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Cardiac tissue engineering has the potential to develop regenerative therapies for
damaged myocardium, but due to the complex structure and composition of the tissue in
both healthy and diseased states, a clinical solution has not been realized. Human
embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs) are
self-renewing, pluripotent cell sources that can potentially generate an unlimited number
of cardiomyocytes (CMs). However, the clinical application of these cells is hampered by
the limited knowledge of 1) the long-term ability of transplanted cells to maintain a

therapeutic effect and 2) the eventual fate of these still very immature cells. Identifying

XXiv



the biochemical and physical factors that govern cardiac maturation and understanding
how they influence this process will be imperative to propel this field forward. This
dissertation describes the influence of endothelial cells on major aspects of hiPSC-
derived CM physiology and their functional maturation.

To date, neither repopulation of lost myocardial mass nor functional recovery of
cardiac infarct regions has been demonstrated after transplantation of human pluripotent
stem cell (hPSC)-derived CMs. Strikingly, even after long-term incubation, transplanted
CMs remain morphologically and physiologically immature. To this end, we postulate the
importance of endothelial influences on CM maturation based on their intimate
association from the formation of the early heart tube through adulthood.

In the subsequent chapters, we demonstrate the maturative influences of co-
culture hESC-derived CMs with human umbilical vein endothelial cells (HUVECS) on the
electrophysiology and gene expression profiles towards a more mature phenotype.
Moreover, we investigate the specific effect of endothelial paracrine factors on Ca®*-
handling machinery by evaluating changes in kinetic parameters and pharmacological
sensitivity. Ultimately, we demonstrate that treatment of hiPSC-derived CMs with
endothelial conditioned media increases 3Hz pacing ability, Ca®* transient kinetics, and
sensitivity to pharmacological agents that affect the functionality of Ca®* reuptake and
initiation of the Ca®* transient. We argue that the functional maturation of hPSC-derived
CMs and elucidating the mechanisms that govern these processes will significantly
contribute to the therapeutic efficacy and safety of cell-based therapies for myocardial

repair.

XXV



1 Introduction

Chronic congestive heart failure is the leading cause of death in developed
nations.[1] Coronary heart disease, which encompasses myocardial infarction (Ml), is
responsible for 1 in 5 deaths in the United States. Typically, Ml results from coronary
artery occlusion of major cardiac vessels, which leads to tissue death, subsequent
impairment of contractile function, and, in many cases, mortality. Tissue engineering has
the potential to generate more effective methods of replacing damaged myocardium [2,
3], but lack of understanding and inability to recapitulate the complexity of the tissue has
hampered clinical progress of tissue-engineered cardiac therapies. [3] In addition to the
challenges of developing healthy tissue in vitro, myocardial analogs must survive the
harsh, post-insult environment, defined by hypoxic, fibrotic, and necrotic conditions. In
order to progress further in this field, it is imperative to first elucidate the intricate
relationships and interactions between cardiomyocytes (CMs) and their physical
environments and understand how these relationships correlate with myocardial

structure and function.



1.1 The Myocardium

The heart is an organ of utmost complexity and consequence. This intricate
muscular pump is responsible for the continuous circulation through our body that allows
for delivery of nutrients and removal of wastes from each organ as well as transporting
messenger proteins between various regions of the body. In order to accomplish these
formidable tasks requires a synchronized orchestra of contractile, electrical, vascular,
and structural components that never rests. Problems occur when these elaborate

systems are compromised.
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In order to fully appreciate the complexity of the heart, segregation of each of the
major tissue components using a multi-scale approach is imperative. (Figure 1) [4, 5]
On a molecular scale, junctional connections between cardiomyocytes, the voltage-
gated channels and ion pumps that populate the plasma membrane (PM) and cellular
compartments, as well as the actin/myosin motors that are responsible for contraction
are the fundamental units responsible for CM physiology. [6] These nanometer scale
actin/myosin motors are further organized into the sarcomeres (~2um), the basic
contractile units of CMs. Junctional connections are concentrated at the ends of CMs
and the machinery that regulates movement of ions are concentrated in regions of the t-
tubules and intercalated disks to propagate action potentials across cardiac tissue. [6-8]

Sarcomeres are aligned end-to-end within the CM and together form the
myofibrils (~10-100um) that run along the long axis of the cell. Myofibrils compose 47%
of the CM volume and give CMs (~200um) their characteristic striated appearance due
to the organization of the contractile proteins into thick and thin filaments aligned in
parallel across the long axis of the CM. [6] Myofibrillogenesis is an important hallmark of
CM maturation as young myocytes must be able to assemble these functional units
before contraction can occur. [9] CMs are concentrated in heart tissue at a density of 10°
cells/cm® and supported by a dense vascular network with intercapillary distances on the
order of 20um. [5]

At a tissue scale (millimeter range), rod-shaped, elongated CMs exhibit an
anisotropic organization. In two dimensions (2D), myofibrils are arranged in parallel and
serially aligned. As mentioned, each CM is coupled to its neighbors with concentrations
of junctional complexes at the longitudinal ends of the cells. Each of these specific

elements influences the directional propagation of electrical signals as well as the



uniformity in contraction of the tissue as a whole. [10, 11] As a three-dimensional (3D)
tissue, the myocardial wall is composed of layers of cardiomyocytes with fiber angles
varying across the layers that span the endocardium to the epicardium. [12] Interspersed
between CMs and the muscle layers exists a vast extracellular matrix (ECM) network
that provides structural support and contributes to the mechanical properties of the heart.
[6, 12] Moreover, the matrix constituents, including collagen, fibronectin, and laminin,
and 3D architecture of the ECM serve important signaling roles that dictate cell
morphology and physiology.[6, 13]

Although CMs constitute the bulk of the myocardial mass and volume, 70% of
myocardial cells are smaller non-myocytes. [6, 14, 15] Endothelial cells and fibroblasts
outnumber CMs by about 3:1 [16] and 7:3 [14], respectively. In addition, these cells have
distinctive roles as cardiac endothelial cells make up the vasculature that innervate the
heart [16] and cardiac fibroblasts are responsible for secreting ECM proteins that
contribute to the 3D structure and mechanical compliance of the myocardium [17].
Furthermore, both myocardial homeostasis as well as pathological remodeling of the
heart can be influenced by the interplay between CMs and these non-myocyte cell types.
[16-19]

The heart is a dynamic organ that is extremely sensitive to environmental cues.
Understanding how the organ changes structurally at each organizational level
throughout development and in response to different pathologies will be consequential to
the creation of effective therapeutic strategies. Specifically in the context of cell-based
repair, determining how to capitalize on endogenous repair and remodeling mechanisms
in concert with in vitro-designed repair strategies will be necessary to efficiently address

the severe implications of cardiovascular disease.



1.2 Regenerative Medicine

Regenerative medicine is the process of developing therapies to repair or replace
deficient tissue or organ function due to age, disease, damage, or congenital defects.
[20, 21] Thus far, this field has made the most clinical impact in the development of
therapies that use cytokines and growth factors to stimulate endogenous cell repair as
well as with some cell-based therapies, such as bone-marrow transplantation and skin
grafting. [21, 22] Ultimately, the greatest promise of regenerative medicine lies in the
prospect of generating complex organs and tissue analogs to alleviate the surging
demands for organ transplantation. [22, 23] One reason why the heart has received so
much attention and holds so much potential for this field is because this vital organ is
minimally regenerative, with CM turnover averaging less than 1% annually over one’s
lifetime. [24, 25] In the event of a myocardial infarction, approximately 25% of the
myocardial mass (25-50g; 10° CMs) can be eradicated within a few hours [23, 26, 27],
which the body cannot replenish on its own. To highlight the mounting needs for donor-
transplant alternatives, around 2,500 out of an estimated 250,000 end-stage heart failure
patients will receive a heart replacement. [1, 28] For the majority of patients who will not
receive a donor organ, their futures are bleak. Of the patients who do receive a
transplant, graft and patient survival average 70% after 5 years. [1, 29] Therefore, the
immense therapeutic potential of a non-immunogenic, scalable, readily available tissue

analog for infarcted myocardium fuels research efforts in this field.



1.2.1 Current Approaches to Myocardial Regeneration

Myocardial regeneration strategies have generally been divided between cell
transplantation and engineering tissue constructs. The overall clinical goals for these
distinct approaches are 1) to prevent or attenuate late-stage remodeling due to Ml and 2)
to restore cardiac function that is lost after bulk tissue death through healthy tissue
regeneration. [30, 31] Cellular cardiomyoplasty using a myriad of cell types, ranging
from hESC-derived cardiomyocytes, neonatal cardiomyocytes, skeletal myoblasts, to
bone marrow stem cells (BMCs), has displayed functional improvement in animal-M|
models, exemplified by attenuated deterioration of heart contractility, ejection fraction
and stroke volume observed at 4-week to 6-month time-points post-MI. [32-38] It is
important to note that, in studies that compared transplantation of myocyte derivatives
versus various non-contractile cell types, greatest improvements in left ventricular
function were observed when transplanting contractile cell types. [35, 39-41]

Despite the positive suggestion that regenerating damaged myocardium is
feasible in animal models, clinical trials transplanting BMCs and skeletal myoblasts,
have reported conflicting results, reporting small improvements to insignificant
differences between experimental and sham groups.[31, 42-45] At present, the
conclusions from these pre-clinical and clinical studies have been: 1) despite some
positive indications that cell transplantation improves myocardial function, little is still
understood about the underlying mechanisms, optimal cell types, and best methods for
therapeutic delivery, 2) the functional improvements that have been observed, although
important, do not involve efficient regeneration of the myocardium lost after Ml reflected
by minimal long-term benefits, and 3) in addition to the therapeutic characteristics of the

transplanted cell type alone, graft performance and viability may depend on other



factors, such as paracrine factors, vascularity, and matrix architecture, to name a few.
[31, 35, 36, 40, 45, 46]

Whereas cellular cardiomyoplasty relies on endogenous mechanisms to guide
transplanted cells to repopulate the infarct, form intercellular connections for
electromechanical synchrony, and assume proper organization, tissue-engineering
methods aim to restore the functional deficiencies of damaged myocardium by
addressing many of these issues before transplantation. From the tissue engineer’s
perspective, cardiac regeneration is a multi-scale problem, where each hierarchical level
is associated with specific structural and functional characteristics that must be
identified, understood, and recapitulated in order to create therapeutically effective
constructs. [4, 21-23, 30] The success of this approach is contingent upon advances
within and collaborations between a myriad of disciplines, spanning cell biology,
developmental biology, physiology, biochemistry, and molecular biology to materials
science, instrumentation design, mathematical modeling, and engineering. [21, 22, 47]
Thus far, tissue engineering efforts have primarily focused on 1) creating thick and
compact tissue, while balancing the metabolic needs of three-dimensional cell culture
with sufficient nutrient delivery [48-52], 2) developing biomaterials that provide the proper
structural and mechanical support for three-dimensional cell culture [13, 53-58], 3)
recreating myocardial anisotropy and spatial organization using material patterning and
mechanical stimulation cues [11, 59-61], 4) identifying cell sources capable of a mature
myocardial phenotype and mass production [62-64], and 5) combining the lessons
learned in each specific research area to create a functional whole. Figure 2 surveys

the five most prominent tissue-engineering strategies in the field to date.
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Figure 2 Prominent tissue engineering strategies to date. [23]

With concerted efforts across several disparate disciplines, various designs of
tissue-engineered myocardial constructs have been employed in animal infarct studies
with encouraging results. In 2006, Zimmerman et al transplanted mechanically-
conditioned, 3D neonatal rat cardiomyocyte constructs suspended in collagen/Matrigel
hydrogel matrices into a rat infarct model and reported functional electrical coupling of
graft CMs to the host, prevention of dilatation, induced systolic wall thickening of infarct
areas, and improved fractional area shortening of infarcted hearts compared to sham
controls 4 weeks after transplantation. [2] Miyagawa et al demonstrated similar results 4
and 8 weeks post-transplantation using 100um-thick, layered sheets of neonatal rat CMs
in a rat infarct model. [65] More recently, in a head-to-head comparison between direct
injection of cells into injured myocardium versus epicardial transplantation of tissue

constructs, Hamdi et al reported that transplantation of skeletal myoblasts seeded in



three-dimensional Gelfoam collagen scaffolds demonstrated significantly higher recovery
of left ventricular function, graft cell retention, and reduction of tissue fibrosis at 1-month
post-procedure. [66] Translation of these successful strategies into clinical applications

is now a realistic possibility, yet significant challenges still remain.

1.2.2 Major Limitations to Myocardial Regeneration

Although disparate in fundamental approach, cell transplantation and tissue
engineering are complementary disciplines that share the same goal and many of the
same challenges. For a cell-based myocardial therapy to be clinically effective, it must
demonstrate excitability, ability to generate force, functional integration with host tissue
through electromechanical coupling as well as vascularization, and remain functionally
viable post-transplantation. Although inextricably linked, research in this field is
bifurcated into furthering our understanding of the biology behind myocardial
development and developing new technologies to not only probe the biology but direct
tissue formation.

Surveying the current literature in the field, the primary limiting factor to the
progress of both cell transplantation and tissue engineering is the cell source. The
specifications for the optimal cell type to use in cell-based therapies are 1) unlimited
numbers, 2) myogenic, 3) ability to integrate electromechanically with endogenous
tissue, 4) functionally therapeutic, and 5) non-immunogenic. [23, 67, 68] The advent of
hESCs and human induced pluripotent stem cells (hiPSCs) as an unlimited, self-
renewing cell source with myocardial potential has solidified the promise of cell-based
heart repair. Recently, the ability to generate cardiomyocytes from these pluripotent

sources at reasonable numbers for myocardial repair has been reported by many
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groups. [35, 69-74] In addition, transplantation of hESC-derived CMs specifically in cell
suspension or as tissue constructs into animal models have confirmed the therapeutic
relevance of these cells.[3, 32, 40, 75-79] The pitfall of many of these studies is that,
although some functional recovery, integration, and CM maturation is evidenced,
substantial regeneration of myocardial mass remains elusive. With the intent to restore
lost myocardial function post-insult with bulk replacement of tissue, the influence of any
transplanted therapy will be significant to the proper functioning of the heart. Thus,
characterizing the functional properties and understanding the maturative process of
human pluripotent stem cell (hPSC)-derived CMs is also crucial in terms of therapy

optimization and long-term patient safety.

1.3 Heart Development

With the demonstration that cell-based therapies are beneficial to the post-
infarcted, failing heart in animal models [2, 55, 80], determining the optimal cell source
for the human patient has stirred controversy within the field. From a therapeutic
standpoint, an autologous cardiomyocyte would satisfy functional and immunogenic
concerns. [39, 41, 68] However, the technical feasibility of isolating cardiomyocytes from
a human source that are also amplifiable relegated these efforts as proof-of-concept
only. When Thomson et al first reported the ability to isolate pluripotent stem cells from
human blastocysts in 1998, cell-based repair became a clinical reality. [81] hESCs
provided a cell source that could be directed towards the cardiomyocyte fate and can, in
theory, propagate boundlessly. Furthermore, the introduction of hiPSC technology in

2006, where pluripotency could be induced from plentiful human fibroblast sources,
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diminished the ethical and immunogenic concerns that plagued hESCs. [82-85]
Harnessing the full potential of these pluripotent cell sources for cardiomyocyte repair
will require new methodology and technologies to not only isolate and mass produce the

cardiac cells of interest but also direct their maturation reproducibly and efficiently.

1.3.1 Embryological Perspective of Cardiac Development

The ability to translate the potential of hPSCs from a research tool to a clinical
reality will require understanding how endogenous cardiomyocytes develop and form
functional myocardium. In the developing embryo, all cells of the eventual organism can
be traced to a single pluripotent cell source. As this single cell embryo begins to divide,
replicate, and specify, differentiation potential of individual cells diminishes and adult
stem cells that are capable of producing specific cell types replenish tissues upon
necessity. The inner cell mass of the developing blastocyst provides the pluripotent cells
that give rise to the developing embryo and are the same cells used in deriving hESCs.
[81] During development, these cells rapidly divide and, after gastrulation, form the three
germ layers, the endoderm, mesoderm, and ectoderm, which are responsible for
organogenesis. [86, 87] Accordingly, hPSCs are deemed pluripotent once the ability to
form all three germ layers is demonstrated.

In mammals, the heart is the first organ to form during embryogenesis.
Cardiomyocytes descend from a multipotent mesodermal lineage that also gives rise to
vascular, connective, non-cardiac muscular, osteogenic, and cartilaginous tissues. [67]
As gastrulation occurs, differential spatial and temporal patterning of key signaling
pathways results in the formation of a sub-mesodermal region termed the cardiac

mesoderm or cardiac crescent. Differentiation of these cardiac precursor cells results in
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endothelial, atrial myocyte, ventricular myocyte, and nodal cell fates. [86, 88] In
conjunction with different morphogenetic regulators and effectors, the heart transitions
from a contractile primitive heart tube with a myocardial outer layer and endothelial lining
(3 weeks in human gestation) to a four-chambered organ with valvular components and
inflow and outflow tracks to coordinate nutrient exchange and blood flow (3 months in
human gestation). [86] Although the major players in cardiac specification and heart
formation are relatively established, the interplay between these parts remains to be
clarified. [89]

The plasticity of hPSCs allows for the generation of hundreds of cell types but
simultaneously also renders these cells difficult to control. Understanding the different
signaling components active at each stage of cardiac development, from mesodermal
specification to early cardiac precursor commitment to cardiac differentiation and
morphogenesis, will influence regulation strategies for hPSC culture. As discussed in the
next sections, the lessons from developmental biology have been an instrumental guide
to optimize protocols for specification of particular lineages of interest. In effect, hPSCs
cannot only benefit from the lessons learned in embryology but can also serve as an in

vitro model to test many of the hypotheses that arise in developmental biology.

1.3.2 Stem Cells: Cardiac Specification and Differentiation

Differentiation of hPSCs into bona-fide cardiomyocytes has now been
demonstrated routinely in the field. Traditionally, undifferentiated cells are withdrawn
from conditions that promote pluripotency and encouraged to aggregate into
differentiating clusters called embryoid bodies (EBs). Spontaneous differentiation of

different cell lineages occurs in this model. CMs arise as one of many cell types,
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constituting typically about 1-2% of the spontaneously differentiating culture. [90] Using
mechanical dissection methods as well as genetic manipulation, groups have been able

to extract cardiac cells of interest for further study. [74, 91]
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Figure 3 Schematic of sequential steps involved in cardiomyocyte development in hESCs. [92]

With lessons from developmental biology, researchers have been able to pinpoint
specific media components that promote the appearance of cells derived from the three
germ layers. [93-95] Of notable importance to the cardiac lineage is exposure to bone
morphogenic proteins 2 and 4 (BMP-2 and -4), activin A, fibroblast growth factors
(FGFs), various Wnt antagonists, and transforming growth factor 8 (TGF-) signaling
molecules. (Figure 3) [70, 96, 97] Tailored programs of morphogen exposure seem to
dictate levels of cardiac lineage specification. Using these serum-free protocols of CM
differentiation, groups have reported CM incidence between 40-60%.[35, 70, 98] Groups

have also shown that modulating the physical microenvironment (e.g. substrate stiffness,
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ECM selection, or selective matrix patterning) can direct pluripotent and multipotent cell
sources towards a myogenic fate. [99-101] The expression of a number of specific
transcription factors, such as Nkx2.5, GATA-4, Mef2c, and Isl1, have been shown to
define the cardiac precursor population. [96, 102]

Once cardiac specification occurs, CMs arising from PSC origins display the
defining characteristics of immature cardiomyocytes. [103-106] One of the first signs of
CM presence in heterogeneous PSC differentiation cultures is contractile activity. CMs
spontaneously contract as early as Day 5 (D5) post-differentiation with peak numbers of
contractile areas arising around D15-20 after differentiation. hPSC-derived CMs also
express specific cardiac structural markers, which form the myocardial contractile
apparatus, such as cardiac troponins | and T (cTnl and ¢TnT), alpha myosin heavy chain
(aMHC), beta myosin heavy chain (BMHC), and sarcomeric alpha actinin (a-actinin). [90,
95, 107] In addition, the three major CM cell types, atrial, ventricular, and pacemaker,
have been evidenced by gene profiling and electrophysiological assessment of these cell
types. [108] Finally, as previously mentioned, hPSC-derived CMs also show the ability to
functionally integrate in vivo, with the formation of host-graft junctions and non-
arrhythmic electromechanical activity, in both normal and post-infarct environments. [3,
32, 35, 40, 77, 78, 109] Together, these data suggest that these myogenic cells derived

from hPSCs in vitro are bona-fide CMs.

1.4 Cardiomyocyte Maturation

The specific processes that govern CM maturation from embryonic specification

to adulthood are relatively unclear. Although rapid progress has been made in
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understanding CM specification from hPSCs, hPSC-derived CMs are phenotypically
immature and it is unclear whether endogenous mechanisms that promote maturation
exist or will suffice for long-term therapeutic applications. To create functional CMs in
vitro, it is important to understand the normal processes of maturation in vivo.

The transition in cardiac phenotype from fetal to neonatal and subsequently to
adult is not immediate as various aspects of CM development can occur from birth
through the early stages of adulthood. Focusing on the CMs themselves, human CMs
are typically mononucleated in newborns with increases in binucleation to about 33% in
infancy and early childhood and a subsequent decrease to 5-13% in adult myocytes.
Furthermore, the CM content of the human newborn heart is about half that of the adult
heart, but adult values are reached on average around the age of four months. Although
CMs cease proliferating early in post-natal development, heart weight continues to
increase rapidly, doubling within the first 6 months, tripling within the first year, and
growing proportionally with body weight for the first half of life. Specifically, myocyte
diameter will increase from 5um at birth to 8um by 6 weeks to 13um by 15 years and
14pm in adults. [110] In comparing 3-week old CMs with their adult counterparts, cell
shape changes also occur as a doubling in length values occur, evidenced by a
morphological transition from short and rounded to long and rod-like cells. Finally,
intracellular changes in organization and density of the myofibrillar apparatus (Figure 4)
are paired with increases in sarcoplasmic reticulum (SR) Ca®* stores, which translate to

functional increases in CM contractility. [111]



16

Figure 4 Longitudinal section of isolated rabbit myocytes of varying developmental stages. (A) Adult CM and
(B) 3-week-old CM. Myofibril organization is much less regular in (B). Scale bar = 10um. [111]

Physiologically, the resting heart rate of newborns and infants are dramatically
higher than in the adult. In newborns, the mean basal heart rate averages 138
beats/min, peaking around 150 beats/min at the age of 2 months and decreasing to
about 120 beats/min in early childhood. Adult levels of 55-85 beats/min are achieved
around the age of 12 years.

