular interactions with other cell types. Future work should
focus on identifying the mechanisms through which the cells interact so that small molecule
inhibitors and activators can be incorporated into the bioreactor. This would allow direct targeting
of pathways to induce CM maturation without the added difficulty and expense of introducing
other cell types into the manufacturing process.

Lastly, the switch in isotype from ssTnl to cTnl has been proposed as an indicator of CM
maturation (35). Exclusive use of this switch as a marker would have neglected to find any
maturation-inducing signals from the EpiC coculture with CPCs treated with the TGF- inhibitor.
This further reaffirms the need to develop a standardized panel of proteins or other phenotypic

changes to screen for CM maturation.
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Chapter 5: Appendices

5.0 Funding
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Madison Department of Biochemistry Endowment. FACS was performed at the University of
Wisconsin Carbone Cancer Center Support Grant P30 CA014520, using the BD FACS Ariall
BSL-2 Cell Sorter (“Jill”) which is supported by the Multi-color Benchtop Flow Cytometer Grant
(1S10RR025483-01).

5.1  Supporting Information
Supplementary Table 1: Primary antibodies and stains for flow cytometry (FC) and immunostaining (IS)

Antibody/Stain Source Application
Cardiac troponin T Lab Vision, mouse 1gG1, 13-11, ms-295-p1 1:200 (FC, 1S)
VE-cadherin Santa Cruz, mouse IgG1, F-8, sc9989 1:100 (FC, 1S)
MLC2a Synaptic Systems, mouse IgG2b, 311011, 56F5 1:200 (FC, 1S)
MLC2v ProteinTech Group, rabbit 19gG, PTG10906-1-AP 1:200 (FC)
Cardiac troponin | Abcam, rabbit 1gG, ab47003 1:400 (FC, 1S)
ISL1 DSHB, mouse 1gG2b, 39.4D5-s 1:20 (1S)
VEGFR2 Santa Cruz, mouse 1gG1, sc-6251, A-3 1:200 (IS)
a-actinin Sigma, mouse IgG1, EA-53 1:500 (IS)
CD31-APC Miltenyi Biotec, mouse 1gG1, AC128 1:50 (FC, IS)
CD34-FITC Miltenyi Biotec, mouse 1gG2a, AC136 1:50 (FC, IS)
von Willebrand factor  Dako, rabbit IgG, A008202-5 1:500 (IS)
Connexin-43 Abcam, rabbit IgG, ab11370 1:1000 (1S)
Egﬂh‘;‘g‘: ([F)ﬁé%?]tfg“ Invitrogen, 21836 1:50 (IS)
WT1 Abcam, rabbit 1gG, ab89901 1:250 (FC, 1S)
Vimentin Sigma-Aldrich, mouse 1gG1, V6630, V9 1:200 (IS)
Calponin Abcam, mouse IgG1, ab700, CALP 1:200 (IS)
a-SMA Lab Vision, mouse 1gG2a, 1A4, ms-133-p 1:100 (IS)



Supplementary Table 2: Primer pairs used to analyze gene expression via qPCR

Gene

TNNT2

MYL2

TNNI1

GAPDH

MYHY7

HCN4

ATP2A2

RYR2

KCNJ2

CACNA
1C

GJAl

MYHG6

SCN5A

MYL7

VIRMA

ZNF384

Forward primer (5°-3°)

TTCACCAAAGATCTG
CTCCTCGCT
ACATCATCACCCACG
GAGAAGAGA
ACTCTGTCCTGTCCG
AGAAA
CTGATTTGGTCGTAT
TGGGC
CGCATCAAGGAGCTC
ACCTA
AATGCCAGGGAAAG
GCGAG
CCAACCCTGTGCATG
ACTGA
AGCCAGTGTCATCCA
CCAAC
TCCGAGGTCAACAGC
TTCAC
TTCAAATGGTGTAGC
CGCC
TGGTAAGGTGAAAA
TGCGAGG
CTCCGTGAAGGGATA
ACCAGG
CCTGGGCAATGTCTC
AGCCTTA
GGAGTTCAAAGAAG
CCTTCAGC
CGAGCGCTGAGCAA
AGTTCT
AATCTGCAGTCCCAC
AGACG

Reverse primer (5’-3°)

TTATTACTGGTGTGGA
GTGGGTGTGG
ATTGGAACATGGCCT
CTGGATGGA

ATGCGTGTCCTGGTTC

TGGAAGATGGTGATG
GGATT
CTCCTCATTCAAGCCC
TTCGT
CTCCGGCTTCAGTTGC
GAAT
GAAATGTGGCGACTT
GGCTG
ATGGCCTGACAAGAA
GTCCTTA
TTGGGCATTCATCCGT
GACA
TGCCTCCTCGAGTGA
AACTG
GCACTCAAGCTGAAT
CCATAGAT
CCTTCTCTGACTTGCG
GAGG
TGCCTTAGGTTGCCCA
TGAAG
CTCCTCTGGGACACTC
ACCT
CAGGCTTCCCAACCT
ATCGAA
ACTGTGTGCGTAGAC
AGGTG