Metabolically, CMs switch from a carbohydrate to a lipid energy metabolism prior
to birth. Interestingly, concentrations of calcium, sodium, magnesium, and potassium,
the major electrolytes that govern CM physiology, remain relatively unchanged from
neonatal stages to senescence. [112]

On the other hand, vascularization and innervation of cardiac tissue continues to
mature considerably after birth. In a human newborn, large vascular structure density
and thickness are relatively unchanged between newborns and adults, with vascular
growth stemming mostly from arteriolar and capillary expansion. However, vascular
maturation continues with modifications in vessel organization, morphology, and
biochemistry through childhood and early adulthood. [113] Innervation of the heart is

functionally and morphologically immature in human newborns as well. As the heart
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develops, the cardiac nervous system forms and matures, hallmarked by a functional
transition between a predominantly sympathetic neural supply towards a co-dominant
sympathetic and parasympathetic nervous system. [110]

This macroscopic overview of cardiac maturation from fetal to adult
developmental stages underscores the complexity and varied timing of changes that
occur for the heart to fully mature. In devising regenerative strategies for cardiac repair, it
becomes apparent that the immature CM is drastically disparate from its adult
counterpart in both structure and function. CMs derived from hPSC sources have been
shown to be relatively immature, resembling more closely human fetal CMs in
morphology, expression and localization of junctional proteins, gene expression profiles,
and electrophysiology. [90, 91, 95, 114, 115] Thus, the question remains whether the
phenotypically immature cells derived from pluripotent cell sources are therapeutically
valuable after initial derivation or if more rigorous maturation programs must be

employed for these in vitro-derived cells to be useful.

1.4.1 Cardiomyocyte Morphology

CM morphology is inextricably linked to cell function. As mentioned, through
development, myocyte architecture changes considerably with increases in volume,
shape, and organization. In the healthy heart, CM hypertrophy is a morphological
consequence of increasing cardiac loads from both natural developmental processes
and athletic conditioning. [6, 111, 116, 117] In situations of myocardial insult, the length-
to-width ratio of normal CMs can decrease or increase depending on the specific
cardiopathology, which can translate into a loss of contractility and ultimately heart

failure. [118] Gopalan et al showed that culturing rat neonatal CMs in micro-patterned
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collagen channels of 30um width induces an elongated CM morphology with parallel
alignment in comparison to randomly arranged CMs cultured in unpatterned or wider
channel controls. [11] Furthermore, as the structure of myocardium is inherently 3D,
studies have shown that cells cultured in 3D ECM environments form stronger
adhesions, exhibit enhanced migration rates, and display an accelerated rate of
acquiring an in vivo-like morphology than cells cultured on protein-coated surfaces. [13]
Using ECM patterning techniques that restrict myocyte shape, one research group
varied the aspect ratio of neonatal rat CMs and demonstrated that as the aspect ratio of
single CMs increases, alignment of myofibrils and registration of adjacent sarcomeres
can be induced. In addition, a dominant ratio of 7:1 (length to width) exists in healthy
myocytes, which translates to peak contractile force generation versus other dimensional
ratios. [10, 119]

With traditional differentiation protocols, hPSC-derived CMs exhibit irregular
myofibrillar organization with random arrays of striated myofibrils, reminiscent of fetal
CMs and a far cry from the highly organized, parallel bundles of myofibrils characteristic
of adult tissue. [90, 95] In most cases, undifferentiated hPSC EBs are plated on gelatin-
coated tissue culture substrates to initiate differentiation. As spontaneous differentiation
occurs, CMs tend to concentrate together with isotropic cellular organization and
myofibrillar orientation early on (< 20 days post-differentiation) in differentiation cultures.
[90, 95, 120] As these spontaneous differentiation continues in vitro, some groups report
heterogeneities within differentiating EBs, where some areas displaying myofibrillar
alignment are interspersed with randomly organized CMs. [90, 120] No studies have yet
been reported on how in vitro modulation of hPSC-derived CM shape may affect

morphological maturation of CMs.
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1.4.2 Cardiomyocyte Mechanobiology

Contractile activity is a hallmark of CMs at no matter which developmental stage.
Proper mechanical function of CMs is governed intrinsically, in part, by the expression
and organization of myocardial contractile proteins. Expression of different myocardial
proteins can be correlated with various developmental stages of the heart as well as CM
type. For instance, B-MHC accounts for 90% of cardiac myosin content in a 30-week
human fetus, decreases after birth, and reaccumulates in the ventricles of the 2-month
human heart. [117] a-MHC predominates in fetal and adult atria with low levels of -
MHC expression. [121] In the same vein, myosin light chain proteins (MLC) also have
two cardiac isoforms, one that predominates in the adult atria, MLC2a, and one that
predominates in the adult ventricles, MLC2v. However, in embryonic and fetal CMs,
expression of these two isoforms is more ambiguous with ventricular expression of a
MLC isoform that cannot be distinguished from MLC2a. [111] Troponins and actins are
two more classes of contractile proteins that have cardiac-specific varieties. Together,
these elements form the contractile machinery of individual CMs and influence the
contractile capabilities of the myocardium. In hPSC-derived CMs, expression of the
major cardiac contractile proteins, a-MHC, B-MHC, a-actinin, cTnl, cTnT, MLC2a, and
MLC2v, can be detected as early as 5-10 days after initiation of differentiation using
immunohistochemical and quantitative polymerase chain reaction (QPCR) techniques.
[90, 95, 107, 122, 123] However, from gene expression alone, little can be deduced
about CM function.

Contractile activity in hPSC-derived CMs is not only a visual indicator to identify a
CM presence in heterogeneous cultures but also an indicator of proper CM function.

Mature CMs display a repertoire of fundamental mechanical properties. For instance,
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one property is a positive force-frequency relationship, where adult myocardium will
produce more force with increases in stimulation frequency. When Dolkinov et al probed
early (D7-Day 7 post-differentiation) and late (D55) stage hESC-derived CMs, these cells
exhibited a negative force-frequency relationship in both subsets, suggesting the
immaturity of hESC-derived CMs in mechanical function despite the ability to
spontaneously contract. [91] Another fundamental property of CMs is the Frank-Starling
law, which states that increases in myocyte length are linearly related to increases in
force generation within a physiologic range. [124] Tulloch et al were able to demonstrate
that hESC-derived CM constructs could exhibit this physiological phenomenon after
applying static mechanical conditioning conditions to immature CMs for 3 weeks. [78]

Myofibrillogenesis, the process that governs myofibril assembly from contractile
protein elements, is essential to the proper functioning of CMs. This process is dictated
both by chemical and mechanical signaling events. [125] Myocardial structure is
intrinsically 3D and defined by a vast ECM network that supports the form and function
of the heart. [13, 126] In addition, cardiac cells are constantly subjected to dynamic
mechanical loading throughout their lifetime. While myocardial stresses and strains are
directly influenced by the contractile function of the myocytes and the structure of the
ECM, there is also ample evidence that external mechanical stimuli can directly regulate
the structure and function of isolated CMs. [127-131] In particular, studies have shown
that subjecting neonatal CMs to cyclic and static mechanical stretch stimulates growth
signals, maintains myofibrillar structure, increases protein synthesis, and increases
contractile force generation. [11, 125, 127, 129, 131, 132]

In the context of hPSC-derived CM mechanobiology, Tulloch et al. recently

reported the first study that shows the influence of exogenous mechanical cues on
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hPSC-derived CM maturation. First, this group showed that mechanical loading of hESC-
and hiPSC-derived CMs cultured in 3D collagen gels improved myocyte alignment by 2-
fold compared to non-stressed controls. Interestingly, mechanical load also improved
collagen fiber alignment within the matrix hydrogel by 2+ fold. hiPSC-derived CMs
displayed increased spontaneous beating frequency, proliferation rates, hypertrophic
growth, and expression of contractile protein markers in response to extrinsic
mechanical loading. Aside from the positive effects of mechanical loading, culturing cells
in this 3D matrix environment also enhanced other morphological indicators of
maturation, such as binucleation and organized sarcomeric banding. Although hPSC-
derived CMs appear to be more in vivo-like than when cultured using traditional scaffold-
free, non-stressed methods, it is important to note that hPSC-derived CM morphology
was still relatively immature when compared to adult myocardial phenotypes. Again, the
conclusion that hPSC-CMs most closely resemble fetal CMs was conveyed. [78]

Another mechanobiological property of particular interest is substrate stiffness
due to the changes of this property when healthy myocardium is replaced by scar tissue
during post-MI remodeling. Infarcted myocardium progressively increases in mechanical
stiffness as scar tissue matures, from 18+2 kPa in normal myocardium to 55+15kPa in
central, infarcted tissue. [133, 134] How infarct-like stiffness might affect the subsequent
hPSC-CM maturation and myofibril assembly is unclear in the long-term. In a
developmental context, it has been reported that myocardial stiffness changes
considerably in the transition from embryonic to adult developmental stages in human,
murine, and avian models due to changes in collagen type and content. [135-137]

Jacot et al demonstrated that extracellular stiffness that closely resembles that of

native myocardium significantly enhances maturation of contractile force generation and
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morphologic properties of neonatal rat ventricular cardiomyocytes (NRVCMs). On stiffer
gels (50kPa), the functional maturation of NRVCMs seemed to be inhibited with less
cytoskeletal structure, unaligned sarcomeres, and stress fiber formation. [138] In a
related study, our group showed that late-stage hESC-derived CMs (D50) purified and
dissociated from differentiating hESC-derived EB cultures and cultivated on stiff surfaces
displayed contractile forces similar to neonatal rat ventricular CMs. Similar values were
observed even in CMs cultured for 90 days. [74] Engler et al demonstrated that quail
embryonic stem cell (QESC)-derived cardiomyocytes retain contractile ability when
cultured on substrates that mirror in vivo tissue elasticity versus CMs cultured on softer
or much stiffer, infarct-like substrates. gESC-derived CMs ceased beating after 48 hrs.
This study not only suggests the importance of stiffness for proper CM function but also
implies that transplantation of PSC-derived CMs into infarct situations may only have

transient benefits. [139]

1.4.3 Cardiomyocyte Electrophysiology

One characteristic feature of the heart is its ability to couple electrical signals to a
mechanical response. The cardiac action potential (AP), which lasts over 300
milliseconds (ms), describes the changes in voltage in the CM due to electrical
stimulation. These changes in voltage are due to fluxes of electrolytes (predominantly
Na*, Ca®, and K*) through voltage-sensitive ion channels on the CM plasma membrane.
(Figure 5A)In brief, a rapid upstroke (Stage 1), controlled by influx of Na* and Ca®*, is
followed by transient repolarization (Stage 2) and a plateau phase (Stage 3), responsible
for the prolonged action potential and governed by the K* currents, and, finally, return

(Stage 4) to a resting membrane potential (-80mV for mature CMs, Stage 0). (Figure 5A)
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Although, fundamentally similar in action potential properties, each specialized cell of the
myocardium displays different AP configurations that reflect their distinctive

electrophysiological roles. [6] (Figure 5B)
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Figure 5 The cardiac action potential. (A) lllustrations of representative cardiac action potential and the
associated ion currents [140] (B) Action potentials characteristic of the various myocardial cell subtypes [6]

During development, the resting potential increases, becoming more negative, in
mammals. [141-143] Age-related modulation in number and functional properties of
calcium, sodium, and potassium channels affect the properties of the AP, reflected in its
morphology, kinetics, and quantitative attributes. In general, as CMs mature, increases
in the density of calcium and sodium channels occur which account for the larger inward
Ca®* current and faster upstroke velocity (governed by the Na* current). As a reference,
neonatal and adult CMs display an upstroke velocity ranging from 150-350 V/s whereas
embryonic CMs typically display much slower depolarization kinetics. [108] In the mature
CM, outward rectifying currents (l;) initiate repolarization whereas inward rectifying
currents (lx¢) stabilize the resting membrane potential. [6] As human CMs develop, K*

channels (K;) that dictate the inward rectifying current are established by 2.5 years of
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age. The outward rectifying K* channels (K,) continue to develop through childhood as
adult CMs demonstrate a higher current density and faster recovery kinetics than
juvenile CMs. [141]

Electrophysiological characterization of hPSC-derived CMs not only gives insight
about the maturity of their function but also perhaps their identity. Mummery et al
showed that cultures of hESC-derived CMs are heterogeneous in nature, represented by
several electrical phenotypes that were atrial-like (1/33 cells), ventricular-like (28/33),
and pacemaker-like (2/33) in morphology. Moreover, AP kinetics, such as upstroke
velocity, were relatively slow but similar to fetal CMs in culture. This group also detected
gene expression of various K* channels and protein expression of RYR2, suggesting an
intermediate developmental stage. [95]

He et al reported similar findings in the heterogeneity of hESC-derived CMs
based on their electrical phenotypes. The CMs probed in this study were evaluated at
D45-D90 of differentiation and exhibited resting membrane potentials of -50 to -60 mV
and upstroke velocities of 5-30 V/s, properties that resemble, at most, 7-week-old human
embryonic hearts. [108] A physiological property of CMs is the ability to adapt to an
increase in heart rate with a decrease in AP duration (APD). [144, 145] Indeed, He et al
found that increases in stimulation rate from 1Hz, around natural spontaneous rates, to
2Hz and subsequently to 3Hz translated to APD shortening. Thus, although the AP
amplitude and upstroke velocities reflected immature CM properties, these CMs
exhibited that they had the proper electrophysiological machinery to exhibit rate
adaptation. These analyses were conducted for those CMs that exhibited ventricular-like
and atrial-like APs, suggesting that a more mature AP morphology may also correlate

with the maturation of CM functional properties. [108] Although the definitive identity of
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CMs as atrial, ventricular, or nodal could not be correlated with the respective AP
morphologies in either of these studies, these electrophysiological characterizations
underscore the heterogeneity and unpredictability of hPSC-derived CM culture

composition, in cell type and maturation level, using current methods.

1.4.4 Cardiomyocyte Ca** Handling
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Figure 6 Schematic of CM ca® handling systems and major membrane machinery. [141]

The movement of Ca®* in and out of CMs is essential to CM contraction and
homeostasis. In brief, extracellular Ca®* enters the cell through passive diffusion down a
concentration and electrochemical gradient due to the 1000-fold discrepancy between
Ca®* concentration inside and outside of the cell in addition to the natural
electronegativity of resting CMs. [6] L-type Ca®* channels are the major contributor to
Ca** influx in the mature CM. Once Ca®* enters the cell, activation of cardiac specific
ryanodine receptor (RYR2), the SR Ca** release channel, leads to high volume release
of Ca®* from the SR (Ca**-induced-Ca?**-release (CICR)) in order for contraction to occur.

With a sudden rapid increase in intracellular Ca®* content, specialized pumps on the SR,
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SR Ca?** ATPase (SERCAZ2a), and on the plasma membrane, the sodium-calcium
exchanger (NCX-1), are subsequently responsible for Ca®* reuptake to the SR and Ca**
extrusion, respectively, to return CMs to their resting state. [6, 146] (Figure 6) The
mature CM also expresses key regulatory proteins that control Ca®* transport and SR
Ca®* retention, namely phospholamban (PLB), calsequestrin (CASQ2), and calreticulin
(CalR).

The immature CM relies primarily on extracellular Ca®* influx through the
sarcolemmal membrane for Ca®* transient generation instead of CICR. [135, 146, 147]
Accordingly, immature myocytes display lower force generation capabilities than their
adult counterparts. NCX-1 expression levels are also significantly higher in developing
CMs, which correlates to the fact that this is the major pathway for Ca®* extrusion in fetal
CMs. [148] As maturation occurs, increases in L-type Ca®* channel expression and
functionality as well as SR density have been shown. [117, 147] It has also been well
documented that SR in fetal CMs is immature in structure and function. [149] In
particular, pharmacological studies reveal that Serca2a and RYR2, although can be
expressed in fetal CMs, can be non-functional at these early stages. [146] Also, CalR
dominates early on in development with a transition towards CASQ2 as the myocyte
matures and builds its Ca®* stores.

Conflicting results exist when hPSC-derived CMs are probed for their Ca®*
handling maturity. Dolkinov et al suggested that hESC-derived CMs rely on a trans-
sarcolemmal influx of Ca®* versus CICR. Functional immaturity was evidenced by
marked insensitivity of these CMs to caffeine induced Ca®* expulsion of SR stores,
ryanodine inhibition of RYR2, and thapsigargin inhibition of Serca activity. A

predominantly immature gene expression profile was also demonstrated with high
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expression of NCX-1 and absence of PLB and CASQ2 expression. Overall, the hESC-
derived CMs characterized in this study underscored their physiological immaturity.
However, this study did report L-type Ca®* channel functionality as contraction was
inhibited by exposure to verapamil, an L-type Ca®* channel blocker, and Serca2 gene
expression, which together suggest a tendency towards a more mature phenotype. [91]
In contrast, three other groups demonstrated that hESC-derived CMs do indeed
express functional SRs and closely resemble fetal CMs. [105, 115, 150] In a
subpopulation of hESC-derived CMs (35-40%), Liu et al reported that caffeine,
ryanodine, and thapsigargin sensitivity was observed. [105, 115] In addition, expression
of Serca2a, NCX, and RYR2 with an absence of CASQ2 and other associated SR
structural proteins was noted. [115] Zhu et al suggested that hESC-derived CM exhibit
local control of excitation contraction coupling capabilities that mirror human fetal CMs
and rival the adult CM phenotype. Specifically, pharmacological evidence demonstrated
L-type Ca®* channel, Serca2a, and RYR2 function. Electrophysiological probing of
hESC-derived CMs revealed L-type Ca®* current densities and Ca®* transient kinetics
that were indistinguishable from similarly probed human fetal CMs. [105] These
confounding differences are addressed in Section 1.4.6. However, it is clear that the

mechanisms underlying Ca®* handling maturation are still relatively unknown.

1.4.5 Exploiting Endogenous Mechanisms of CM maturation

The true test for the utility of any cell-based therapeutic model is in vivo
performance. As recapitulation of function is the overarching intention that fuels the work
of tissue engineers, understanding to what extent we must engineer tissue is of utmost

importance. Numerous studies thus far have investigated the therapeutic value of hPSC-
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derived CMs, in their current immature state. Laflamme et al implanted purified and
dissociated hESC-derived CMs into healthy rat myocardium. 4 weeks after injection of
hESC-derived CMs, grafts appeared to be predominantly composed of CMs, non-
teratomatous, and expressing B-MHC and MLC2v. Graft morphology began to resemble
host myocardial tissue organization with sarcomeric banding and alignment with host
tissue. In addition, by pre-treating grafted CMs with a heat shock regimen, CM grafts
increased by 7-fold and CMs displayed proliferative capabilities even after the 4-week
duration. [3] Similarly, Kehat et al implanted contractile EBs derived from hESCs into a
porcine animal model and found electromechanical integration with host tissue,
exemplified by pace-making activity originating from the transplantation site. However,
even after 3 weeks of in vivo conditioning, grafted CM phenotype still resembled their
immature in vitro counterparts. [75] From these studies, it is clear that hESC-derived
CMs engraft in vivo and can persist over an extended transplantation period and do not
have clear pathological consequences. Despite clear evidence of electromechanical
integration, some suggestion that physiological mismatch between graft and host CMs
may be arrythmogenic. [151] In addition, the in vivo cardiac environment does not seem
to stimulate considerable maturation beyond in vitro culture.

With these findings, safety concerns manifest in terms of simply transplanting
hESC-derived CMs without first understanding how to control and induce a more mature
functional phenotype. Yet, the question still remains whether transplant of these
immature CMs can rescue the pathology of MI. In the context of a rat MI animal model,
hESC-derived CMs have been transplanted into infarct regions and compared with
media and undifferentiated hESC controls. In all cases, transplanting pluripotent,

undifferentiated hESCs resulted in teratoma formation. [152] When the cell source was
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pre-differentiated towards a CM fate, teratoma incidence was significantly reduced but in
one study 2 out of 16 animals still developed teratomas. [153] With regards to cardiac
function, transplantation of hESC-derived CMs improved cardiac function compared to
control animals. Yet, in all cases, the therapeutic benefit was attributed to better
preservation of left ventricular structure and function rather than direct functional
contributions by the graft. [32, 76, 152] van Laake et al. also reported similar positive
results 4 weeks after transplantation but noted that the beneficial effects of hESC-
derived CM grafts disappeared by 12 weeks. [32]

Thus, like transplanting other potential cell sources surveyed in the previous
sections of this chapter, the therapeutic benefits of cell therapies seem to be more
paracrine in nature than actual regeneration of cardiac function. Moreover, it seems that
the immature phenotype of these CMs may be a serious safety concern when
electromechanical integration with mature CMs is intended. As methods of enhancing
CM specification have improved in recent years, the ability to generate substantial CM
numbers from these hPSC sources is within reach. Also, these reports show that hPSC-
derived CMs can remain viable, electromechanically integrate, and even proliferate
within infarcted myocardium for an extended period of time.

What is interesting to note is the impact of non-cardiac factors on the
performance of hPSC-derived CMs in a transplant setting. For instance, pre-treatments
with heat shock or survival factors can ameliorate graft performance. Other studies show
the importance of endothelial influences and graft vascularity (discussed in Section 1.5)
on the degree of functional improvements seen post-transplantation. [40, 77, 78, 154,

155] Presently, it seems that a major focus in this field will be elucidating how these non-
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cardiac factors work and how they will factor into tissue engineering functional and

therapeutically valuable myocardium.

1.4.6 Field Limitations

From this brief review, it becomes evident that the conflicting findings when
comparing many of these reports on hPSC-derived CM characterization reflect major
field limitations. First, a multitude of different sources are being used for the derivation of
hPSC lines. Despite similarities in terms of self-renewal, expression of pluripotency
markers, and the ability to differentiate, disparate cell origins have been shown to
influence differences in the functional properties of their progeny. [156] Second,
protocols used to enhance differentiation of cardiac cells are extremely varied in the
field. The sensitivity of hPSCs to environmental cues renders differences between how
different groups induce CM specification and their further development extremely
significant. [105] Different starting points may therefore account for functional differences
reported in the literature between research groups. Third, often times CMs are
differentiated for different amounts of time before they are probed for functional
characteristics. There is no standard in the field in terms of a differentiation time-line,
which makes comparisons between studies error prone. Fourth, the caveat of hPSC
differentiation is that any cell type can be induced in these cultures. [157] Despite
specific methods of isolating CMs from these heterogeneous cultures, 100% purity is still
elusive, especially if differentiation periods extend over several months and in-growth of
other cell types becomes increasingly prominent. [74, 158] In addition, hPSC-derived
CMs are heterogeneous in composition, in terms of CM type and maturation level. [95,

108, 115] Fifth, at present, a good positive control does not exist for human cell models.
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Although comparisons can be made to fetal and adult myocardium, access to these
tissues is hampered due to ethical concerns and availability. In addition, comparisons to
animal models, such as the mouse or rat, are disadvantaged due to species differences

in development. [110, 159]

1.5 The Endothelial-Cardiomyocyte Relationship

Intercellular relationships between the different cardiac cell types are critical to
the normal functioning of the heart and the development of CMs both in vivo and in vitro.
The heart is composed primarily of CMs, fibroblasts, and endothelial cells (ECs). CMs
represent the main volume of the heart and are responsible for the unique contractile
properties of this organ. As underscored in the previous sections, the spatial
organization and physiology of CMs is a major determinant of proper cardiac function.
However, it is the extra-cardiac cells that dominate the cellular make-up of the organ,
outnumbering CMs by more than 3 times.

In terms of factors that mediate hPSC-derived CM maturation, Kim et al
demonstrated that the influence of non-cardiac cells on CM electrophysiological
maturation was important. By comparing hESC-derived CMs purified for CMs early on
(D20) after differentiation and maintained for 40 additional days in culture without
influence from non-CM cell types (D20+40 CMs) versus those CMs that maintained
interaction with other cell types continually until functional characterization at D60 (D60
CMs), electrophysiological maturation was more prominent in hESC-CMs that interacted
with other cell types. Additionally, add-back of non-cardiomyocyte influences to hESC-

derived CMs purified at D20 rescued the more mature phenotypes observed with D60
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CMs. [158] However, the identities of the non-cardiac sources that modulated these

more mature responses remains unknown.

1.5.1 Endothelial-Cardiomyocyte Interactions in Development

Furthermore, CMs and ECs are intimately associated throughout development. In
the developing embryo, cardiomyogenesis and vasculogenesis are complimentary
processes that form both the circulatory system and the heart [86]. Cardiomyocytes and
endothelial cells originate from a common mesodermal precursor. In response to
endoderm-derived growth factors, specification of the mesoderm into cardiac mesoderm,
primary myocardium, and endocardium occurs in mice at about E7.5. [160] In vitro, Yang
et al have demonstrated that cardiomyocytes, endothelial cells, and vascular smooth
muscle cells can all develop from a common KDR* hESC-derived population of cells,
hallmarking a shared lineage early on in human development as well. [98] As heart
formation proceeds, signaling between the endocardial and myocardial cell layers is
imperative for proper cardiac development as demonstrated by numerous murine, cell-
type specific knockout models that result in embryonic lethality, cardiac defects, and
vascular defects.

Key biochemical factors secreted by endothelial cells influence the proper
development of CMs and the heart. Neuregulins are one family of growth factors
secreted by endothelial cells early on in development. In early cardiogenesis, signaling
from neuregulin-1 is essential for the formation of myocardial trabeculae and cardiac
cushions and disruption of this signaling system is embryonic lethal. [161, 162] In
addition, treatment of rat neonatal CMs with neuregulin-1 enhances survival,

proliferation, and hypertrophic growth of CMs. [163] Other similarly important endothelial-
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secreted biochemical regulators of cardiac development are neurofibromatosis type 1
(NF1) and platelet-derived growth factor B (PDGF-B) that influence myocardial
formation, growth and cardiac chamber septation. CMs also secrete factors, vascular
endothelial growth factor A (VEGF-A) and angiopoietin-1 (ANG-1), which influence

vascular proliferation, stabilization, and maturation. [16]

1.5.2 Endothelial-Cardiomyocyte Interactions in Normal Cardiac

Function

In the mature heart, not only does the cardiac vascular system support healthy
myocardium with transport of oxygenated blood and nutrients, but biochemical and
physical communication between these two cell types also appear to promote
cardiomyocyte organization, survival, growth, and proliferation.[16, 154, 164] Narmoneva
et al cultured ECs with neonatal CMs on 3D peptide hydrogels and found that ECs
promoted spatial organization of the myocytes as well as increased survival and
synchronized contraction. [164] The presence of ECs was seen to enhance Cx43
expression that translated into increased synchrony in contraction due to better electrical
impulse communication between cells.

Biochemically, two major factors have been shown to regulate the contractile
state of CMs, nitric oxide (NO) and endothelin-1 (ET-1). [16] Two different NO synthase
isoforms, neuronal NO synthase (nNOS) and endothelial NO synthase (eNOS), are
expressed in normal physiologic conditions in the heart. nNOS seems to target the SR
and facilitates Ca®* release and positive inotropy. On the other hand, eNOS has a
negative inotropic effect by inducing ventricular relaxation. [165] ET-1 seems to induce

positive inotropy in rat atrial CMs, inducing increases in intracellular Ca?* concentration.
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[166, 167] Neuregulin activity is also detected in the mature myocardium with a negative
inotropic effect at normal physiological conditions. [16] In situations of cardiac
disfunction, neuregulin-1 has been seen to have a role in sarcomeric organization,

promoting proliferation and survival of CMs, and maintaining Ca®* homeostasis. [168]

1.5.3 Endothelial Influences on hPSC-derived Cardiomyocytes

It is not surprising that hPSC-derived CM maturation may be influenced by
relationships with other cell types, as cell-cell interactions cannot be avoided in vivo.
Additionally, one of the major limitations to in vitro reconstruction of the myocardium is
nutrient delivery to a dense and thick myocardial construct. [16, 23] As the vascular
system is composed primarily of endothelial cells, a method of supplying tissue
constructs with proper nutrient exchange would be to stimulate vascularization by doping
constructs with endothelial cells or factors that promote vasculogenesis once implanted
in vivo. Thus, from a biological and technical standpoint, elucidating EC-CM interactions
in the context of hPSC-derived CMs has been a major focus in the field.

There has been some evidence supporting the hypothesis that endothelial
influences enhance hPSC-derived CM culture. For instance, when human umbilical vein
endothelial cells (HUVECSs) were co-cultured with hESC-derived CMs and embryonic
fibroblasts in 3D polymer scaffolds, Caspi et al found that tri-culture resulted in 1)
increased numbers of proliferating CMs, 2) upregulation of some CM maturation
markers, and 3) highly vascularized 3D cardiac constructs. [154] Similarly, Stevens et al.
created functionally vascularized patches of hESC-derived CMs co-cultured with ECs
and mouse embryonic fibroblasts (MEFs). Tri-cultures, in this case, also seemed to

promote the formation of vascular networks interspersed with hESC-derived CMs as well
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as enhanced CM proliferation. Tri-cultured patches also displayed improved passive
mechanical characteristics with stiffness values 5 times that of CM only patches, but still
an order of magnitude lower than adult myocardium in vivo. No differences were
observed between tri-cultures and CM only patches in response to electrical stimulation;
all subsets could synchronously contract and respond to pacing. [155]

The incorporation of endothelial cells into hPSC-derived CM grafts also seems to
improve graft performance in vivo. van Laake et al transplanted hESC-derived CMs into
infarcted rat hearts and noted that enhancement in cardiac function was correlated to
elevated vascular density and not the number of CMs transplanted. [40] Additionally,
multiple groups have shown that in pre-vascularized CM grafts, eletromechanical
integration as well as vascular integration between graft and host CMs and ECs occurs.
[77, 78, 155] Stevens et al directly compared transplant of hESC-derived CM only grafts
with tri-culture grafts. hESC-derived CM-only grafts exhibited poor survival in vivo with
rare, isolated human CMs evident at 1-week post-transplantation. Prevascularization of
CM grafts with ECs and fibroblasts resulted in 10-fold larger graft sizes at the time of
evaluation. Tulloch et al demonstrated similar results with hESC- and hiPSC-derived
CMs. [78, 155]

From these studies, it is clear that intercellular interactions may be important for
functionalization of hPSC-derived CMs. At the current state, hPSC-derived CMs alone
have mixed results in terms of transplantation survival and therapeutic benefit in an
infarct situation. These studies have suggested that functional maturation of hPSC-
derived CMs must exceed what these cells exhibit currently. Specifically, which aspects
of the CM phenotype must be more mature before transplantation are unknown. In

addition, the specific mechanisms that govern maturation from this intermediate
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developmental state to one that is more “adult-like” are unknown. Elucidating the

relationship between ECs and CMs will be instrumental to the progress of hPSC-derived
CMs as a clinical therapy on two accounts: 1) ECs may provide a conduit for maintaining
CM survival post-transplantation, particularly in the case of Ml, and 2) elucidating EC-CM

interactions may lend insight on key factors that govern CM maturation.

1.6 Scope of the Dissertation

The objective of the dissertation was to investigate the role of endothelial cells on
hPSC-derived CM maturation. Specifically, we developed and optimized the tools
necessary for probing this biological question in a high-throughput manner. In addition,
we focused on how conditioned media from endothelial sources modulates CM
maturation in terms of 1) Ca®* handling, 2) gene expression, and 3) protein expression.

Chapter 2 describes the development and optimization of methods for co-culture
hESC-derived CMs and endothelial cells. We implemented these methods to co-culture
of both purified CM clusters and dissociated CM monolayers with two endothelial
sources, primary human umbilical vein endothelial cells (HUVECs) and human
microvascular endothelial cells (HMEC-1 cell line). We subsequently characterized CMs
for both electrophysiological function and gene expression profiles to assess CM
maturation.

Chapter 3 describes the effect of paracrine factors secreted by endothelial
sources on hiPSC-derived CM maturation. hiPSC-derived CMs were treated with
conditioned media from both HUVECs and HMEC-1 cells in addition to fibroblast

conditioned media and unconditioned media controls. Using a high-throughput method



37

for Ca®* imaging and computational single-cell analysis methods, we were able to
characterize Ca®* transient parameters, peak amplitude, rise velocity, decay velocity, and
transient duration, of hiPSC-derived CMs for cell populations an order of magnitude
higher than traditional assays for Ca®* handling. Evaluations of Ca®" transient kinetics
were paired with pharmacological evaluation, gene expression profiling, and
immunohistochemical analyses to fully characterize the maturative influences of
endothelial cells.

Chapter 4 summarizes the major findings of these studies of endothelial
influences on CM maturation. In addition, this chapter will address the implications of our

conclusions for the field and future directions.



2 Co-culture of Endothelial Cells and
Human Embryonic Stem Celi

(hESC)-derived Cardiomyocytes

2.1 Abstract

The specific mechanisms that govern CM maturation from cardiac specification to
the adult phenotype are relatively obscure. In the context of regenerative medicine,
understanding the maturation process is becoming increasingly relevant due to the
inability of immature CMs to functionally replace damaged myocardium. We hypothesize
that endothelial influences can enhance CM physiology towards a more mature
phenotype. In this chapter, we developed and optimized conditions for long-term hESC-
derived CM and EC co-culture. Using these methods, we demonstrate that hESC-
derived CMs co-cultured with HUVECs exhibit more mature action potential kinetics, in

terms of maximum diastolic potential (MDP), action potential amplitude (APA), and
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action potential duration (APD90). In addition, co-cultured CMs display functional
sensitivity to inhibitors of both the fast Na* channel (Na,1.5) and ryanodine receptor
(RYR2), phenotypes, indicative of increasing maturity. Futhermore, gene expression
profiles of co-cultured CMs more closely approach their mature counterparts. Modulation
of CM phenotype seems to be cell source specific as HUVECs and HMEC-1 cells spur
different results. These studies therefore suggested the significance of intercellular
interaction, and more specifically endothelial influences, on CM maturation, but also

reveal critical technical limitations that challenge the relevancy of this culture model.

2.2 Introduction

Throughout development, the vascular and cardiac systems are viewed as
functional counterparts. The heart acts as the contractile pump that pulses blood through
the vascular conduits that permeate the body. [6] Without nutrient delivery, the
myocardium, along with any other living tissue or potential tissue analog, suffers and
eventually undergoes necrosis, as with MI. Particularly, in the field of cardiac
regeneration, the incorporation of ECs has been viewed as a necessary component for
this specific function, to supply cardiac grafts with the building blocks of circulation and,
in this way, to improve graft survival in the ailing heart. [23, 78, 154, 155] Although
groups have demonstrated improvements in graft retention and CM spatial morphology
by creating vascularized CM grafts [152, 155], functional replacement of damaged CMs
remains elusive due, in large part, to the persistent immaturity of hPSC-derived CM
grafts. Thus, understanding how cardiac maturation occurs and the factors at play has

become increasingly important for developing new research strategies. [23] Here, we
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propose that, in addition to the potential circulatory benefits afforded by the inclusion of
ECs with hPSC-derived CM grafts, EC-CM interactions also play a role in CM functional
maturation.

Even prior to the development of a functional circulatory system in the human
fetus, CM specification, differentiation, and contractile function is already observed. [169]
The early heart tube first forms around day 22 in the human embryo and consists of a
myocardial outer layer with an endothelial lining which forms the endocardium. Within
the myocardial cells of the early heart tube, homogeneous expression of numerous
contractile proteins, including aMHC, BMHC, a-actinin, tropomodulin, tropomyosin,
MLC1A, and MLC1V, can already be detected and the onset of contraction occurs
shortly after heart tube formation at day 23. [169, 170] Further specification of myocyte
type and functional maturation continues to occur as the heart changes morphogenically
and the physiological needs of the embryo change with subsequent organogenesis and
growth.

Little is understood about how CM maturation and specification progresses at the
cellular level. [171] Interestingly, throughout cardiac development, the myocardium is
closely juxtaposed with endothelial influences from the endocardium to the epicardial-
derived coronary vasculature. [169, 171, 172] It has been shown that signals from both
the endocardium and epicardium are necessary for proper myocardial development in
terms of CM differentiation, proliferation, and localization. [16, 172, 173] In addition, it
has been demonstrated through various genetic deletion studies in the mouse that
abnormal endothelial development can translate into myocardial disruptions. [174] It is

important to note that many of these cardiac developmental processes occur before
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circulation is even established, suggesting the importance of intercellular relationships,
spatial organization, and morphogenic cues to the developing CM. [86, 169, 171]

Our first insights into the different regulators of the mature CM phenotype at a
cellular level have arisen in the literature over the past decade, due to the development
of hPSCs as an in vitro model for human development. In particular, Kim et al
demonstrated the important role of non-cardiac cell influences on developing CMs in
vitro. Not only did maintaining the influence of these extra-cardiac cells enhance ion
channel functionality and CM electrophysiology, but this more mature phenotype could
be rescued in CM only cultures by adding back the extra-cardiac influences. [158]
Although specific cell types and how they regulate the physiological maturation observed
was not elucidated, this study suggests the importance of other cell types on CM
maturation.

Accordingly, we hypothesize that ECs contribute significantly to the progression
of the CM phenotype. Co-culture of CMs with ECs has previously been shown to
regulate CM spatial organization, conduction, and survival in neonatal rat CMs. [164]
However, it is unclear how endothelial influences affect hESC-derived CM maturation. In
this study, we developed the tools and optimized methods for long-term co-culture of
ECs and hPSC-derived CMs. We determined that a 50/50 ratio of endothelial growth
medium (EGM2) to hESC differentiation maintenance medium could maintain contractile
hESC-derived CMs and endothelial cell viability for at least 22 days in culture. In
addition, we were able to scale down culture formats to minimize cellular demands and
reagent costs.

Using these methods to co-culture hESC-derived CMs and ECs, we observed

that hESC-derived CMs co-cultured with primary human umbilical vein endothelial cells
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(HUVECS) displayed enhanced action potential kinetics with significant increases in
maximum diastolic potential (MDP), action potential amplitude (APA), and action
potential duration (APD90). Pharmacological treatment of co-cultured hESC-derived
CMs revealed an increased functional sensitivity to TTX, a Na,1.5 channel blocker, and
ryanodine, a ryanodine receptor blocker. Furthermore, co-cultured CMs exhibit higher
mRNA expression of key ion channels that regulate Ca®* handling and action potential
generation. These findings indicate that endothelial influences enhance CMs towards a

more mature phenotype.

2.3 Methods

2.3.1 Cells

H9 Human Embryonic Stem Cell-derived Cardiomyocytes

H9 hESCs (WiCell Research Institute, Cat# WAQ9, Madison, WI) were used to
make the cell lines, (A) aMHC-mCherry aMHC-Puro” Rex-Neo' and (B) aMHC-mCherry-
aMHC-Puro’ Rex-Neo'-PGK-H2B-GFP lines, as detailed in [74]. With these genetic
modulations, CMs, expressing aMHC, are not only puromycin-resistant but mCherry
positive. In addition, pluripotent hESCs expressing the Rex-1 promoter are neomycin
resistant. Undifferentiated H9 cells were cultured on Matrigel (0.0625 mg/ml, BD
Biosciences, Cat# 354230, San Diego, CA)-coated 6-well plates with an irradiated
mouse embryonic feeder (MEF) layer (E13.5 CD-1 mice). The medium used is

referenced in Appendix 0. Three days prior to differentiation, cultures were treated with
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400 pg/ml of G418 (Invitrogen, Cat# 10131, Carlsbad, CA) to eliminate MEFs. Media
changes were performed on differentiating cultures every 2 days.

Embryoid body (EB) differentiation was initiated using serum-based hESC
cardiac differentiation protocols. [93] Briefly, undifferentiated H9 hESCs were dissociated
using collagenase IV (Invitrogen, Cat# 17104-019, Carlsbad, CA) and mechanical
dispersion under 20% serum conditions. (Media is referenced in Appendix 0) EBs were
formed once cells were cultured in suspension on ultra low-attachment 6-well plates
(Corning, Inc., Cat# 3471, Corning, NY) for 6 days. After EB formation, EBs were plated
on 0.1% gelatin-coated (Stem Cell Technologies, Cat# 07903, Vancouver, BC) tissue-
culture plates. CMs were purified from differentiating EB cultures around day 20 (D20) of
differentiation by 24-hour treatment of puromycin (1mg/ml, Sigma Aldrich, Cat# P7130,
St.Louis, MO). Mechanical excision of contractile areas using 1cc U-100 insulin syringe
needles (Becton Dickinson and Company, Cat# 329420, Franklin Lakes, NJ) was also
performed to improve purification of CMs. Once mechanically dissected, contractile EBs
were plated on 0.1% gelatin-coated tissue culture dishes or 0.1% gelatin-coated glass
coverslips (Menzel-Gléaser, Cat# CB00110RA1, Braunschweig, Germany) and treated
with puromycin as indicated. Purified CMs from EB cultures are termed cardiospheres

(CSs).

Endothelial Cells

Human umbilical vein endothelial cells (HUVECs) (Lonza Walkersville, Inc., Cat#
C2519A, Lot#6F3251, Walkersville, MD) and human microvascular endothelial cells
(HMEC-1) (ATCC, Cat# CRL-10636, Manassas, VA) were used for co-culture studies.

For experiments, HUVECs were used experimentally until passage 10 before discarded.
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HMEC-1s are an endothelial cell line and thus can be used indefinitely in vitro. HUVECs
and HMEC-1s were maintained in endothelial growth medium (EGM-2; Lonza
Walkersville, Inc., Walkersville, MD) and media was changed every 2 days. For passage
of both endothelial cell types, confluent plates were washed with Dulbecco’s phosphate
buffered saline, or dPBS, (Mediatech, Inc., Cat# 21-031-CV, Manassas, VA) and treated
with 0.25% trypsin-EDTA (Invitrogen, Cat# 25200, Carlsbad, CA) for 2.5 minutes. Once
cells detached, cells were resuspended in fresh EGM-2 to stop trypsinization and for

transfer into new tissue-culture plates.

L-Cell Fibroblast Cells

L-cell fibroblasts (ATCC, Cat# CRL-2648, Manassas, VA) were used in co-culture
experiments as a control comparison for EC-CM co-cultures. L-cells are cultured using
10% fetal bovine serum (Hyclone, Cat# SH30070.03, Logan, UT) in Dulbeco’s modified
eagle medium/F12 (Gibco, Cat# 1330-057, Carlsbad, CA) with penicillin
(100U/ml)/streptomycin (100ug/ml) (Hyclone, Cat# SV30010, Logan, UT) and 20mM L-

glutamine (Gibco, Cat# 25030, Carlsbad, CA).

2.3.2 Media Comparison for Long-term culture of ECs

A time-course was set up to compare different medias for long-term endothelial
culture. Evaluations were conducted at 8- and 22-day time points for 4 different media
conditions. The media conditions were as follows: 1) human embryoid body (hEB)
maintenance media with 2% serum (2% hEB medium) [93], 2) neonatal CM maintenance
media with 0.25% serum, 3) neonatal CM maintenance medium with no serum, and 4)

EGM-2. (Appendix 0) HUVECs were plated at confluency and treated with the



45

aforementioned media conditions as well as 50/50 mixtures of EGM-2 with each of the
other cardiac maintenance medias. Each media condition was performed in triplicate. A
similar media comparison experiment was conducted with HMEC-1s as well with only
the 2% hEB, EGM-2, and 50/50 EGM2/2% hEB medias for 43 days.