Annealing
Temperature

58°C
58°C
60°C
60°C
60°C
60°C
63°C
63°C
60°C
60°C
60°C
60°C
63°C
60°C
60°C

60°C

Product
Length

166
247
240
207
270
102
253
120
97

93

123
97

201
112
218

116

96
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Supplementary Figure 2.1: Coculture of CPCs and ECs, and cTnl antibody specificity. (A-B) H9 hESC-
derived CPCs were plated on Matrigel at 30 x 10° cells/cm? and fixed after one day. The CPCs were
immunostained for (A) ISL1 (left, green) with DAPI (right, blue) and (B) VEGFR2 (left, green) with DAPI
(right, blue). (C) hPSC-derived CPC and EC:CPC cocultures were seeded on Matrigel at 160 x 103
cells/well and brightfield images were taken the next day to assess cell attachment and confluency. (D-E)
Immunostaining of cTnl (green) and cTnT (red) with DAPI (blue) of H9 hESCs (D) and 3 month old hPSC-
derived CMs (E). (F) H9 hESCs, 10 day hESC-derived CMs, 4 month hESC-derived CMs, and cTnT+ cells
from a two week hPSC-derived CM:EC coculture were compared for cTnl expression via flow cytometry.
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The indicated gate was set such that less than 1% of the undifferentiated hESCs were counted as cTnl+.
Numbers above the histograms indicate the fraction of cells in that population in the cTnl+ gated region.
(G) The cells in monoculture and cocultures were analyzed simultaneously for expression of both MLC2a
and MLC2v by flow cytometry and the percentage of MLC2v and MLC2a cells were calculated based on
the total number cells expressing either MLC2v or MLC2a. Data represent mean + SEM of three
independent differentiations with at least two experimental replicates each. Comparison of percentage of
MLC2a/v cells was performed using ANOVA with Tukey’s HSD post hoc analysis, N=3 (* p<0.05, **
p<0.01) with no significance found.
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Supplementary Figure 2.2: Transwell cocultures of EPCs and CPCs did not impact phenotypes in the
resultant CMs that are associated with CM maturation. (A) Schematic illustrating coculture of H9 and 19-
9-11 hPSC-derived CPCs with MACS-purified 19-9-11 and 6-9-9 iPSC-derived EPCs (labeled “EPC twl”)
for seven days in EGM-2 media. For the control, labeled “CPC twl ctrl”, CPCs were placed in the transwell
instead of the EPCs in addition to having the CPCs in the main well. (B) After one week, populations from
the CPCs in the main well were analyzed for the percentage of cells expressing cTnT by flow cytometry.
The EPCs in transwell were analyzed via immunostaining for the expression of (C) a-SMA (green) and
CD31 (red) or (D) CD34 (green) and VE-cadherin (red), both with DAPI in blue. cTnT+ cells were analyzed
via flow cytometry for (E) the median fluorescence intensity (MFI) of ¢TnT in cTnT+ cells and for (G)
forward scatter of cTnT+ cells, both normalized to the monoculture. (F) The cells in monoculture and
coculture were costained simultaneously for expression of both MLC2a and MLC2v by flow cytometry and
the percent of MLC2v+ cells were calculated from the total cells expressing either MLC2 isotype. Data
represent mean + standard deviation of three independent differentiations with three experimental replicates
each. Comparison of flow cytometry data was performed using the Student’s t-test, N=3.
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Supplementary Figure 2.3: Co-plating EPCs and CPCs only induced a significant increase in the cell size
of the resultant CMs. (A) Schematic illustrating co-plated coculture of H9 hESC-derived CPCs on matrigel
with MACS-purified 19-9-11 iPSC-derived EPCs for seven days in EGM-2 medium at an overall seeding
density of 160 x 102 cells/cm?. For the control, CPCs were plated as a monoculture with 160 x 10° cells/cm?
and maintained in EGM-2 medium. (B) After one week, populations from the CPCs were analyzed for the
percentage of cells expressing ¢cTnT by flow cytometry. CMs in the monoculture and coculture were
analyzed via flow cytometry for (C) the median fluorescence intensity (MFI) of ¢TnT and (E) forward
scatter of cTnT+ cells, both normalized to the monoculture. (D) The cells in monoculture and coculture
were costained simultaneously for expression of both MLC2a and MLC2v by flow cytometry and the
percent of MLC2v+ cells were calculated from the total cells expressing either MLC2 isotype. Data
represent mean + standard deviation of one differentiation with three experimental replicates. Comparison
of flow cytometry data was performed using the Student’s t-test, n=3.
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Supplementary Figure 2.4: Organization of H9 hESC-derived CPCs and CMs with or without H1 hESC-
derived ECs after two weeks in culture, and example mean fluorescence intensity of cTnT. (A) Example
representative immunostaining images for VE-cadherin (green), MLC2a (red), and DAPI (blue) after two
weeks in culture for the indicated monocultures and cocultures. (B) Example flow cytometry histograms of