For the HUVEC media comparison experiments, images were taken with bright-
field microscopy (10X) to assess cell morphology and viability. In addition, cultures were
immunostained for traditional endothelial markers, platelet/endothelial cell adhesion
molecule (PECAM-1 or CD31) (Santa Cruz Biotechnology, Inc., Cat# sc-1506, Santa
Cruz, CA) and ulex-lectin (Vector Laboratories, Cat# RL-1062/FL-1061, Burlingame,
CA), which demarcates endothelial membrane glycoproteins and glycolipids, and a
nuclear marker, to-pro-3 iodide (Invitrogen, Cat# T3605, Carlsbad, CA). In the case of
the HMEC-1 evaluations, HMEC-1 cells are genetically modified with an H2B-mCherry

construct, demarcating nuclei as red, which allows for live fluorescent cell imaging.

2.3.3 Dissociation of cardiospheres for multi-well formats

Cardiospheres (CSs) were dissociated into single-cell format for monolayer
hESC-derived CM culture. Once purified, CSs were allowed to recover from puromycin
treatment for 48 hours. Subsequently, CSs were dissociated at various stages using
0.25% trypsin-EDTA. CSs were exposed to trypsin for 2 minutes at 37°C. Cultures were
then mechanically agitated with a P200 pipet gently five times and returned to 37°C for 2
additional minutes. The previous step was repeated for a maximum of 10 minutes or until
CSs were dissociated to single cells. Trypsinization was arrested with the addition of 2%
hEB medium at twice the volume of trypsin. Dissociated hESC-derived CMs were then

pelleted using a centrifuge (Eppendorf Centrifuge 5702R, Hauppauge, NY) for 5 minutes
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at 1,220 x g. The supernatant was aspirated and the hESC-derived CM pellet was
resuspended in a known volume. Cell count was obtained using the Countess cell
counter (Invitrogen, Cat# C10227, Carlsbad, CA). hESC-CMs were then plated
accordingly on 0.1% gelatin-coated 24-, 96-, and 384-well formats at various cell
densities. (Table 1) Media was changed 24 hours post-plating and contractile cells were
observed between 24-48 hours post plating. Cultures were evaluated for contractility and

viability using immunostaining for a-actinin and bright field microscopy, respectively.

Table 1 Table of CM plating densities for various tissue culture plating formats.

'?;'&'H:f 24-well 96-well 384-well
A 7.5x10 4.0x10 2.0x10°
B 3.5x10° 2.0x10° 1.0x10°
c 1.0x10° 5.0x10°
D 5.0x10°*

2.3.4 Co-culture of hESC-derived CMs and Endothelial Cells

hESC-derived CMs were co-cultured with HUVECs. Co-culture experiments were
initially performed with hESC-derived D20 CSs. HUVECs were added at cell densities of
24,000 and 40,000 cells per well to contractile CS cultures and maintained for 40-54
additional days in 50/50 EGM-2/2% hEB mixed maintenance medias. Media was
changed every other day. Controls were CSs alone, HUVECs alone, and CSs with L-cell
fibroblasts. Co-cultures were monitored for contractility throughout the culture period. In
addition, intracellular recordings and pharmacology studies were conducted on co-
cultured CSs. Finally, co-cultures were immunostained with cardiac marker, a-actinin,

and endothelial marker, CD31 to demarcate CMs and ECs within the culture.
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Electrophysiological characterization and immunostaining protocols are detailed in the
following sections.

Additionally, a series of experiments were conducted exploring the effect of ECs
on dissociated hESC-derived CMs to test: 1) optimal ratios of ECs to CMs, 2) longevity
of co-cultures, and, finally, 3) whether ECs modulate CM development through co-
culture. (Table 2) In the first experiment (CCE1), two different ratios of HUVECs to CMs
were tested. The goal of these experiments was to determine the proper seeding density
on dissociated H9 hESC-derived CM cultures as well as to determine whether CMs and
ECs can remain viable over long-term in vitro culture. In these experiments, 387 beating
EBs derived from hESC line (A) were mechanically dissected and purified into CSs with
24-hour puromycin exposure. After dissociation, 3.0x10° total cells were plated at
5.0x10° cells per well in a 24-well plate coated with 0.1% gelatin. Cultures were purified
again for CMs with puromycin treatment.

The CMs used in the subsequent co-culture experiment (CCE2, Table 2) were
from hESC line (B) and thus express mCherry under an aMHC promoter and H2B-GFP
under a ubiquitous phosphogycerate kinase (PGK) promoter. HUVECs were seeded on
D65 hESC-derived CMs at two different densities, 5.0x10° (1:1 EC:CM) and 1.0x10° (2:1
EC:CM), and compared to CM only controls. Each condition was performed in triplicate.
Co-cultures were maintained with 50/50 EGM2:2% hEB media conditions. Media was
again changed every other day. Additional HUVECs were added at D71, D88, and D106
post-differentiation of CMs. Lectin staining was used to assess the presence of ECs in
co-cultures a couple of days after HUVEC seeding and two weeks after HUVEC seeding
to monitor the viability of HUVECs. CMs, which are mCherry-positive, were monitored

throughout the culture period with fluorescence microscopy for viability and contractility.
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The experiment was completed after 62 days of co-culture (D134 post-differentiation). At
the completion of the experiment, IC recording was performed to assess differences in
physiology and gPCR was conducted to assess changes in gene expression from
exposure to ECs.

A similar co-culture experiment was repeated with HMEC-1 cells (CCES, Table 2)
in lieu of HUVECs. In this case, HMEC-1 cells were plated at a cell density of 1.0x10°
cells/well on a dissociated monolayer of D35 hESC-derived CMs. CMs were plated at a
density of 1.0x10° cells/well. After 43 days of co-culture, cultures were probed for gene
expression changes by qPCR. Controls were performed in duplicate and experimental

conditions in triplicate.

Table 2 Table of co-culture experiments and cell constituents.

Experiment ID Cardiomyocytes Endothelial Cells
CM Format H9 hESC Cell Line
CCE1 Cardiospheres oMHC-mCherry-aMHC-Puro” Rex-Neo' HUVEC
CCE2 Dissociated CMs | aMHC-mCherry-aMHC-Puro” Rex-Neo'/ HUVEC
PGK-H2B-GFP
CCE3 Dissociated CMs | aMHC-mCherry-aMHC-Puro” Rex-Neo'/ HMEC-1
PGK-H2B-GFP

2.3.5 Electrophysiology: Intracellular (IC) Recordings

Intracellular (IC) recordings were conducted using a sharp electrode technique
detailed in [74, 158]. Briefly, CSs are plated on 0.1% gelatin-coated glass coverslips for
the duration of culture. Upon recording, coverslips were transferred to a recording
chamber on the stage of an inverted microscope (Olympus 1X71). The recording
chamber is superfused at 1-2ml/min with Knockout Dulbeco’s modified eagle medium

(KO-DMEM, Invitrogen, Cat#10829-018, Carlsbad, CA) at 37°C and preoxygenated with
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constant 95%0.,/5% CO.,. The electrodes that were used are sharp glass
microelectrodes filled with 3M KCI and have resistances of 50-150 MQ in this
configuration. Contractile CSs with mCherry expression were impaled with sharp
electrodes to obtain action potentials (APs) at a single cell level. Intracellular recordings
were obtained using an AxoPatch 200B amplifier in current clamp mode and pCLAMP-
10 software (Molecular Devices, Sunnyvale, CA). Data was sampled at 10kHz using
Clampex 10 software (Molecular Devices, Sunnyvale, CA) and low-pass filtered at 5
kHz. From these recordings, AP parameters were measured for APs exhibiting at least
10 seconds of baseline stability. Specifically, we were able to obtain information on AP
amplitude (APA), maximum diastolic potential (MDP), maximal upstroke velocity (Vmax),
AP duration at 90% of the repolarization (APD90), and the cycle-length between two

spontaneous APs (RR).

2.3.6 Pharmacology

For the pharmacology studies, CSs in HUVEC co-cultured and non-co-cultured
conditions were exposed to three different drugs diluted in KO-DMEM, tetrodotoxin (TTX,
1uM or 5uM, Tocris, Cat# 1069, Ellisville, MO) and ryanodine, a blocker of the RYR2
channel, (10uM, Tocris, Cat# 1329, Ellisville, MO). The effect of these pharmacological
agents on the spontaneous beating frequency of CSs was observed compared to CS

only controls.

2.3.7 Quantitative Polymerase Chain Reaction (qPCR)

Prior to gPCR processing, co-cultures were treated with 1mg/ml of puromycin for
36 hours to eliminate non-cardiac cells from the analysis. Total RNA was extracted using

Trizol reagent (Invitrogen, Cat# 15596-018, Carlsbad,CA) in conjunction with the
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protocol provided by the manufacturer for cells in a monolayer. Further homogenization
of CS samples was performed by passing samples through 1cc insulin syringes until
homogenization was complete. Samples incubated in Trizol were either stored at -80C or
processed immediately. Once RNA extraction was complete, RNA was resuspended in
10ul distilled, deionized water (ddH.O) (Mediatech,Inc., Cat# 25-055-CV, Herndon, CA).
RNA concentrations were measured using the Nanodrop spectrophotometry system
(Thermo Scientific, Inc., Cat# ND-1000, Wilmington, DE). cDNA was synthesized using
the QuantiTect Reverse Transcriptase (RT) Kit (Qiagen, Inc., Cat# 205314, Valencia,
CA). cDNA was amplified using 1ug of RNA and the RT kit. Once the RNA was mixed
with genomic DNA wipeout buffer, samples were heated at 42°C for 5 minutes. Samples
were then mixed with RT buffer, RT enzyme, and amplification primers for a total volume
of 20ul. Samples were heated for another 30 minutes at 42°C, 95°C for 3 minutes, and
kept at 4°C. Finally, cDNA concentrations were measured using the Nanodrop and
stored at -20°C until use.

gPCR was performed on the Roche LightCycler 2.0 (Roche Applied Science,
Cat# 03531414001, Indianapolis, IN) using the LightCycler FastStart DNA Master SYBR
Green | kit (Roche Applied Science, Cat# 12239264001, Indianapolis, IN) and
LightCycler glass capillaries (Roche Applied Science, Cat# 04 929 292 001,
Indianapolis, IN) for fluorescence amplification detection. Samples were prepared as
indicated by Roche at half the volume (10ul). Standard curves were created for each
primer pair (Appendix A.2) to calculate primer efficiency using the Lightcycler 2.0
software using cDNA from late stage hESC-derived CSs. Briefly, qPCRs were conducted
as follows: samples were denatured at 95°C for 8 minutes with a temperature slope of 20

°C/s (slope used for every step unless otherwise specified), sample amplification
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occurred with the following sequence, 95°C for 15 seconds, 60°C for 5 seconds, and
72°C for 20 seconds, for 40 cycles, melting curves were obtained with a subsequent
cycle starting at 95°C, 70°C for 20 seconds, and a return to 95°C at a slope of 0.1°C/s,
and finally samples were cooled at 40°C for 30 seconds. For each primer set, C, values
were obtained using the Lightcycler software. Using efficiency values for each primer
pair, transcript expression could be calculated using the AAC, method. Transcript levels

were normalized to GAPDH expression.

2.3.8 Immunostaining

Prior to immunostaining, cells were washed with dPBS and fixed in 4%
paraformaldehyde (PFA) for 10 minutes (monolayer cells) and 20 minutes (CSs). Cells
were blocked in a blocking buffer composed of 1X dPBS, 2% BSA, 2% goat serum,
50mM glycine (Bio-Rad, Cat# 161-0718, Hercules, CA), 0.01% Triton-X (Sigma-Aldrich,
Cat# T8787, St. Louis, MO), and 0.005% Tween 20 (Sigma-Aldrich, Cat# P9416, St.
Louis, MO). Primary antibodies used for these studies were diluted in 10% blocking
buffer in the following ratios: mouse monoclonal anti-a-actinin (1:300, Sigma Aldrich,
Cat# A7811, St Louis, MO), rabbit polyclonal anti-CD31 (1:150), flourescein conjugated-
lectin (1:1000), 4',6-diamidino-2-phenylindole (DAPI, 1:5,000), and To-Pro-3 iodide
(1:5,000). Once stained, glass coverslips were mounted with (Dako, Cat# S3023,
Carpinteria, CA) on glass slides (Surgipath Medical Industries, Cat# 00210, Richmond,
lllinois) and imaged with an inverted fluorescent microscope (Leica DMI-4000B, Buffalo

Grove, IL or Olympus IX71, Center Valley, PA).
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2.4 Results

2.4.1 Media comparison for Long-term Culture of ECs

Figure 7 and Figure 8 detail a 3-week media test experiment that was conducted
with HUVECs and the effect of different medias on their long-term viability and
phenotype. Seven different medias were tested in both 100% and 50/50 EGM-2/X,
where X is either 2% hEB media, 0.25% Neonatal CM media, or Neonatal CM media
with no serum. For HUVEC cultures, we established the following criteria to determine
the optimal media composition: 1) cell viability, 2) cobblestone morphology characteristic
of ECs, and 3) expression of endothelial markers, CD31 and lectin at intercellular
junctions between ECs.

Cultures were observed early on at 8 days of culture and later at 22 days of
culture. In terms of viability, EGM-2 and 2% hEB only media conditions were the only
conditions that demonstrated HUVEC viability at 22 days. By mixing medias with 50%
EGM-2, HUVEC viability was observed in all cases.

With regards to HUVEC morphology, 50/50 EGM2/neonatal CM medium (no
serum) conditions fostered confluent HUVEC cultures with the characteristic cobblestone
morphology that most closely resembled EGM-2 media conditions at 22 days. A similar
morphology was also observed in 50/50 EGM2/2% hEB and 50/50 EGM2/0.25%
neonatal CM medium conditions but with lower cell viability. (Figure 7)

When stained with endothelial markers at D22 of culture, HUVECs in EGM2
conditions exhibit a few instances of the characteristic localization of CD31 and lectin at
intracellular junctions. (Figure 8A, white arrowheads) In contrast, it was clear that media

containing 0.25% neonatal CM medium did not foster HUVEC viability, which was
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reflected in the paucity of nuclei (blue) and accordingly CD31 or lectin positive cells.
(Figure 8C) In the case of 50/50 EGM2/Neonatal CM medium without serum, sporadic
clusters of ECs expressed CD31 (green) robustly with proper organization but lectin was
not detected. Finally, HUVECs treated with 50/50 EGM2/2% hEB most closely
resembled HUVECs cultured in pure EGM2 (Figure 8B). ECs were positive for both
CD31 and lectin with clear delineation at intracellular junctions.

Ultimately, we determined that 50/50 EGM2/2% hEB media conditions would be
optimal for co-culture. One of the primary reasons behind this decision was because 2%
hEB medium has been used ubiquitously in our laboratory to maintain hESC-derived
CMs in the long-term with maintained contractility observed for 100+ days post-
differentiation. [74] In addition, HUVEC viability, morphology, and endothelial marker
expression with this media condition satisfy each of our criteria and was the only subset
aside from EGM2 controls that met all three conditions. Treating HMEC-1 cells with

50/50 EGM2/2% hEB media also satisfied the defined criteria after 43 days in culture.
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Figure 7 HUVEC media testing 8 days of culture versus 22 days of culture. Different medias were tested
with HUVEC cultures: EGM-2, 2% hEB differentiation media, 0.25% Neonatal CM media, and neonatal CM
media with no serum. (Rows 1 and 3) For each time point, 50/50 EGM-2 media to the four different types of
media were also tested (Rows 2 and 4), 10X.
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Figure 8 Inmunostaining of D22 HUVEC cultures. Staining is as follows: CD31 (green), lectin (red), To-
Pro-3 (blue), 10X. White arrowheads indicate representative localization of EC markers to intracellular
junctions.
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2.4.2 Dissociation of cardiospheres for multi-well formats

Due to the structural complications of CSs for experiments investigating
microenvironment influences, we developed methods to dissociate 3D CS cultures into
contractile, 2D CM monolayer cultures. Many groups, including our own, have observed
that increased incidences of contractile hESC-derived EBs peak around D20 post-
differentiation using traditional culture and differentiation methods with H9 cell line. [90]
Using genetically modified hESC lines that render aMHC positive cells both mCherry
positive and puromycin resistant, we are able to isolate CMs from EBs (97.02 + 0.96%
purity [158]) using puromycin selection. In our CS dissociation trials, we demonstrated
that dissociation of CSs into a 2D monolayer could generate contractile sheets of hESC-
derived CMs, which remain contractile for long-term (30+ days) culture. In addition, we
plated dissociated CSs at different densities and different well formats and showed that
these CMs remain contractile and express a-actinin throughout long-term culture as well.

(Figure 9)

Figure 9 Dissociation of cardiosphere to a contractile CM monolayer in multi-well formats. (A)
Cardiosphere (10X), (B) 24-well, 3.5x10° cells plated (20X), and (C) 384-well, 2x10* cells plated (20X.
Stained with a-actinin (Red) and DAPI (Blue).
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2.4.3 Co-culture of hESC-derived CMs and Endothelial Cells

2.4.3.1 Co-culture of hESC-derived CSs with HUVECs (CCE1)

HUVECs were added to D20 CSs and co-culture was maintained for 57 days.
The first goal of this experiment was to test the feasibility of long-term co-culture of CSs
and HUVECs. To this end, CSs persisted for the duration of the experiment and
remained contractile. However, by the end of the 57-day co-culture period, absence of
CD-31 expression revealed that HUVEC viability is challenged within this 57-day culture
period. (Figure 10) Although it was unclear from this experiment at which point or why
HUVECs disappeared, we continued to evaluate whether transient exposure of CSs to
endothelial influences would affect CM maturation in terms of CS morphology, gene

expression profile, and electrophysiological characteristics.

Figure 10 Immunostainings of CS-HUVEC co-culture, 57 days. CS only cultures are shown in panels (A1)
and (A2). CS-HUVEC co-cultures are shown in panels (B1) and (B2). Cultures were stained with a- act|n|n
(Red), CD-31 (green), and DAPI (blue).




58

CS morphology differed between CS only (Figure 10 A1 and A2) and co-cultured
subsets (Figure 10 B1 and B2). In control CS only conditions, a-actinin positive CMs
(shown in red) were localized primarily around the dense nuclei cluster (shown in blue)
with a few fiber-like projections (Figure 10 A2) appearing to extend from the central CS
to the surrounding area. In contrast, CSs that had been co-cultured with HUVECs
exhibited a profuse, branching network of a-actinin-positive cells circling about twice the
diameter of the central CS. These clear morphological differences suggest an EC-
modulated effect.

In addition, the gene expression profile of co-cultured CSs shows enhancement
of key cardiac markers of maturation. (Figure 11) Co-cultured CSs exhibit upregulation of
more mature electrophysiological markers, such as the L-type Ca®* channel (Ca,1.2), the
sodium-calcium exchanger (NCX1), the ryanodine receptor (Ryr2), several potassium
channels (Ik2.1, 1k2.2), and Na,1.5, which governs the fast upstroke velocity of the
cardiac action potential. In addition, down-regulation of the inositol 1,4,5-trisphosphate
receptor (IP3R2) [175], a Ca** handling receptor that dominates in early CM
development suggests maturity as well. aMHC expression is minimally upregulated
compared to controls, which might suggest either more CMs or increases in this
contractile protein within existent CMs.

Finally, electrophysiological attributes of co-cultured CSs also suggest that EC
influences enhance AP properties towards a more mature phenotype. (Figure 12) First,
in comparing IC recording results, we show that CSs exposed to HUVEC co-culture
display significantly higher MDP, APA, APDyy, and RR values. V.« values also
demonstrate faster upstroke velocities in co-cultured CMs although not at statistical

significance. The pharmacology experiments compared differences in beating frequency
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upon exposure to a panel of drugs, which target key channels in CM development. As
indicated in Figure 13, TTX and ryanodine treatment of CSs depressed beating
frequency in co-cultured CMs by about 80% compared to controls. ZD7288 did not seem
to have a significant effect on beating rate depression between co-cultured CSs and CS

only controls.
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Figure 11 Gene expression profile of key cardiac markers during CM development of co-cultured CSs
versus CS only controls. The panel of genes surveyed represents key cardiac markers that are active at
different points of CM development. All expression values are expressed as fold change over control values
(dashed red line = 1).
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Figure 12 Electrophysiological parameters from IC recordings for co-cultured CS and CS only subsets. The
parameters measured were as follows: (A) maximum diastolic potential (MDP), (B) Vmax, (C) cycle length
between APs (RR), (D) action potential amplitude (APA), and (E) action potential duration (APD90). (G) and
(H) are representative tracings from each subset.
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Figure 13 Pharmacology profile of co-cultured CSs versus CS only controls. Depression of beating
frequency in comparison to control CS only conditions are compared with exposure to TTX (1uM, 5uM) and
ryanodine (10uM).

2.4.3.2 Co-culture of dissociated hESC-derived CMs and Disparate

Endothelial Sources (CCE2 and CCE3)

In CCE2 and CCES, HUVECs and HMEC-1 cells, respectively, were co-cultured
with dissociated hESC-derived CMs. From CCE1, we recognized a number of limitations
due to the 3D structure of CSs (discussed further in Section 2.5.3.2) that we believed
could be improved by dissociating CSs to a monolayer culture format. The goals of
CCE2 and CCES were to compare and reproduce the developmental effects observed in
CCE1 by using dissociated CMs instead of CSs. In addition, as HUVECs could not
persist over long-term co-culture, we intended to 1) characterize HUVEC viability in co-
culture and 2) to compare the effects of HUVECs and HMEC-1 cells on CM development

as HMEC-1 cells have the advantage of long-term culture viability.
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As with CCE1, dissociated CMs remained contractile for the 62-day co-culture
period with HUVECs. However, in monitoring their presence at 2-week increments,
HUVECs could not be detected in co-culture at each time point, as monitored through
live lectin staining. We attribute the loss of HUVECSs to the inability of primary cells to
remain viable over long-term culture. Thus, fresh HUVECs were added every two weeks
for the duration of the experiment to maintain an EC influence over the 62 days.

As mentioned, CM and EC morphology was monitored with live fluorescence
imaging at each HUVEC seeding and 2 weeks afterwards. The CMs used in this
experiment were both mCherry-positive and possessed GFP-positive nuclei. Live ECs
could be stained with lectin and imaged concurrently. Thus, co-cultures were monitored
for both CMs and ECs about every 2 weeks. From these fluorescent images, it appears
that CMs did not exhibit the expected monolayer morphology but were typically clustered
together in small aggregates. (Figure 14A) ECs appeared as clustered sheets but

primarily associated with other ECs as well. (Figure 14B and C, yellow arrows)

Figure 14 Live fluorescence imaging of dissociated CM:HUVEC co-culture (10X), Day 48 of co-culture. (A)
CM only, (B) 1:1 HUVEC:CM co-culture, and (C) 2:1 HUVEC:CM co-culture. CMs are represented by
mCherry expression (Red) and GFP-positive nuclei. HUVECs are detected by fluorescein-conjugated lectin
shown in green (non-nuclear pattern). ECs are only detected in (B) and (C) as indicated by the arrows.
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Similar to CCE1, co-cultured hESC-derived CMs exhibit a more mature gene
expression profile than CM only controls. (Figure 15) Specifically, gene expression of
aMHC, BMHC, MLC2a, and Serca2 was higher in co-cultured CMs, particularly when co-
cultured in 1:1 HUVEC:CM ratios. MLC2v and PLB expression however were expressed
more highly in 1:1 HUVEC:CM ratio subsets, but exhibited expression values less than
controls for 2:1 HUVEC:CM ratio subsets. Gene expression levels of Na,1.5, Ca,1.2,
and IP3R2 was higher in co-cultured CMs as well, but with insignificant differences
between the different HUVEC:CM ratio subsets. Expression of NCX-1 and Cx43 were
both expressed at much lower levels in co-cultured CMs than CM only controls.
Although a couple discrepancies exist between the gene expression profiles for CCE1
(Figure 11) and CCE2 (Figure 15) , in particular with IP8R2 and NCX1, CMs from both
experiments exhibit more mature gene expression profiles overall than CM only controls.

Functionally, we were not able to obtain IC recordings of high quality and number
from these cultures. First, only one control well and two of each experimental well
remained viable by 62 days. In addition, although cultures were spontaneously
contracting, when pierced with sharp electrodes, spontaneous activity would cease.
Thus, although a few recordings were obtained for both co-cultured (n=1) and control
(n=7), sampling error and technical challenges rendered this data inconclusive.

Finally, co-culture of dissociated CMs with HMEC-1 cells revealed that the results
reported from CCE1 and CCE2 are HUVEC-specific. Morphologically, CMs co-cultured
with HMEC-1 cells exhibited a monolayer morphology that contrasted with the diffuse,
3D clusters observed in CCE2. In addition, when qPCR was performed with the same
marker panel as CCE1, gene expression of HMEC-1 co-cultured CMs was either down-

regulated or no different from controls in all cases.
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Figure 15 Gene expression profile from qPCR of key cardiac markers during CM development with
HUVECSs and dissociated CM co-culture versus CM only controls. Here, CMs seeded with HUVECs in a 1:1
HUVEC:CM ratio (n=2) are shown in black and CMs seeded with HUVECs in a 2:1 HUVEC:CM ratio (n=2)
are shown in grey. All expression values are expressed as fold change over control values (n=1; dashed red
line =1).

2.5 Discussion

2.5.1 Media Comparison for Long-term Culture of ECs

We determined that 50/50 EGM-2/2% hEB medium would be best for co-culture
conditions as this media condition maintained EC and hESC-derived CM viability for at
least 22 days. One of the major reasons why we favored this media composition was
because it incorporates 2% hEB, which we regularly use for maintenance of hPSC-
derived CMs. In addition, this was the only media condition that satisfied all of our

criteria, aside from EGM-2 controls.
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The main disadvantage of HUVECs is that they are primary cells and thus cannot
remain in culture for extended periods of time. From preliminary co-culture studies, we
observed that the HUVEC presence, as monitored by live lectin staining, disappeared
after about 2 weeks. Thus, constant addition of cells was necessary throughout the co-
culture period. HMEC-1 cells provide a potential solution as they are an immortalized cell
line. [176] From similar media tests as conducted with HUVECs, we determined that
HMEC-1 cells remained viable even after 43 days of culture in all media conditions as
evidenced by the presence of cobblestone morphology and constant nuclear mCherry

expression throughout the media test.

2.5.2 Dissociation of cardiospheres for multi-well formats

Culture of hPSCs, their differentiation, and subsequent maintenance are reputed
as extremely labor-intensive and costly necessities to the realization of the immense
scientific and clinical potential that these cells hold. [93, 177] A repertoire of literature
has now begun to focus not only on improving the efficiency of current culture methods
[178, 179] but also lowering the laboratory costs associated with hPSC work [180-182].
The ability to make hPSC culture and maintenance less of a financial burden and more
efficient will undoubtedly enable faster scientific progress as well as other non-clinical
applications, such as large-scale, commercial drug discovery or toxicity studies. [183] In
this study, we have shown that dissociation of CSs to single cell suspensions enables
adaptation of these cells to multi-well formats so that cell needs are reduced by 80% with
a transition from 24-well to 96-well format and by 90% with a transition from 24-well to
384-well format. Accordingly, this is advantageous for long-term experiments because a

reduction in cell needs translates into a reduction in culture costs as well.
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In addition to the practical advantages of CM dissociation, using hPSC-derived
CMs in a monolayer format improves the ability to assay these cells from a scientific
point of view as well. As mentioned, EBs and CSs are heterogeneous not only in cell
composition but also in cell number, size, and matrix composition. [184-186] In addition,
as they are 3D, depending on where cells are located (eg. outer surface versus center of
cell mass), cells are exposed to different microenvironments that may alter their
differentiated phenotype. These structural heterogeneities were identified as major
limitations to CS exposure to EC stimuli, confounding results from CCE1. (Refer to
Section 2.5.3.2) Dissociation of hESC-derived CMs into a 2D monolayer enhances
reproducibility of experiments and enables increased surface area exposure to culture
stimuli. In addition, monolayer CMs are more accessible for immunostaining, imaging,

and IC recordings.

2.5.3 Co-culture of hESC-derived CMs and Endothelial Cells

2.5.3.1 Co-culture of hESC-derived CSs with HUVECs (CCE1)

Our interest in determining whether and in what capacity EC factors influence CM
maturation motivated this co-culture experiment with CSs and HUVECs. As it had been
determined that CSs were of high CM purity and could display a more mature phenotype
when exposed to a heterogeneous population of non-cardiac cells [158], we
hypothesized that this culture format would be feasible for answering our hypothesis that
ECs modulate aspects of CM maturation. To this end, we were able to observe changes
in CM morphology through immunostaining techniques as well as gene expression and

electrophysiological differences.
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With respect to CS morphology, differences were reflected on a macroscopic
scale as specific attributes of individual CMs within the CS could not be easily resolved.
However, the morphology that was exhibited by co-cultured CSs suggests that CM
proliferation or migration was enhanced by co-culture. Potential mechanisms for this
phenotype may relate to factors released by ECs that have been shown to stimulate CM
proliferation [16] or potentially EC-secreted matrix proteins [187, 188] that may enhance
CM migration, contractile protein expression, and/or CM proliferation from the CS to the
surrounding culture area.

The gene expression and electrophysiological data seem to correspond with
expectations for CM maturation in the literature. In reference to Appendix 0, the gene
expression profiles exhibited in CCE1 suggest that co-cultured CSs are tending towards
a more mature phenotype. We observed upregulation of key cardiac markers of
maturation, namely aMHC, Ca,1.2, RYR2, Na,1.5, Cx45, HCN4, KCNQ1, KCNH1,
iK2.1, and iK,2.2, and downregulation of IP3R2 and Cx40. With both IC recording and
pharmacological evaluation, the functional contributions of this gene expression profile
can be elucidated.

From IC recordings, co-cultured CSs display more mature AP characteristics
compared to CS only controls. Mummery et al reported that atrial fetal CMs (16 weeks)
exhibit a MDP, V., APA, and APD90 values of -34.9+1.6 mV, 1.2+0.3 V/s, 57.2+5.0
mV, and 164.9+14.3 ms, respectively. Comparably, fetal ventricular CMs (16 weeks)
have been reported to exhibit parameter values of -38.5+1.6 mV, 8.9+4.3 V/s, 69.0+9.1
mV, and 370.0+45.8 ms. [95] Values observed for V,.x and APA seem to be much lower
than these reported values, but co-culture appears to enhance these parameters

towards more mature values as well. However, the MDP and APD90 values that were
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observed for both CS only and co-cultured CS subsets are comparable with reported
fetal CM values. The tendency towards a lower resting potential in developing CMs is
determined in large part by the potassium gradient, which is influenced by NCX1 and
inward-rectifying potassium currents. [141] Through qPCR, we observed that NCX1
expression is upregulated in co-cultured CMs (Figure 11), which may reflect the lower
resting potential of co-cultured CSs. Moreover, in the developing heart, APD increases
with CM maturation due to the expression and functionality of K* channels, which
modulate AP repolarization and thus APD. [6, 141] Through qPCR, we observe that a
range of K* channels were upregulated, in particular iK,2.1, iK;2.2, KCNQ1, and KCNH1,
(Figure 11) which are delayed-rectifier K* channels. Activity of these K* channels
governs AP repolarization and may account for the extended APD90 values observed in
co-cultured CSs. [189]

Pharmacological evaluations of CS-HUVEC co-cultures further reinforce our
findings with gPCR. TTX treatment of co-cultured CSs caused an 80% depression of
beating frequency over CM only controls, which suggests the functionality of Na,1.5
channels. The difference in TTX sensitivity between co-cultured and CM only controls
can be attributed to a few different phenomenon. First, increased functionality of Na,1.5
in co-cultured CMs versus non-functional channels in CM only conditions could produce
this pharmacological response. Contrastingly, since qPCR indicated a 3-4 fold increase
in Na,1.5 expression in co-cultured CMs, more functional channels could explain the
discrepancy in TTX sensitivity as well. Finally, a combination of both phenomenon could
also be the case. Using our current methods, we cannot resolve the exact mechanism.
However, we can conclude that co-culture with HUVECs enhances the functionality and

expression of Na,1.5 in CMs.
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Increased ryanodine sensitivity was also witnessed in these experiments with a
75-80% depression of CM beating frequency over control subsets after treatment.
Ryanodine blocks the ryanodine receptors (RYR2) and thus Ca®* release from
intracellular Ca®* stores. Again in the case of RYR2, we see around a 15-fold increase in
expression of this receptor in co-cultured CMs. As expression of RYR2 does not
necessarily correlate with functionality early on in CM development [91], it is unclear
whether the differences observed in ryanodine sensitivity can be attributed to increased
functionality of RYR2, higher expression of functional receptors, or a mixture of both
phenomena. Yet, it is clear that co-cultured CSs exhibit RYR2 functionality and gene

expression at much higher levels than CM only CSs.

2.5.3.2 Potential Limitations to Evaluating CSs in Biological Assays

A number of technical limitations and concerns arose in performing CCE1. First,
in terms of the number of replicates, we were limited by our ability to produce CSs due to
the low yield from traditional hESC culture techniques. In this experiment, only two CSs
were used per condition so that one CS from each subset would be used for
immunostaining and one for the electrophysiological studies and qPCR data. Although
CS number is low, these CM clusters are typically composed of 10%-10° cells/CS, which
is reasonable to ensure data certainty for these particular CS characterizations.
However, because CSs are heterogeneous in composition, size, and shape, more CS
replicates need to be evaluated to determine whether the phenotype we observed is
simply an artifact of the particular CSs we evaluated.

In addition to a paucity of replicates, CS structure and composition, as

mentioned, are variable and difficult to control. Shape differences can modulate the
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extent of exposure to extracellular influences, as different surface area to volume ratios
could change exposure conditions for individual CMs depending on their localization
within the CS. Since CS structure is a function of random formation, even with the
introduction of more CS replicates, it would be unclear and impossible to determine
whether differences in physiology are a function of structural heterogeneities, actual
modulation from co-culture conditions, or a mixture of both. In addition, as EB formation
is performed manually, operator biases may also impact the reproducibility of results.
The phenotypic heterogeneity of CSs and hESC-derived CMs is another concern.
Current differentiation methods generate, at random, hESC-derived CMs that vary in
developmental stage, cardiac cell type, and morphology. [90, 95, 108] Additionally,
current techniques used to assay CM function (eg. electrophysiology and Ca®* handling)
are disadvantaged by their relatively low sample size due to the complexity of the
techniques paired with manual sampling methods. In a homogeneous population, this
technical limitation would not misrepresent biological phenomenon, as an average
amongst 15-20 cells would provide a reasonable assessment of the entire population.
However, probing < 1% of the cell content of an extremely heterogeneous population
could possibly misrepresent and potentially misguide experimental observations and

conclusions.

2.5.3.3 Co-culture of dissociated hESC-derived CMs and Disparate

Endothelial Sources (CCE2 and CCE3)

To address our concerns with CSs, we subsequently designed experiments
(CCE2 and CCER3) where dissociated CMs in monolayer culture were either co-cultured

with HUVECs or HMEC-1 cells, respectively. From these studies, we demonstrated that
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dissociated CMs co-cultured with HUVECs appear to exhibit a more mature gene
expression profile compared to CM only controls, reinforcing our findings from CCE1. In
both CCE1 and CCE2, hESC-derived CMs co-cultured with HUVECs show upregulated
expression of aMHC, Ca,1.2, and Na,1.5 channels, markers we would expect to be more
highly expressed with cardiac maturation.

IP3R2 expression levels were comparable to control in co-cultured CSs but were
15-20 fold higher in dissociated CM co-cultures over CM only controls. IP3R2, a variety
of Ca** release channels on the sarcoplasmic reticulum, are typically highly expressed in
very immature CMs and atrial CMs. [190] The high level of IP3R2 expression by co-
cultured CMs in CCE2 may be reflective of physiological immaturity. Alternatively, as
mic2a levels also show a 3-8 fold upregulation in co-cultured CMs, upregulation of IP3R2
could be coincident with atrial specification in these cultures. Without more specific
functional analysis, such as IC recording or immunostaining for atrial markers,
conclusions could not be made.

On the other hand, NCX1, or the Na*-Ca®* exchanger, is highly expressed in CSs
but downregulated in dissociated CMs as compared to CM only controls. In mature CMs,
NCX1 expression can be detected, but peak expression occurs in developing CMs as
NCX1 serves as the main mechanism of Ca®* extrusion before intracellular Ca** stores
and reuptake mechanisms (through Serca2) become functional. Thus, the
downregulation of NCX1 paired with the 3-10 fold upregulation of Serca2 observed in
CCE2 suggest that CMs may be heading towards a more mature Ca**-handling
phenotype.

In contrast, CMs co-cultured with HMEC-1 cells exhibited downregulation of

every marker assayed. This discrepancy between EC sources is not entirely unexpected,
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as a plethora of literature exists that compares disparate endothelial cell types and their
differential phenotypes. [191, 192] Uncertain about the biological effects of HMEC-1 cells
on hESC-derived CM development, we originally chose to use HMEC-1 cells because
their endothelial and immortalized characteristics give them a technical advantage over
primary HUVEC cultures. However, from CCE2 and CCES3, it seems that HMEC-1
influences do not induce the more mature phenotype as observed with HUVECs.
Overall, these findings demonstrate that disparate endothelial sources influence changes
in CM phenotype differently and that the enhancements in CM maturation observed are

HUVEC-specific.

2.5.3.4 Technical Limitations of CCE2 and CCE3

Several technical limitations manifested from CCE2 and CCES3 as well. First,
HUVEC viability cannot be maintained in long-term culture and as a primary cell can
display considerable lot variations. In our study, only one lot of HUVECs was evaluated
and thus it is unclear whether another lot would produce similar results. In addition, to
address the transient viability of these primary cells, fresh HUVECs were constantly
added to hESC-derived CMs every two weeks. Another challenge for these co-culture
experiments was the low CM yield from hESCs as well as sampling limitations if our
assay methods. With large heterogeneities in CM development, physiology, and
morphology, the number of replicates or CMs sampled is crucial to definitively assess
any phenotypic changes observed.

It is also important to note that the timing of co-culture initiation differed for each
experiment detailed in this study. Specifically, ECs were plated on dissociated CMs at

D65 for HUVEC co-culture and D35 for HMEC-1 co-culture as compared to D20 for the
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CCE1. The discrepancies in the timing of EC seeding were due, in part, to variations in
quality of differentiation cultures. For instance, the onset of contractile activity between
different differentiation trials varied considerably. In addition, decreased cardiac
differentiation efficiency and ability of CMs to regain contractility post-dissociation also
appeared as symptoms. EC seeding was not performed unless contractile CMs were
present. Thus, it is possible that differences in seeding timing can be attributed to the
variations observed in the results. However, it has also been evidenced in the literature
that if CMs are isolated from other cell sources early on in differentiation (D20),
electrophysiological developments are minimal. [158] In addition, with traditional

differentiation methods, even late-stage CMs exhibit very immature CM phenotypes. [91]

2.6 Conclusions

Overall, these co-culture studies demonstrated that the maturity of developing
CMs, in terms of gene expression and electrophysiology, could be influenced and
enhanced by endothelial sources. These findings have significant implications for
developmental biology and regenerative medicine as till now little is still understood
about how maturation occurs on the myocyte scale. As detailed in this chapter, we were
able to develop and/or implement necessary methods and techniques to evaluate
maturity at morphological, genetic, and functional levels. Through these evaluations, we
observed that co-culture of HUVECs with either hESC-derived CSs or dissociated CMs
influences the development of CMs towards a more mature phenotype.

Briefly, HUVEC co-cultured CMs exhibited a more mature gene expression profile

than CM only controls. Upregulation of major ion channels, Ca®* handling proteins, and
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contractile machinery followed trends that are observed in endogenous CM
development. [6, 110, 141, 159] Functional evaluation of co-cultured CM physiology
further bolstered the implications of maturity from gPCR evaluation. First, we described
how co-cultured CMs exhibit more mature action potential kinetics with more negative
MDP, faster Vmax, and prolonged APD90 compared to CM only controls. Pharmacological
inhibition of both Na,1.5 and RYR2 demonstrated channel and receptor functionality,
which has been used in the field as an indicator of the maturity of Ca®* handling and
electrophysiological machinery. [91, 158, 193] Moreover, co-cultured CMs exhibit
heightened sensitivity to inhibition of these channels, signifying a more mature
phenotype. We also determined that these effects seem to be HUVEC-specific as similar
changes in gene expression were not observed with HMEC-1 co-culture.

However, with co-culture of these cell types, many limitations manifested during
the completion of this study, which reflected both cellular and technological limitations of
this co-culture model. Although we demonstrated that EC influences can modulate CM
phenotype, our ability to obtain adequate numbers of high-quality hESC-derived CMs
and accessibility to technologies for evaluating the phenotype of CMs with proper
sampling were limiting factors.

With evidence that endothelial influences contribute to CM maturation, this study
provides novel insight to one of potentially many players that modulate cardiac
development. We believe that elucidating the necessary influences that control functional
cardiac maturation will spur further progress in developing hPSC-derived regenerative
therapies particularly for recapitulating the functional needs that are lost with MI. Co-
culture of ECs and CMs represents a good first approximation for confirming whether

endothelial influences modulate CM phenotype and characterizing global changes in CM
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phenotype in response to ECs. In this study, we have shown reproducibly that HUVECs
can induce developmental progress in hESC-derived CMs. The next step is to dissect
this interaction further by describing how this heightened developmental phenotype is

mediated.
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3 Endothelial Paracrine Factors
Enhance Maturation of Human
Induced Pluripotent Stem Cell-

derived Cardiomyocytes

3.1 Abstract

Identifying developmental regulators and characterizing how they contribute to
cardiac maturation is imperative to the application of hPSC-derived CMs for regenerative
therapies. In this study, we hypothesized that paracrine factors from endothelial sources
could enhance aspects of CM maturation. Specifically, we treated hiPSC-derived CMs
with conditioned media from two endothelial sources, human umbilical vein endothelial
cells (HUVECs) and human microvascular endothelial cells (HMECSs), and compared

them to non-conditioned media controls and hESC-derived fibroblast conditioned media
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treated CMs. To address the vast heterogeneities present with hPSC-derived CM
populations, we employed a high-throughput method for evaluating Ca®* transients and
electrical stimulation, which enabled description of CM populations two orders of
magnitude larger than traditional methods. Maturation was assessed based on a series
of metrics, including Ca®* transient kinetics, pacing ability, pharmacology response, and
gene expression profiles. After 2 weeks of culture, HUVEC conditioned media treated
CMs exhibited enhanced ability to respond to 3Hz electrical stimulation, faster Ca®
transient kinetics, and functional Na,1.5 channels at heightened levels over all other
experimental subsets. We conclude that unique paracrine factor(s) from HUVEC sources
enhance aspects of functional maturation in hiPSC-derived CMs towards a more mature

phenotype.