cTnT expression in the cTnT+ cells within the indicated monocultures and cocultures after two weeks.
Numbers below the graph indicate the mean fluorescence intensity (MFI) of that population.
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Supplementary Figure 2.5: Analysis of CM morphology and sarcomere structure of CPC, EC:CPC, CM,
and CM:EC hPSC-derived cultures. (A) Demonstration of the process to identify CMs for morphology
analysis. Cells from 2 week monocultures or cocultures were dissociated and replated onto gelatin-coated
plates, and cultured for an additional 3 days. Cells were then fixed and stained for cTnT expression to
identify CMs. The left image shows a representative ¢cTnT and DAPI co-stain for hPSC-derived EC:CPC
coculture after replating onto gelatin-coated tissue culture plates. A binary mask was applied to the image
based on a cTnT threshold (middle image). These masks were used to calculate cell area, perimeter, and
circularity in ImageJ. Manual screening to remove inclusion of partial or multiple, touching cells from the
calculations was done. The right image shows the calculated cell borders (yellow) on the cTnT (red) and
DAPI (blue) co-stained cells. (B-D) Quantification of (B) CM area, (C) CM perimeter, and (D) CM
circularity of cTnT+ cells in the indicated monoculture and coculture samples. Data represent mean + SD
of three independent differentiations with three experimental replicates each. (E) Examples of the ranking
of sarcomere structure in the CMs immunostained for a-actinin (green) and F-actin (red) with the criteria:
1, no visible sarcomere structure; 2, some sarcomere organization; 3, H zones and Z lines visible in areas
with some sarcomere organization; 4, near perfect sarcomeres with clear H zones, Z lines, and thick
myofibrils. (F) Sarcomere length was assessed for a-actinin+ cells that displayed at least 10 sarcomeres (11
a-actinin lines) in a row. Data represent mean + SD of all cells measured, N>20 in each of the indicated
monoculture and coculture samples. (G) hESCs expressing eGFP under the TNNT2 promoter were
differentiated to CPCs, ECs and CMs and cultured in the indicated monocultures or cocultures for two
weeks. The cells were replated on Matrigel-coated glass slides after culture for two weeks and were then
stained with di-8-anepps to identify membranous extensions into the intracellular area of the CMs. The
percentage of the eGFP+ cell area also stained by di-8-anepps was quantified in ImageJ by applying a
binary mask based on a di-8-anepps threshold. Any di-8-anepps areas touching the cell boundary were
excluded from analysis. Di-8-anepps spots larger than 1um? were excluded from the calculation to minimize
vesicles from the calculation. The image show examples of di-8-anepps staining after application of the
binary mask of a high percent area stain (left) and low percent area (right) both originating from the CM
monoculture. The yellow circles are the positively stained di-8-anepps areas recognized by ImageJ. The
numbers on the images represent the percent of total area circled by ImageJ within the entire cell area.
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Supplementary Figure 2.6: CMs from EC:CM cocultures do not have higher expression of genes
associated with CM maturation. hESCs expressing eGFP under the TNNT2 promoter were differentiated
to CPCs, cultured in RPMI/B27 media for 9 days, then maintained as CM monocultures or cocultured with
hPSC-derived ECs for two weeks. Next, eGFP+ cells were purified via FACS and expression of the
indicated genes was quantified by qPCR. Values were normalized to the average of the expression of
VIRMA and ZNF384, two housekeeping genes. Fold change values were calculated via the AACt method.
Data represent mean + SEM of at least seven replicates taken over three independent differentiations with
at least two gPCR experimental replicates each. The values were normalized to the CPC monoculture in
each differentiation and statistical comparisons were performed using the two-way Mann-Whitney test,
N>7 (* p<0.05, # p<0.01).
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Supplementary Figure 2.7: Example representative MEA measurements from H9 hESCs-derived CPCs
and CMs in monoculture or in coculture with H1 hESC-derived ECs, as indicated, after two weeks of culture
on a microelectrode array. Traces show signal of a single electrode before (blue) and 15 minutes after
(black) treatment with 500 nM isoprenaline.
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Supplementary Figure 3.1: Changes in morphology occur between the monocultured H9-derived CPCs
and the cocultured epicardial cells and CPCs with and without A83-01. H9-derived CPCs and epicardial
cells were plated at a density of 250 x 10° cells/cm? on gelatin-coated plates as a monoculture of CPCs or
coculture. They were maintained in LaSR basal media with or without 0.5 uM A83-01. After two weeks,
brightfield images were taken of the resulting cells.
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