3.2 Introduction

The mechanisms that govern CM maturation remain largely obscure. Thus far,
hPSC-derived CMs have served as an instrumental in vitro model of development by
elucidating important cues and uncovering key signaling molecules that govern cardiac
specification. [70, 71, 73, 96-98, 194] Characterization of hPSC-derived CMs reveals
their similarity to fetal CMs in physiology and morphology [78, 95, 103, 105, 195], which
many groups have hypothesized may explain the inability of hPSC-derived CMs to
functionally replace damaged myocardium. An emerging thrust in the field is now
centered on understanding the multifarious cues, both autonomous and non-
autonomous, that govern the functional maturation of developing CMs, in particular the

elements that require rescue post-Ml, such as CM morphology, spatial organization, and
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contractile function. [78, 139, 155, 158, 196] In the previous chapter, we presented
evidence that co-culture of endothelial cell sources with hESC-derived CMs promotes a
more mature phenotype as assayed through both gene expression and functional
assays. Yet, the mechanisms at play still remain unclear after co-culture evaluation.

Communication between neighboring cells can be mediated through contact-
dependent and/or paracrine mechanisms. Moreover, within either method of
communication, a myriad of signal-receptor combinations direct cell phenotype. For
instance, Narmoneva et al reported that CMs co-cultured with ECs or treated with EC
conditioned media exhibited significantly less signs of apoptosis or necrosis when
cultured in 3D versus their CM only or fibroblast co-cultured counterparts. However,
enhancement of CM spatial organization was only exhibited in direct EC-CM co-culture
conditions. [164] In vivo, disruption of proper vasculogenesis prevents heart formation. In
addition, endothelial-specific knock out of numerous paracrine factors, such as
neuregulin, neurofibrotomatosis-1, and platelet-derived growth factor B, inhibits proper
myocardial development in mouse models. [16]

Here, we hypothesize that ECs significantly influence aspects of CM maturation.
Specifically, we characterized the effects of paracrine endothelial factors on major
functional determinants of CM function, in particular Ca®* handling, gene expression, and
CM morphology, using a high-throughput, single-cell analysis method. With this method,
we were able to characterize the Ca®* handling ability of an unprecedented CM
population that is 2- to 3- fold greater than traditional methods. From these studies, we
were able to conclude that exposure of hPSC-derived CMs with HUVEC conditioned
media enhances CM maturation in terms of Ca®* handling and electrophysiological

function by two weeks in culture. These results have important implications for
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understanding the process of CM development as well as improving current cardiac

regenerative strategies.

3.3 Methods

3.3.1 Cells

CDI iCell hiPSC-derived Cardiomyocytes

hiPSC-derived cardiomyocytes (Cellular Dynamics International (CDI), Inc., Cat#
CMC-100-110-001/CMC-100-110-005, Madison, WI) were used for these experiments.
CDI CMs are genetically modified so that CMs are mCherry-positive and blasticidin-
resistant (regulated by an aMHC promoter). CMs are frozen down at D35 of
differentiation and once thawed can be maintained indefinitely in culture. Cells were
thawed and plated as indicated by CDI on 0.1% gelatin-coated 96-well, glass-bottomed
plates at a density of 1.5x10* CMs/well. After three days of recovering in plating media
(CDl, Inc., Cat# CMM-100110-001, Madison, WI), CMs were maintained in 50/50 EGM-

2/2% hEB media throughout the duration of culture with media changes every other day.

Endothelial Cells

Human umbilical vein endothelial cells (HUVECs) (Lonza Walkersville, Inc., Cat#
C2519A, Lot#6F3251, Walkersville, MD) and human microvascular endothelial cells
(HMEC-1) (ATCC, Cat# CRL-10636, Manassas, VA) were used for co-culture studies.
For experiments, HUVECs were used until passage 10 before being discarded. HMEC-

1s are an endothelial cell line and thus can be used indefinitely in vitro. HUVECs and
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HMEC-1s were maintained in endothelial growth medium (EGM-2; Lonza Walkersville,
Inc., Walkersville, MD) and media was changed every 2 days. For passage of both
endothelial cell types, confluent plates were washed with Dulbecco’s phosphate buffered
saline, or dPBS, (Mediatech, Inc., Cat# 21-031-CV, Manassas, VA) and treated with
0.25% trypsin-EDTA (Invitrogen, Cat# 25200, Carlsbad, CA) for 2.5 minutes. Once cells
detached, cells were resuspended in fresh EGM-2 to stop trypsinization and for transfer

into new tissue-culture plates.

hESC-derived Fibroblasts

hESC-derived fibroblasts from the H9 aMHC-Puro’-Rex-Neo/PGK-H2B-mCherry
hESC line were used to generate conditioned media. Fibroblasts were isolated from 1-3
month old cultures differentiated under traditional serum-based methods. Cultures were
dissociated with 0.25% Trysin-EDTA five times to isolate fibroblasts. Once fibroblasts
were isolated from differentiated hESC cultures, cells were FACS sorted for mCherry
expression at passage 2 or 3. Conditioned media was obtained from fibroblasts from

passage 12-15.

3.3.2 Conditioned Media

HUVEC, HMEC-1, and hESC-derived fibroblast conditioned media was collected
from confluent cultures. 10 ml of EGM-2 for ECs and 2% hEB for fibroblasts were
incubated with confluent cultures for 2 days. Aged media controls were generated in a
similar fashion by incubating fresh media without cells for 2 days at 37°C. Media was

then collected and centrifuged (Eppendorf Centrifuge 5702R, Hauppauge, NY) for 5
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minutes at 3000 x g to pellet cell debris. Supernatant was then collected and stored at -

20°C until use. Three media collections were obtained from each confluent plate.

3.3.3 Time course of Endothelial Paracrine Effects on CM Maturation

hiPSC-derived cardiomyocytes (Cellular Dynamics International (CDI), Cat#
CMC-100-110-005, Lot# 149825, Madison, WI) were plated at 1.5x10* cells/well in 96-
well, glass-bottomed plates (Grenier Bio-One, Cat# 655892, Monroe, NC) that were pre-
coated with Matrigel (0.0625 mg/ml, BD Biosciences, Cat# 354230, San Diego, CA). The
conditions tested were: 1) Control, 2) HUVEC conditioned media, 3) HMEC-1
conditioned media, and 4) hESC-derived fibroblast conditioned media. In each case, a
50/50 EGM2:2% hEB media was used. Conditioned media was generated in EGM2 and
diluted by 50% with 2% hEB media. Control media conditions involve aged EGM2, which
is described as EGM2 incubated for 48 hours at 37°C without cells in a 10-cm tissue
culture plate.

Four time points were evaluated in this study, specifically 1-, 2-, 4-, and 8-week
exposure to the different experimental conditions. Three separate plates were allocated
per time point for each evaluation method of CM maturation, namely for gPCR, baseline
Ca®* transient measurements, and pharamacology studies. Cells used for Ca®* transient
measurements and pharmacology were subsequently fixed with 4% PFA for 10 minutes
and stored in dPBS at 4°C until processing. qPCR samples were processed with Trizol
reagent and stored at -80°C until use. Ca®* transient measurements and pharmacology
were loaded with Fluo4-NW and imaged on the KIC (Vala Sciences, Inc., San Diego,

CA).
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3.3.4 Fluo4 Loading of Cardiomyocytes for Ca®* Transient Imaging

Prior to loading with Ca®* sensing dyes, cultures were changed to 2% hEB media
12-24 hours before loading for all conditions. Fluo4-NW (Invitrogen, Cat# F36206,
Carlsbad, CA) dye was reconstituted in 10mL of assay buffer, which is composed of 1X
Hanks balanced salt solution (HBSS) (Gibco, Cat# 14025-092, Carlsbad, CA) with 20mM
HEPES buffer solution (Gibco, Cat# 15630-106, Carlsbad, CA). For recordings in hiPSC-
dervived CMs, 4 of the manufacturer recommended dye concentration was used. In
addition, 250mM solution of probenecid (included in the kit) was made by adding 1ml of
assay buffer to the vial until dissolved. 100 pl of 250mM probenecid was added to the
diluted Fluo4-NW dye solution and mixed thoroughly. To label nuclei, Hoescht dye was
diluted in assay buffer at 4 ul in 196 pl and was then added to the dye solution at a ratio
of 1:2000 pl. 100 ul of Hoescht-dye solution was incubated per well for 20 minutes at
37°C and for an additional 20 minutes at room temperature. Cells were then washed with
200 pl of Tyrode’s solution with 10mM glucose twice. Cells were recorded in 200 pl of

Tyrodes solution with 10mM glucose.

3.3.5 Pharmacology

For the pharmacology studies, drugs were diluted in Tyrode’s solution with 10mM
glucose and incubated with the cultures for 10 minutes before KIC recordings. The
following drugs and respective dilutions were used: tetrodotoxin citrate (TTX, 1uM,
Tocris, Cat# 1069, Ellisville, MO), thapsigargin (TSG, 1uM, EMD-Calbiochem, Cat#
586005, Gibbstown, NJ), diltiazem (DTZ, 1uM, Sigma-Aldrich, Cat# D2521, St. Louis,
MO), and ryanodine, a blocker of the RYR2 channel, (10uM, Tocris, Cat# 1329, Ellisville,

MO). 0.001% DMSO (Sigma-Aldrich, Cat# D2650, St. Louis, MO) controls were also
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included in the pharmacology trials since stock solutions of TSG, DTZ, and ryanodine
are dissolved in DMSO. Once drugs were added, Ca®" transients were recorded using

the KIC and analyzed with Cyteseer compared to untreated controls.

3.3.6 Kinetic Imaging Cytometer (KIC) for High-throughput

Acquisition of Cardiomyocyte Ca** Transient Generation

KIC Instrument

The components of the KIC module include a video acquisition PC with the
Windows XP operating system with control software programmed in C++ using Microsoft
Visual Studio 2008 (Bellevue, WA), a NI-PCI-6251 data acquisition 1/0 board from
National Instruments (Austin, TX), a stimulator/electrode assembly (lowered and raised
using a computer-controlled Sutter Instruments (Novato, CA) micromanipulator, the MP-
285), a Grass Technologies (West Warwick, Rl) S48 square pulse stimulator, and the
high-speed scientific-grade iXon DU-897 EMCCD camera with 16-mm pixels (Andor,
South Windsor, CT).

The KIC module is placed on an IC 100/200 high content screening system (Vala
Sciences, San Diego, CA) that includes: 1) an inverted epifluorescence microscope
(Nikon Eclipse TE2000-U), 2) an intensity-feedback stabilized 100 W Hg arc lamp [197]
3) excitation and emission filter wheels, 4) a motorized stage with XY-axes control, and
5) a piezoelectric Z-axis control for fast, precise autofocus. A Nikon multi-image module
splits the emission light paths on the IC 100 to the autofocus camera (Cohu, Poway, CA)
and an Orca-ER CCD camera (Hamamatsu, Bridgewater, NJ), which was replaced by

the iXon EMCCD for KIC. Cytoshop on the IC100 controlled the instrument and scanned
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the plate, with KIC module timed from the IC100 epifluorescence shutter sync signal;

and CyteSeer software controls the IC 200 version.

KIC Data Acquisition

Plate scanning parameters were selected and KIC automatically scanned each
plate without further operator intervention. KIC acquired and stored video streams of
Fluo-4 (the green channel) lasting 3-30 seconds at 33 fps simultaneously with user
specified electrical stimulation frequencies ranging from 1-6Hz. Electrical stimulation and
video acquisition were triggered during scanning on the prototype KIC by the open/close
sensor of the arc lamp shutter on the IC100. Electrical pacing parameters were 15 volts
and 5 ms duration for each stimulus. Prior to video stream acquisition, KIC auto-focused
on each field using the nuclear channel of the cells. KIC scans a rectangular grid of
contiguous fields of view in each well, for any density microtiter plate. One field/well was
acquired over 20 to 50 seconds in each well in 96-well plates for all experiments in this
report. All images were captured with a 20x 0.50 numerical aperture (NA) objective and

1x tube and relay lenses.

3.3.7 Cyteseer Analysis of Ca** Transient Imaging Data

Image analysis for time-series images obtained from the KIC was performed by
CyteSeer (Vala Sciences, San Diego, CA). Automated image analysis included the
following steps:

1) Time-averaging of the Ca®* channel. The Ca®* channel images were averaged

over all time-slices to increase the signal-to-noise ratio for improved image
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segmentation. For typical experiments with 100 to 250 time-slices, the signal-to-
noise improved by a factor of roughly 10 to 15, facilitating segmentation.
Background subtraction of the nuclear and the Ca®* channels. The background
was defined at each pixel to be the minimum intensity of all pixels within a large
user-defined radius around that pixel. These background images were subtracted
from the original images. Then both images were clipped to ignore pixels outside
the range between the 2" and 98" percentile in pixel intensity.

Segmenting the cell nuclei. The nuclear image was segmented by first
thresholding to find a binary mask for the nuclear regions, and then applying a
watershed algorithm to separate nuclei that were touching or nearly touching.
Segmenting the cells. The Ca®* image was segmented by first thresholding to
find a binary mask for the cell regions, and then applying a watershed algorithm
to the masked Ca®* image using the nuclei as seeds.

Measuring the Ca®* image intensity on each cell. For each time-slice, the average
pixel intensity of the Ca®* image was measured for each pixel in the entire cell
mask, in the cytoplasmic mask (defined to be all pixels in the cells that are not in
the nucleus) and in the nuclear mask alone.

Computing time-traces for the Ca®* signal. For each cell or cellular compartment,
the average pixel intensity was plotted as a function of time. The baseline of each
time-trace was computed and subtracted from each function to compensate for
artifacts at the very beginning and very end of some of the traces. Time-course

data could subsequently be exported for each segmented cell.
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Data Extraction

2
Time (seconds)

Figure 16 Diagram of Ca® transient parameters extracted by Cyteseer.

For each well, cell segmentation, nuclear segmentation, and cell ID maps were
generated. Time-series data of Ca®* activity as assayed by fluctuations in average pixel
intensity (API) was generated for each segmented cell. In addition, we are able to obtain
peak value (API), rise time from 50% rise amplitude to the peak (T, Ms), decay time
from the peak to 50% decay amplitude (Tgecay, Ms), and full-width-half-maximum (FWHM,
ms) values, which is the sum of Tse and Tgecay, fOr each individual cell from the Cyteseer
software. (Figure 16) Trise, Tdecay, @and FWHM values were then normalized with peak
value to generate rise velocity (Viise, API/ms), decay velocity (Vgecay, API/ms), and

nFWHM (ms/API).

3.3.8 Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was extracted using Trizol reagent (Invitrogen, Cat# 15596-018,
Carlsbad,CA) in conjunction with the protocol provided by the manufacturer for cells in a
monolayer. Samples incubated in Trizol were either stored at -80C or processed

immediately. Once RNA extraction was complete, RNA was resuspended in 10pl
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distilled, deionized water (ddH.O) (Mediatech,Inc., Cat# 25-055-CV, Herndon, CA). RNA
concentrations were measured using the Nanodrop spectrophotometry system (Thermo
Scientific, Inc., Cat# ND-1000, Wilmington, DE). cDNA was synthesized using the
QuantiTect Reverse Transcriptase (RT) Kit (Qiagen, Inc., Cat# 205314, Valencia, CA).
cDNA was amplified using 1ug of RNA and the RT kit. Once the RNA was mixed with
genomic DNA wipeout buffer, samples were heated at 42°C for 5 minutes. Samples
were then mixed with RT buffer, RT enzyme, and amplification primers for a total volume
of 20ul. Samples were heated for another 30 minutes at 42°C, 95°C for 3 minutes, and
kept at 4°C. Finally, cDNA concentrations were measured using the Nanodrop and
stored at -20°C until use.

gPCR was performed on the LightCycler 480 (Roche Applied Science, Cat#
05015278001, Indianapolis, IN). Samples are prepared using extracted cDNA as
indicated by the manufacturer using the LightCycler 480 SYBR Green | Master kit
(Roche Applied Science, Cat# 04887352001, Indianapolis, IN) in a 96-well plate format
(Roche Applied Science, Cat# 04729692001, Indianapolis, IN). Briefly, gPCRs were
conducted as follows: samples were denatured at 95°C for 8 minutes with a temperature
slope of 20 °C/s (slope used for every step unless otherwise specified), sample
amplification occurred with the following sequence, 95°C for 15 seconds, 60°C for 5
seconds, and 72°C for 20 seconds, for 40 cycles, melting curves were obtained with a
subsequent cycle starting at 95°C, 70°C for 20 seconds, and a return to 95°C at a slope
of 0.1°C/s, and finally samples were cooled at 40°C for 30 seconds. Primer sequences
are listed in Appendix 2. C, values were obtained using the LightCycler 480 Multiple

Plate Analysis software (Roche Applied Science, Cat# 05075122001, Indianapolis, IN).
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Using efficiency values for each primer pair, transcript expression could be calculated

using the AAC, method. Transcript levels were normalized to GAPDH expression.

3.3.9 Immunostaining

Prior to immunostaining, cells were washed with dPBS and fixed in 4%
paraformaldehyde (PFA) for 10 minutes. After fixation, samples were stored in 1X dPBS
at 4°C until processed. Cells were blocked in a blocking buffer composed of 1X dPBS,
2% BSA, 2% goat serum, 50mM glycine (Bio-Rad, Cat# 161-0718, Hercules, CA), 0.01%
Triton-X (Sigma-Aldrich, Cat# T8787, St. Louis, MO), and 0.005% Tween 20 (Sigma-
Aldrich, Cat# P9416, St. Louis, MO). Primary antibodies used for these studies were
diluted in 10% blocking buffer in the following ratios: mouse monoclonal anti-a-actinin
(1:300, Sigma Aldrich, Cat# A7811, St Louis, MO), rabbit polyclonal Na,1.5 (1:150,
Alomone Labs, Cat# ASC-005, Jerusalem, Israel), and 4',6-diamidino-2-phenylindole
(DAPI, 1:5,000). Once stained, cultures were imaged with an inverted fluorescent
microscope (Leica DMI-4000B, Buffalo Grove, IL or Olympus IX71, Center Valley, PA) or

using the KIC system.

3.4 Results

3.4.1 High-throughput analysis of cardiac Ca**-handling parameters
enables large-scale evaluation of heterogeneous hiPSC-

derived CM populations

Due to the highly random and heterogeneous nature of hPSC-derived CMs,

current methods used for investigating CM maturation and function suffer from low
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sample size and thus potentially erroneous conclusions. We investigated the variation of
hiPSC-derived CMs using the KIC high-throughput imaging instrument and Cyteseer-
facilitated single-cell analysis. Using these tools, we were able to evaluate the Ca®*
transients of CMs at numbers at least an order of magnitude larger than traditional
methods (n=600-1060 versus n=6-60). [95, 105, 115] (Figure 17)

In these particular studies, CM number remained unchanged between 1- and 2-
week time points. (Figure 18) However, it is important to note that non-cardiac cell types
arose with increased culture duration, although never outnumbering CMs. To
characterize the functional properties of CMs, we identified CMs as only those cell
segments which could generate Ca®* transients either spontaneously or in response to
electrical stimulation. All other cell segments, which were devoid of transient activity,

were not included in subsequent analyses. (Figure 19)
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Figure 17 Comparison of population sampling capabilities between traditional versus high-throughput
methods of assaying CM maturation.
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spontaneous or electrically stimulated Ca®* transients (grey). Cells that were unresponsive or exhibited low

quality transients (noise or drifting baseline) were not included in analyses (black). (C) By week 2 of culture,
CM contractions were synchronous across the entire well as evidenced by the uniform Ca®* trace when time
series data for each CM was averaged. (D)-(F) are Ca®* traces for representative cells that were included in

analyses (blue, D-E) or excluded (yellow, F).
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Using this large CM sample population, we monitored changes in Ca** handling
parameters for each segmented CM. For each kinetic parameter, histograms were
generated for rise velocity, decay velocity, and full-width-half-maximum (nFWHM), an
approximation of transient duration. As shown in Figure 20, population distributions of
each kinetic parameter exhibited non-Gaussian, skewed characteristics as well as broad
data ranges suggesting heterogeneous populations for each kinetic parameter. In fact,
nFWHM values were lognormally distributed suggesting the multiplicative effect of
multiple independent variables. [198] (Figure 20E) From one to two weeks in culture, rise
and decay velocities of baseline CMs shift towards faster values and, accordingly,
nFWHM values shortened. (Figure 20)

Although heterogeneities in individual kinetic parameters can be described, it is
important to mention that CMs predominantly formed synchronously contractile
monolayers one week after plating. CM culture morphology was monitored using
mCherry expression that was preferentially expressed only in aMHC-positive cells. In
addition, evaluation of Ca®* flux in individual, segmented CMs revealed that transient
timing was typically consistent amongst all CMs. As Cyteseer enables single cell
analysis of cultures, detection of asynchronous populations was also possible but with
low incidence at week 1 and disappearing by week 2 in culture.

To further quantify shifts in Ca®* kinetic parameters over time, a percentile-based
comparison was used. Percentile cut-offs were established based on the median value
(assigned to the 50™ percentile) for each kinetic parameter at Week 1. (Table 3) The
percentages of CMs were then plotted for each percentile gate for both time points.
Additionally, fold change of Week 2 versus Week 1 cell percentages were plotted for

each percentile. (Figure 21) Peak values of fluorescence, an approximation of Ca**
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transient amplitude, did not change significantly between Week 1 and Week 2. (Figure
21A) About 45% of CMs exhibit nNFWHM values less than the 15™ percentile than CMs at
Week 1. (Figure 21B) These shorter nFWHM values are reflected in a shift towards
faster rise and decay velocities, with a 3-4 fold increase of CMs (40-45% of the CM
population) residing in the 90™ percentile. (Figure 21C and D) Thus, culture duration

alone augmented Ca®* transient kinetics.
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Figure 20 Frequency distributions of Ca®* kinetic parameters, (A) nFWHM, (B) rise velocity, and (C) decay
velocity, and lognormal transformation of each parameter, respectively (B), (D), and (F).
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Table 3 Table of percentile gates based on Week 1 median values (50" percentile) for each Ca®* kinetic

parameter.

5th 15th 30th 45th 60th 75th 90th Median

Peak Value (API) | 130.34 | 195.51 | 391.01 | 586.52 | 782.02 | 977.53 | 1173.04 651.69

Vrise (APl/ms) 0.49 0.73 1.46 2.19 2.92 3.65 4.39 2.44

Vdecay (APl/ms) 0.23 0.35 0.70 1.05 1.40 1.75 2.10 1.17

nFWHM (ms:API) 0.13 0.19 0.38 0.57 0.76 0.95 1.14 0.63
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Figure 21 Time course characterization of Ca®* kinetic parameters. Percentile distributions of kinetic
parameters, (A) peak value (B) nFWHM (C) rise velocity, and (D) decay velocity, based on Table 3 and
corresponding fold changes of Week 2 cell percentages over Week 1 for each percentile.
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3.4.2 Maturation of hiPSC-derived CMs correlates with lower nFWHM

values

To determine whether the shifts in Ca®* transient kinetic parameters actually
translate to a more mature phenotype, CMs were also assayed for response to electrical
stimulation. Mirroring the developmental increase in resting heart rate in the developing
heart, hiPSC-derived CMs spontaneously contracted at 0.5Hz in the first week and at
1Hz by the second week of culture. (Figure 22A) Additionally, CMs demonstrated that
they could respond to 2 and 3Hz electrical stimulations regimes. (Figure 23) However,
the proportion of CMs that could respond to different pacing challenges varied, with a
higher proportion of CMs able to respond at lower pacing frequencies. (Figure 22B) The
varying ability of CMs to respond to electrical stimulation suggests that developmental
heterogeneities exist in this large CM sample population.

Using KIC and Cyteseer analysis, we are able to directly correlate baseline Ca**
kinetic parameters of an individual CM with its 3Hz pacing ability. 3Hz stimulation
frequency was chosen as a metric of maturation as endogenous human heart rates are
maximally limited around 3-4Hz. Here, we hypothesized that lower nFWHM values
correlate with an increasing ability of these CMs to respond to 3Hz stimulation, and thus
a more mature phenotype. A response was only counted if CMs could respond to all 12
stimulations. Single CMs were characterized using a percentile scale based on nFWHM
values for all CMs (n=830). Briefly, the 50" percentile was assigned to the Week 2
median value for NFWHM and the other percentile gates were calculated accordingly.
(Table 4) Once categorized, single CMs were evaluated for whether they could respond

to 12 stimulations at 3Hz.
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In one representative well (D05), 22.86% of a total 175 CMs responded to 3Hz
pacing. (Figure 24A) Although comprising only 17% of the total CMs evaluated, 75% of
CMs that could respond to 3Hz pacing exhibited nFWHM values below the 45"
percentile suggesting that shorter nFWHM values translate to an increased ability to
respond to 3Hz challenge. (Figure 24B) This idea was further substantiated in replicate
wells where we also observed that the majority of CMs capable of 3Hz pacing exhibited
nFWHM values less than the well median. Thus, shortened nFWHM values, which
directly relate to faster rise velocities, decay velocities, or both, correlate with an

increased ability of CMs to respond to challenging pacing regimes.

>
o/

1571 O week 1 g
. Il Week 2 2
T o
a 1.0 %
c =
[} s}
] (0]
g 0.51 E
.
(0]

0.0 T o ol

Week 1 Week 2 Spontaneous (1Hz) 2Hz 3Hz

Figure 22. CMs were spontaneously contractile and could respond to electrical stimulation. (A) Spontaneous
beating frequency at 1- and 2-week time points were about 0.5Hz and 1Hz, respectively. (B) Baseline CMs
could respond to 2 and 3Hz electrical stimulation regimes after 2 weeks in culture (D50 of differentiation).
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Figure 23 Pacing ability of 2-week (D50 of differentiation) hiPSC-derived CMs. (A) Spontaneous, (B) 2Hz,
12 stimulations, and (C) 3Hz, 12 stimulations.

Table 4 Table of percentile gates based on Week 2 median values (50" percentile) for each Ca®* kinetic

parameter.
5th 15th 30th 45th 60th 75th 90th Median
Peak Value (API) | 136.02 | 204.03 | 408.05 | 612.08 | 816.10 | 1020.13 | 1224.15 680.08
Vrise (APl/ms) 0.82 1.23 2.47 3.70 4,93 6.17 7.40 411
Vdecay (API/ms) 0.38 0.57 1.14 1.70 2.27 2.84 3.41 1.89
nFWHM (ms:API) 0.08 0.12 0.23 0.35 0.46 0.58 0.69 0.39
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Figure 24 Correlation of 3Hz pacing responsiveness with nFWHM values suggest response to pacing
signifies increased maturity can be reflected by lower NFWHM values. Data is from one representative
control well (Well DO5).
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3.4.3 Treatment with HUVEC conditioned media enhances pacing

ability of hiPSC-derived CMs.

Our main hypothesis for this study was that conditioned media from endothelial
sources enhance the functional maturation of hiPSC-derived CMs. To this end, we
evaluated 3Hz pacing ability of CMs treated with HUVEC, HMEC, and hESC-derived
fibroblast conditioned media compared to untreated controls after 2 weeks of culture. In
all subsets, a proportion of CMs could respond to all 12 stimulations. (Figure 25B-E)
Specifically, 34.84% of HUVEC conditioned media treated CMs demonstrated 3Hz
pacing ability as compared to 5.11%, 4.57%, and 20.14% in HMEC conditioned media,
hESC-derived fibroblast conditioned media, and untreated subsets. (Figure 25A) Based
on pacing ability alone, HUVEC conditioned media enhanced the functionality of hiPSC-
derived CMs. This effect appeared to be HUVEC-specific as 3Hz pacing ability in CMs
treated with HMEC and hESC-derived fibroblast conditioned medias was lower even

than untreated controls.
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Figure 25 3Hz pacing ability of hiPSC-derived CMs was evaluated in all CMs from each subset (A). (B) A
proportion of CMs from each experimental sample could respond to all 12 stimulations at 3Hz. Total CM

number is listed above each bar.
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3.4.4 Treatment with HUVEC conditioned media enhances Ca?*

transient kinetic parameters towards a more mature phenotype.

Similar to control CMs (Section 3.4.1), we observed that CMs exhibiting shorter
transient durations indeed demonstrated a heightened ability to respond to 3Hz pacing in
representative wells for all experimental subsets. (Figure 26) Of all the subsets, HUVEC
conditioned media treated CMs were most apt to respond to 3Hz pacing. Particularly, in
one representative well, 87% of HUVEC conditioned media treated CMs exhibited
nFWHM values below the 45" percentile based on control nFWHM values and 74% of
these CMs were able to respond to 3Hz electrical stimulation. Thus, we next
characterized the kinetic parameters of all conditioned media-treated CMs versus
controls at week 2.

As a population, CMs treated with HUVEC paracrine factors exhibited
significantly faster rise velocities, decay velocities, and shortened nFWHM values than
control CMs at the week 2 time point. Figure 25A describes the number of CMs
evaluated in this study for each experimental subset. As with control CMs (Section
3.4.1), frequency distributions of each parameter were generated for conditioned media
treated CMs. Mean values for each parameter are represented in Figure 27 with SEM
and significance for the CM populations analyzed. Frequency distributions for individual
CMs are shown in Figure 28 (A, C, E) for each parameter. With each experimental
subset, populations exhibited broad distributions underscoring the heterogeneities of
these cultures. Yet, despite some overlap between experimental subsets, population
shifts towards significantly faster transient dynamics than all other subsets were evident

with HUVEC conditioned media treatment.



Control - Well D05
1 Toaicme
I Responsive CMs

Number of Cells
8 3 B

3

o
3
LS F S S
B g

Percentiles ("FWHMg,)

B HUVEC - Well C02

B Total CMs
B Responsive CMs

Number of Cells
N3 R
3888

Percentiles ("FWHMcyro)

HMEC - Well C09

W Total CMs.
[ Responsive CMs

Number of Cells
5 2

»
3

S EF S F S S
S S S S

Percentiles ("FWHMg )

D hESC-Fibroblast - Well D11
80

I Totai CMs
I Responsive CMs

Number of Cells

PR
F &S S S S
5o e s

Percentiles (NFWHMg o)

Figure 26 Correlation of CM responsiveness to 3Hz pacing and nFWHM values for each experimental

Percentage of Responders

Control - Well D05

I
&

£100q in each Percentile Range 9(; 2000
2 2 19004
3 ]
3™ § 18004
° i
e = .
5 so 5 "o
g & 16004
K °
£ 25 g 15009
] g
L S I e g g g4 = 1000 2000 8000 4000 5000 6000 7000 8000 9000 10000
SIS S S
FF S F S Time (ms)
HUVEC - Well C02
T
= 1900
2100 3
e 2 1800
=z 75 3
S § 1700
s E
g 5 3 1600
jg T 1500
25 °
o 2 1400
4 g
— 2
NI < 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
LRI SN :
BN G A Time (ms)
HMEC - Well C09
T 2400
10 g 2000
Y 2 23004
2 75 H
] § 22004
i E
o 50 3 21004
£ & 20001
8 25 Fy
5 2 19001
o 3 2
S &S E S S = 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
SIS
MR R I .
AR G e Time (ms)
hESC-Fibroblast - Well D07
100 T 19001
g <
@ 2
= 75 3
13 § 17004
B . -}
o 5 =
g 2
H o 15004
g e
e g
H

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Time (ms)

100

subset: (A) untreated, (B) HUVEC, (C) HMEC, and (D) hESC-derived fibroblast conditioned media treated

hiPSC-derived CMs after 2 weeks of culture. The first column represents the cell number of responders

versus total CM number in each percentile. The second column shows the percentage of responding CMs
from the total number of CMs in each percentile range. The third column gives representative traces from

each well.



ms:API

Control

w

APl/ms

HUVEC HMEC hESC-Fibroblast

Control

HUVEC

Rise Velocity C

HMEC hESC-Fibroblast

Decay Velocity

APl/ms

Control

HUVEC HMEC hESC-Fibroblast

101

Figure 27 Mean values of Ca kinetic parameters over all CMs assayed. (SEM, **p<0.01, ***p<0.0001)
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Figure 28 Evaluation of Ca®* transient kinetics, NFWHM (A, B), rise velocity (C, D), and decay velocity (E, F)
for conditioned media treated CMs versus untreated CMs. Both frequency distributions (A, C, E) and
percentile-based (B, D, F) evaluations are represented to quantify differences between conditioned media

treated and untreated samples.
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To quantify the differences between conditioned media treated CMs versus
untreated controls, percentile evaluation based on control parameter values was
performed. (Figure 28B, D, F) For each kinetic parameter, 53% and 62% of HUVEC
conditioned media treated CMs exhibited decay and rise velocities, respectively, greater
than the control 75" percentile, and 47% of CMs demonstrated NFWHM values less than
the control 30™ percentile compared to controls. (Figure 28B) Comparatively, 26% and
42% of HMEC conditioned media treated CMs exhibited decay and rise velocities,
respectively, greater than the control 75" percentile, and 20% of CMs exhibited nFWHM
values less than the control 30" percentile. (Figure 28C) Finally, CMs treated with hESC-
derived fibroblast conditioned media demonstrated insignificant difference from control
percentile distributions, reinforcing the idea of endothelial-specific factor modulation of
Ca?* transient kinetics. In particular, -5.3% and 5.3% of hESC-derived fibroblast
conditioned media treated CMs exhibited decay and rise velocities, respectively, greater
than the control 75" percentile, and -2.8% of CMs exhibited NFWHM values less than

the control 30™ percentile. (Figure 28D)

3.4.5 Inhibition of the L-type Ca** channel eradicates contractile

activity of hiPSC-derived CMs

To understand the underlying mechanisms governing the increases in Ca®*
transient kinetics, we evaluated the functionality of the major contributors to proper
cardiac Ca®* cycling. One such player is the transsarcolemmal L-type Ca®* channel that
is responsible for Ca®* influx into CMs. Diltiazem treatment of CMs eradicated
spontaneous Ca®* transients, and accordingly contractile activity, in control and

conditioned media treated hiPSC-derived CMs. (Figure 29A) The cessation of beating



103

due to the blockade of L-type Ca® channels could not be rescued by electrical
stimulation suggesting the functionality and dependency of the Ca®* transient on these
channels in all experimental subsets. (Figure 29B) Expression of Ca,1.2, a subunit of the

L-type Ca®* channel, was also confirmed in all cases with gPCR. (Figure 30)
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Figure 29 Representative Ca?* transient tracings of diltiazem (DTZ)-treated (red) and untreated (black)
hiPSC-derived CMs. DTZ inhibition of L-type Ca®* channels eradicates Ca”* flux and contractile activity for
all conditions. (A) Stimulated (B) 1Hz, 6 stimultions.
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Figure 30 Expression levels of Cav1.2 expression normalized to GAPDH for each experimental subset after
2 weeks of culture.
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3.4.6 Treatment with HUVEC conditioned media enhances Na,1.5

function in hiPSC-derived CMs

To probe another potential contributor to the rise dynamics of the Ca®* transient,
CMs were treated with tetrodotoxin (TTX), a specific inhibitor of Na,1.5 channels. With
maturity, a mechanistic dependence on Na*-mediated, through Na,1.5 channels, versus
Ca**-mediated AP depolarization occurs. The concentration of TTX (1uM) used in this
study was around the half-maximal inhibitory concentration (1Csp) for mature CMs. Thus,
if functional Na,1.5 channels were present in these developing CMs, depression of
spontaneous beating frequency and rise velocity was expected. In all experimental
subsets, a depression of spontaneous beating frequency was demonstrated by hiPSC-
derived CMs after two weeks of culture. (Figure 32) Representative transients are also
shown in Figure 31 to further illustrate the functional inhibition of Na,1.5 channels. It is
important to note that at earlier time points (Week 1) we did not detect changes in
beating frequency or channel expression.

Although depression of beating frequency is one consequence of TTX sensitivity,
this phenomenon was observed in all experimental subsets. Thus, to elucidate potential
differences between subsets, we also characterized CM populations for changes in rise
velocity with TTX treatment. Specifically, we expect that expression of functional Na,1.5
channels would translate to a depression of rise velocity with TTX exposure.

To compare TTX-treated and untreated samples, we sorted individual rise
velocity values based on the median rise velocity value of untreated control CMs. (Table
4) Again, this median value was set as the 50™ percentile which was used to calculate

the subsequent percentile gates used for population characterization. Figure 33 shows
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the percentile distributions of each experimental subset treated with TTX versus CMs
from the same subset that were not treated with TTX. A shift in the percentage of CMs
towards lower percentile gates would illustrate a depression of rise velocity. From these
graphs, CMs exposed to HUVEC conditioned media show the greatest shift towards
slower rise velocities when treated with TTX.

To quantify these population shifts, we compared the difference in CM
populations that exhibited rise velocities below the 45" percentile. (Figure 34) HUVEC
conditioned media treated CMs displayed a dramatic increase from 13.2% to 92.9% (7-
fold increase) of CMs exhibiting rise velocities below the 45" percentile. Therefore,
effectively 79.7% of CMs treated with HUVEC conditioned media express functional
Na,1.5 channels. Control CMs treated with TTX only demonstrated a 1.1 fold increase in
the percentage of CMs with rise velocities below the 45" percentile. HMEC and hESC-
fibroblast conditioned media treated CMs display a 2.4 and 1.4 fold increase in CMs,
respectively, below the 45™ percentile. (Figure 34B)

To account for this boost in functionality, gPCR evaluation also demonstrated an
increase in Na,1.5 channel expression, albeit not achieving significance, in HUVEC
conditioned media treated CMs versus controls after 2 weeks which was not seen with
HMEC, hESC-derived fibroblast conditioned media treated CMs, or for any of the
experimental subsets at week 1. (Figure 35) Immunostaining also confirmed expression
of the fast sodium channel in CMs from all experimental subsets. (Figure 36) However,
Na,1.5 seems to be co-expressed in CMs and other cell types (mCherry-negative) as
well. From fluorescence intensity alone, it seems that Na,1.5 is more expressed in

conditioned media treated conditions than the control subset. However, between the
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different conditioned media subsets, significant differences in signal intensity could not

be resolved.
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Figure 31 Representative Ca®" transient traces from individual wells treated with TTX (red) versus untreated
CMs (black) for (A) control CMs, (B) HUVEC, (C) HMEC, and (D) hESC-derived fibroblast conditioned media
treated CMs after 2 weeks.
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Figure 32 Effect of TTX treatment on beating frequency after 2 weeks in culture. Beating frequency is

depressed with TTX treatment (red) versus untreated controls (black).
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Figure 33 Percentile characterization of TTX treatment versus untreated CMs for each experimental subset,
namely (A) control, (B) HUVEC, (C) HMEC, and (D) hESC-derived fibroblast conditioned media treated CMs.
For each subset, overlays of percentile distributions for TTX-treated (red) and untreated (black) CMs are
shown.
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Figure 36 Immunostaining of Na,1.5 (green) in each experirﬁental subset (A) Control (B) HUVEC
conditioned media (C) HMEC conditioned media (D) hESC-derived fibroblast conditioned media. CMs are
mCherry-positive (red) and nuclei are stained with DAPI (blue), 20X.

3.4.7 Exposure to endothelial paracrine factors increases

functionality of SERCA2 in a larger proportion of CMs

The development of intracellular Ca®* stores is another major hallmark of
maturation and essential for proper Ca®* handling in the developed CM. In particular,
SERCA?2 is responsible for Ca®* reuptake during the relaxation phase of the Ca®* cycle.
For this study, we postulated that differences in SERCA2 function of HUVEC conditioned
media treated hiPSC-derived CMs contributed to the increases in decay velocity
observed.

To evaluate the functionality of SERCA2, we treated CMs with thapsigargin
(TSG, 1uM), an inhibiter of SR Ca**-ATPase activity, and evaluated changes in Ca®*
transient kinetic parameters. If SERCA2 were functional, TSG treatment of CMs would
depress beating frequency and decay velocity compared to 0.01% DMSO-treated CMs.
TSG treatment caused a decrease in beating frequency in both control and conditioned
media treated CMs suggesting that SERCA2 was functional in hiPSC-derived CMs.
(Figure 38 and Figure 37)

Frequency distributions of CMs for decay velocity were created based on
percentile gates derived from median decay velocity of DMSO-treated control samples.

(Table 5) With TSG treatment, the frequency distributions for decay velocities
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demonstrated population shifts towards slower values in all cases. (Figure 39)
Specifically, the percentage of CMs with decay velocities lower than the 45" percentile
increased for every subset. (Figure 40) Interestingly, for HUVEC and HMEC conditioned
media treated CMs, 4.8- and 6.9-fold respective increases occurred with TSG treatment
compared to DMSO-treated CMs. Smaller increases were observed with control (2.0-
fold) and hESC-derived fibroblast conditioned media treated (1.6-fold) subsets. Thus,
exposure to endothelial-specific paracrine factors significantly increased the functionality
of SERCAZ2 in developing hiPSC-derived CMs. However, it is important to note that a
larger proportion of HMEC conditioned media treated CMs were sensitive to TSG
treatment. Thus, it seems the contribution of SERCA2 alone may be insufficient to
explain the increased ability of HUVEC conditioned media treated CMs to respond to

3Hz pacing or faster decay velocity than the other experimental counterparts.
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Figure 37 Representative Ca®* transient traces from individual wells treated with TSG (red) versus DMSO-
treated CMs (black) for (A) control CMs, (B) HUVEC, (C) HMEC, and (D) hESC-derived fibroblast
conditioned media treated CMs after 2 weeks.
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Figure 38 Effect of thapsigargin (TSG, 1um) on beating frequency of hiPSC-derived CMs in all experimental
subsets at 2 weeks. (SEM) Beating frequency is depressed in TSG-treated (red) samples compared to
untreated controls (black) in all cases.



Table 5 Table of percentile gates for decay velocity (Vgecay) based on Week 2 median values (50th
percentile) for DMSO-treated control CMs.
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Figure 39 Percentile characterization of TSG-treated versus DMSO-treated CMs for each experimental
subset, namely (A) control, (B) HUVEC, (C) HMEC, and (D) hESC-derived fibroblast conditioned media
treated CMs. For each subset, overlays of percentile distributions for TSG-treated (red) and untreated
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Figure 40 Characterization of CMs with decay velocities below the 45" percentile. (A) Percentage of CM
population with decay velocities below the 45" percentile for untreated CMs (black) and TSG-treated (red)
(B) Fold change of TSG-treated CMs with decay velocities below the 45" percentile over untreated CMs.
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Figure 41 Fold change of Ca®*-handling protein expression of conditioned media treated CMs over controls
for SERCA2 (A), NCX1(B), PLB(C), IP3BR2(D), RYR2(E), CASQ2(F), and CalR(G).

gPCR evaluation of SERCA2 expression reveals minimal differences in
expression between control and conditioned media treated CMs. Surprisingly, SERCA2
expression is almost 2-fold higher in hESC-derived fibroblast conditioned media treated
CMs despite decreased sensitivity to TSG treatment. (Figure 41A) Hence, functionality of

SERCA2 does not seem to be linked to expression levels of the protein.
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Because Ca®* extrusion and SERCA2 function is enhanced by a variety of other
Ca**-handing proteins, we also probed the expression levels of the sodium-calcium
exchanger (NCX1), phospholamban (PLB), inositol 1,4,5-triphosphate (IP3R2),
ryanodine receptor (RYR2), calsequestrin (CASQ2), and calreticulin (CalR). (Figure 41B-
G) Upregulation of NCX1 (~2-fold), RYR2 (~1.5 to 1.7-fold), and CASQ2 (3.0 to 4.0-fold)
are observed respectively in HUVEC and HMEC conditioned media treated CMs over

controls though not reaching significance.

3.5 Discussion

The primary intention of this study was to elucidate potential factors that influence
CM maturation for the purpose of improving current cell-based approaches to cardiac
repair. Thus far, many groups have shown that hPSC-derived CMs resemble at most
100 day-old fetal CMs both electrophysiolgically and in gene expression. [91, 95, 105,
115] This immaturity is one potential factor that has been hypothesized to contribute to
the incapacity of hPSC-derived CMs to rescue myocardial loss after infarct is their
immaturity. [23] However, it remains unclear what cues are necessary for functional
maturation. We hypothesize that paracrine factors secreted from endothelial factors
modulate aspects of this process. Here, we describe a novel finding that paracrine
factors specifically released from HUVECs enhances the functionality of hiPSC-derived

CMs towards a more mature phenotype.



116

3.5.1 High-throughput analysis of cardiac Ca**-handling parameters
enables large-scale evaluation of heterogeneous hiPSC-

derived CM populations

The heterogeneous nature of CMs derived from hPSC sources has been cited
extensively. [90, 91, 95, 108, 115] On the one hand, the ability of hPSCs to differentiate
into a variety of CM types is advantageous as the potential to address regeneration of
different cardiac constituents is possible. However, as methods to control cardiac
subtype differentiation have not yet been uncovered, the ability to thoroughly
characterize heterogeneous populations of hPSC-derived CMs has proven to be a major
technical limitation. [91, 105, 115] In many cases, developmental conclusions are drawn
from physiological evaluation of less than 5% of CMs generated. As the heterogeneities
of these CM populations are poorly defined, low sampling threatens the validity of study
conclusions.

In this study, we employed a high-throughput method that enables analysis of
two orders of magnitude more cells without compromising single CM evaluation. Using
traditional Ca®* fluorescent indicators, such as Fluo4, the KIC instrument automates
imaging and electrical stimulation of CMs plated in 96- and 384-well formats. From
evaluation of baseline CMs at both 1- and 2-week time points, we monitored changes in
transient kinetic parameters and response to electrical pacing. With Cyteseer software,
we were then able to create comprehensive histograms for each functional parameter
and chart changes in populations of 800-1000 CMs for each condition. Thus, for the first

time, we were able to describe the physiology of a vast number of CMs.
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The first goal of this study was to establish robust methods to describe the
various maturation metrics of interest. A signature component of CM physiology is the
ability to constantly cycle Ca®*, [6] Without the ability to properly cycle Ca**, the
functional relevance of hPSC-derived CMs is jeopardized as proper Ca®* handling allows
the heart to rhythmically contract. Accordingly, we evaluated the Ca®* transient kinetics of
baseline, aMHC-positive hiPSC-derived CMs. Spontaneously beating hiPSC-derived
CMs generated rhythmic and synchronous Ca®* transients at both 1- and 2-week time
points. Using Cyteseer, we were able to extract various kinetic parameters, namely peak
value, rise velocity (Viise), decay velocity (Vaecay), and transient duration (nFWHM). To
describe differences between transient parameters at different time points, we created
histograms of each parameter and evaluated frequency distributions based on
percentiles established from the reference control. For this first study, percentiles were
calculated from parameter values of baseline CMs at week 1. Using this percentile
method for describing Ca®* transient kinetics, we are able to assess both quantitatively
and qualitatively how Ca®* transient parameters change with respect to, in this case, time
in culture. Overall, hiPSC-derived CMs exhibited faster transient kinetics by two weeks in
culture. As cited by other groups as well, these increases in transient kinetics
demonstrated that culture duration alone enhances functional maturation of hPSC-
derived CMs and most likely reflects changes in the underlying Ca®*-handling machinery.

[158, 199, 200]
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3.5.2 Maturation of hiPSC-derived CMs correlates with lower nFWHM

values

The next goal of this study was to correlate changes in transient kinetics with
specific features of CM physiology that suggest a more mature phenotype. In
establishing our maturation metrics, we used the following criteria to determine the
physiological read-outs used in this study: 1) functional relevance to the application of
cell-based repair, 2) developmentally modulated, and 3) technical feasibility.

One such hallmark of maturation is the ability of CMs to respond to electrical
stimulation at various rates, which reflects the ability of the heart to adapt to different
output demands. In the mature myocardium, the resting heart rate is around 1Hz and
can peak between 3-4Hz during exercise or challenge. Fetal and postnatal CMs exhibit a
much faster resting heart rate, peaking at about 2.5 Hz in the human 2-month newborn
and steadily declining to adult resting heart rates through childhood. [110, 159]
Specifically, we postulated that faster Ca®* transient kinetics translated to increased
functional maturity as assayed by response to heighted pacing frequencies.

Hence, we chose to evaluate whether hiPSC-derived CMs could respond to 3Hz
pacing. We reasoned that this stimulation frequency grazed the higher limits of
contraction for both fetal and adult CMs. In addition, early stage (< D42 of differentiation
or 1-week post plating) hiPSC-derived CMs cannot respond to stimulation frequencies
greater than 1Hz. Therefore, 3Hz pacing could provide an effective reflection of the
developmental competency of CM Ca**-handling machinery. [91, 108, 155] The power of
this evaluation was increased by our ability to evaluate the same CMs at spontaneous

and heightened beating frequencies. Thus, a correlation between baseline transient
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kinetics and each CM’s ability to respond to 3Hz stimulus could be made at the single
CM level. To this end, we determined that CMs exhibiting shorter nNFWHM values at
resting contractile frequency were more capable of responding to 3Hz stimulation

protocols when paced.

3.5.3 Treatment with HUVEC conditioned media enhances Ca?*

transient kinetic parameters towards a more mature phenotype.

The next goal of this study was to evaluate the overarching hypothesis that
paracrine endothelial influences can enhance the functional maturation of developing
hiPSC-derived CMs. Once we established the correlation between spontaneous kinetic
parameters and the ability to respond to 3Hz pacing, we applied the same
characterization to EC conditioned media treated hiPSC-derived CMs versus untreated
and non-endothelial controls. Treatment of hiPSC-derived CMs with HUVEC conditioned
media considerably enhanced the ability of CMs to respond to 3Hz pacing. This
enhanced functionality was paired with overall faster Ca®* transient kinetics, including
shortened nFWHM values and increased rise and decay velocities. A correlation
between CMs exhibiting shorter nNFWHM values in each experimental subset with ability
to respond to 3Hz stimulation was also established. As both response to pacing and
transient kinetics reflect the functionality of the underlying Ca®*-handling machinery [6,
91, 105, 115, 150, 199], we transitively postulated that CMs treated with HUVEC
conditioned media would exhibit more mature expression profiles of Ca**-handling
proteins as well as functionality of key modulators of the Ca®* cycle. Specifically, we
evaluated the effects of L-type Ca®* channel, Na,1.5, and SERCA2 inhibition on Ca**

transient dynamic parameters.
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3.5.4 Inhibition of the L-type Ca** channel eradicates contractile

activity of hiPSC-derived CMs in all experimental subsets

In this study, we demonstrated that endothelial conditioned media, particularly
from HUVECs, enhanced Ca®* transient rise velocity. From this observation, we
postulated that increased functionality of ion channels or other Ca®*- handling proteins
that govern either Ca®" influx or AP depolarization were responsible. Four potential
mechanisms are most likely at play, 1) increased L-type Ca®* current, 2) increased
Na,1.5 functionality, 3) dependence of the Ca®* transient on intracellular Ca®* stores,
and/or 4) increased functionality of RYR2 for mediating Ca®* release from the SR.

Here, we demonstrate diltiazem blockade of Ca®* activity in all experimental
subsets. Ca®* influx initiates the first phase of the Ca®* transient. In mature CMs, this
initial influx of Ca®* through L-type Ca®* channels sparks the Ca®**-induced-Ca**-release
(CICR) from sarcoplasmic reticulum Ca®* stores that generates enough Ca** to mediate
cardiac contraction. [6] Early on in development, transsarcolemmal diffusion is the
predominant source of Ca®* for contraction as intracellular Ca®* stores have been shown
to be non-functional or underdeveloped. [91, 201, 202] With exposure of L-type Ca**
channel blockers, it has been reported that spontaneous Ca®* transients and contractile
activity is abolished in hPSC-derived CMs. [91, 105] In this current study, we reaffirm
these findings in all experimental subsets as diltiazem treatment eradicated Ca®* or
contractile activity in all subsets.

Upon electrical stimulation, rescue of the Ca®* transient, albeit to a lesser degree,
has been reported to occur in immature CMs after L-type Ca®* channel blockade. [200,

203] Under these circumstances, NCX-1 has been shown as a secondary contributor to
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Ca** influx. [200] In the current study, even with electrical stimulation, neither Ca**
activity nor contraction was observed after diltiazem treatment. We conclude from this
finding that compensatory mechanisms for voltage-mediated Ca®* influx are not present
in hiPSC-derived CMs and that an L-type Ca®* current is responsible for transient activity
in these cells.

Thus, a few mechanisms of action are potentially at play. First, L-type Ca®*
channels are the only mechanism of Ca®" influx in these CMs so that once blocked,
contractile activity could not be rescued. Second, due to non-functional SR Ca** stores
and handling machinery, Ca®* diffusion from NCX-1 is insufficient to either spark CICR or
effectively generate transient activity. Third, in addition to the absence of functional SRs,
NCX-1 is not present or non-functional. And, fourth, Na+ channels are inactive so that
without L-type Ca®* channel activity, APs are blocked as well.

In light of the inability to differentiate between experimental subsets from
diltiazem blockade, we began to evaluate other potential contributors to increased rise
dynamics in CMs. As mentioned, SR Ca** release is a significant contributor to the
upstroke of the Ca®* transient and is imperative for contraction. However, for this
particular study, pharmacological evaluation of Ca®* release from SR stores was not
performed. Thus, using gPCR techniques, we probed the expression of both IP3R2 and
RYR2, two regulators of Ca®* release from the SR. (Figure 41 D, E)

In the mature myocardium, extracellular Ca®* influx binds to RYR2 and stimulates
Ca** release to induce contraction. IP3R2 has been shown to have a similar function but
predominates in immature CMs before the SR fully matures. [175, 204] Sedan et al
showed that IP3R2-mediated Ca®* stores are operational in hESC-derived CMs and are

responsive to endothelin-1 and angiotensin-Il signaling which increase Ca®* transient
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kinetics and CM contraction. [205] We did detect IP3R2 expression in each experimental
subset but without significant difference between populations. Moreover, an increase in
IP3R2 expression occurs between 1- and 2-week time points.

RYR2 functionality in hPSC-derived CMs is disputed. Dolnikov et al
demonstrated that hESC-derived CMs were insensitive to ryanodine and caffeine
treatment, which suggests non-functional SR Ca®* handling.[91] On the other hand,
many groups have shown sensitivity of RYR2s to ryanodine inhibition and caffeine-
mediated opening of the channel to demonstrate functionality of this receptor and
maturity of intracellular Ca®* stores in hESC-derived CMs. [105, 115, 150, 199] In this
study, we detected RYR2 expression but with minimal difference in all experimental
subsets. Pharmacological evaluation with agents such as ryanodine would have to be
conducted to determine RYR2 functionality, as expression levels do not necessarily
confer activity. [91] In the next sections, pharmacological evaluation of fast Na* channels
and SR activity were performed to elucidate whether these elements of Ca®* handling
contributed to transient dyanimic differences observed with HUVEC conditioned media

treated CMs.

3.5.5 Treatment with HUVEC conditioned media enhances Na,1.5

function in hiPSC-derived CMs

We have thus far demonstrated that L-type Ca®* blockade eliminated contractile
activity in all subsets and that differences in expression of Ca,1.2 channel were
insignificant. Thus, from diltiazem inhibition alone, we could not dissect the contribution
of L-type Ca**-mediated influx to the differences observed in rise kinetics between

experimental subsets. As Na,1.5 channel functionality has been shown to increase in
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hiPSC-derived CMs with maturation [206], extracellular influence [158], and culture
duration [193], we tested the hypothesis that enhanced functionality of Na,1.5
contributed to increased rise kinetics.

In this study, TTX was used to block Na,1.5 in both control and conditioned
media treated hiPSC-derived CMs. The fast Na* channel, Na,1.5, mediates Na* influx
that is not only responsible for rapid depolarization of the cardiac AP but activation of L-
type Ca®* channels in the mature CM. [6, 206] Contrastingly, immature CMs typically
exhibit a Ca®*-mediated action potential. [206] During cardiac development, increased
Na, 1.5 expression and functionality occurs [207, 208], which paired with an absence of
K* current has been implicated as a contributing factor to the automaticity of immature
CMs. [193]

Because Na,1.5 directly regulates voltage flux, TTX sensitivity was tested on
spontaneous contractile activity. We observed that, first, TTX treatment depressed
spontaneous beat frequency with minimal difference between experimental subsets.
Accordingly, we characterized each experimental subset at a single CM level (n=683-
1094) for changes in rise velocity. Through this analysis, we discovered that TTX
treatment of HUVEC conditioned media subsets correlated with 1) significant median
rise velocity depression (Figure 33 and Figure 34) and 2) this effect was observed in at
least 79.9% of these CMs. Comparatively, decreased Ca** rise velocity was only
demonstrated in 41.2%, 13.5%, and 14.0% of CMs from HMEC, hESC-derived
fibroblast, and control subsets. gPCR evaluation of Na,1.5 expression revealed
insignificant difference between experimental subsets. However, as previously shown,

presence of Na,1.5 mRNA transcripts may not always confer function. [207] Ultimately,
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from the significant physiological response to TTX treatment, we concluded that HUVEC-

specific paracrine signaling enhanced Na,1.5 function.

3.5.6 Exposure to endothelial paracrine factors increases

functionality of SERCA2 in a larger proportion of CMs

To assess the functionality and presence of SR and evaluate the mechanisms
governing increased Ca®* transient decay kinetics, experimental subsets were treated
with thapsigargin, an inhibitor of SERCA2. In mature CMs, SERCA2 governs Ca**
reuptake after a contraction event and is a major regulator of SR function. [6] In both
immature CMs and in models of cardiac disease, non-functional SERCA2 contributes to
decreased chronotropy, decreased inotropy, and negative force-frequency relationships.
[91, 199, 209]

The presence of functional intracellular Ca®* stores has been a matter of
contention within hPSC-derived CM literature. Some characterizations of hESC-derived
CMs have demonstrated that CMs, irregardless of differentiation period, were insensitive
to SERCAZ2 inhibition and devoid of intracellular Ca®* stores so that positive force-
frequency relations or post-rest potentiation could not be demonstrated. [91, 210]
Contrastingly, other groups have shown at the very least that intracellular Ca®* stores are
present [115, 150] and that certain subsets of hESC-derived CMs are sensitive to
SERCAZ2 inhibition, such that application of thapsigargin translates to a reduction of
beating frequency, Ca®* transient amplitude, half-decay-time, upstroke velocity, and
time-to-peak values. [105, 199] In each case, authors cited the discrepancies in culture
methods and heterogeneities exhibited by hESC-derived CM populations as contributors

to experimental inconsistencies.
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First, we evaluated changes in spontaneous beating frequency with the
expectation that TSG sensitivity would be reflected by an attenuation of this parameter.
We observed that SERCAZ2 inhibition caused a depression in contractile rate in all
experimental subsets. Hence, we can conclude that indeed CMs with functional SR and
SERCAZ2 are present within each experimental subset.

To elucidate differences between experimental subsets, decay velocity values
were extracted for each CM population. We found that thapsigargin treatment depressed
Ca?* transient kinetics in a proportion of CMs from each experimental subset.
Specifically, the fold change of the percentage of CMs that exhibited decay velocities
below the 45™ percentile were 2.0, 4.8, 6.9, and 1.6, respectively for CMs in control,
HUVEC, HMEC, and hESC-fibroblast conditioned media subsets. (Figure 40) From
these evaluations, we determined that treatment of hiPSC-derived CMs with paracrine
factors from both HUVECs and HMECs significantly enhanced CM sensitivity to
thapsigargin over control or hESC-derived fibroblast conditioned media treated CMs; and
consequently suggests that endothelial factors contribute to upregulation of SERCA2
function in a larger proportion of CMs.

However, as TSG depression of decay velocity is enhanced in HMEC conditioned
media treated subsets over all other subsets, this suggests that SERCAZ2 functionality
alone was not sufficient to confer pacing ability or increased decay velocity. As Ca®*-
reuptake dynamics require the concerted effort of multiple proteins, we suspected that
other mechanisms in addition to SERCAZ2 contribute to the differences in decay
dynamics observed between experimental subsets. With gPCR investigation, variance in
SERCA2 expression between experimental subsets was insignificant compared to the

functional effect observed with thapsigargin inhibition except in the case of hESC-
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fibroblast conditioned media treated CMs which exhbit a 1.78-fold increase in expression
(p<0.02). (Figure 41A)

However, it seems that SERCA2 mRNA expression levels alone do not correlate
well with channel functionality and that supporting Ca®*-handling proteins may contribute
to increased relaxation efficiency as well. [91, 115, 210] For instance, studies have
shown that association with phospholamban in a unphosphorylated or phosphorylated
form can either respectively depress or enhance the contractility of mature CMs. [211]
Upon examination of PLB mRNA expression levels, the difference between controls and
endothelial conditioned media treated CMs is essentially the same. Slightly increased
expression (1.3-fold, p<0.07) of hESC-derived fibroblast conditioned media treated CMs
is observed, which paired with the higher SERCA2 expression levels but lower SERCA2
functionality in response to TSG treatment is a possible explanation for this observation.
However, assaying for levels of phosphorylated versus unphosphorylated PLB must be
performed to make definitive conclusions about PLB function.

Another important player in Ca®* transient kinetics is NCX-1. Although secondary
to SERCA2 in the mature heart, NCX-1 is the primary mechanism of Ca**-transient
relaxation in immature CMs in vivo and in hESC-derived CM models. [200, 212, 213]
Increased decay kinetics could therefore be attributed to a combination of NCX-1 and
SERCAZ2 activity at this developmental stage. In this study, NCX-1 expression was
detected in CMs from all experimental subsets. Although not significant, expression of
NCX-1 in HUVEC conditioned media CMs appears to be about 2-fold (p<0.3) greater
than controls and almost 4-fold (p<0.5) greater than hESC-derived fibroblast conditioned
media treated CMs. Without evaluating functionality of NCX-1 in each experimental

subset, it is unclear whether NCX-1 plays a part in enhancing transient decay kinetics.



127

Calreticulin (CalR) and calsequestrin (CASQ2) are also important mediators of
Ca®* homeostasis. We detected expression of both proteins, albeit differentially, in all
experimental subsets of hiPSC-derived CMs. With development, calreticulin expression
diminishes considerably after birth as sustained expression poses functionally
deleterious effects, particularly with regards to cardiac conduction. [214] In this study,
calreticulin expression in HUVEC conditioned media treated CMs varied insignificantly
from controls so conclusions about calreticulin contribution to transient dynamics could
not be made.

In mature CMs, calsequestrin becomes the principal Ca®*-binding protein in the
SR that increases intracellular Ca®* storage capacity and helps maintain Ca®*
homeostasis in the cytosol. [6] In hESC-derived CMs, calsequestrin expression has not
yet been documented, which partly explains the close resemblance of hESC-CMs to
100-day-old fetal CMs. [91, 115] Overexpression of CASQ2 by 1000 fold has been
shown to enhance Ca®* transient kinetics with increases in transient amplitude and
upstroke and decay velocities. [195] However, with thapsigargin treatment, the
differences in transient dynamics between CMs with overexpressed CASQ2 and control
CMs were insignificant. [195]

In this study, we found that CASQ2 expression is present in all experimental
subsets and in certain replicates CASQ2 expression is significantly upregulated in
HUVEC and HMEC conditioned media subsets versus controls. However, in considering
all replicates together, this difference does not reach significance (p< 0.1). Thus, it
remains unclear whether CASQ2 mediates the enhanced sensitivity to thapsigargin

witnessed in endothelial conditioned media subsets.
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It is important to note that due to the heterogeneity of CM populations, gPCR
analysis of gene expression is inherently flawed. As documented, although CMs
comprise the majority of constituents in each sample, other cell types are present.
(Figure 18) In addition, gPCR at the single cell level cannot be performed which limits
proper expression characterization of this heterogeneous CM population. Thus, although
probing for gene expression could potentially provide suggestions for mechanisms at
play, physiological, pharmacological, or immunohistochemical evaluations are more

reliable.

3.6 Conclusions

With the intention of capitalizing on the regenerative potential afforded by hPSC-
derived CMs, we need to understand how to control functional maturation in vitro.
Transplantation of heterogeneous and developmentally immature CM populations poses
an arrythmogenic risk and functional mismatch that limits the therapeutic value of these
cells. [75] Extensive characterizations of hPSC-derived CMs for their functional maturity
have manifested their similarity to fetal CMs, at most. [105, 115, 195, 199, 200] Thus, to
increase the therapeutic efficacy and safety of hPSC-derived CM-based regenerative
strategies, it is imperative to determine and characterize the necessary developmental
cues to enhance functional maturation.

In this study, we have demonstrated the power of high-throughput evaluation of
CM maturation. By describing the population dynamics of CMs in response to different
stimuli and for various maturation metrics, we limit the possibility for erroneous

conclusions due to poor sampling of this extremely heterogeneous cell population.
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Moreover, using these high-throughput tools, we demonstrated our ability to correlate
CM physiology with Ca®* kinetic parameters at the single CM level. It is important to note
that these studies were done in concert with Cyteseer software development. Thus, the
kinetic parameters used to describe the transients are, at the point, an approximation of
traditional kinetic values, such as dV/dt..« for rise velocity and dV/dt ejaxation fOr decay
velocity. Current efforts are being implemented to automate the calculation of these
standard values through the software.

Hence, correlations between the kinetic parameters used in this study were
related to the ability of CMs to respond to 3Hz electrical stimulation. We determined that
faster transient kinetics correlate with increased pacing ability. In addition, through
pharmacological inhibition of key Ca®*-handling channels, we demonstrated that, at least
in a subset of CMs, L-type Ca®*, Na,1.5, and SERCAZ2 channels are functional and that
these CMs possess intracellular Ca®* stores that contribute to Ca**-handling even in
conytold.

With these tools, we were able to evaluate the overarching hypothesis of this
study, namely the developmental influence of endothelial paracrine factors on hiPSC-
derived CM functional maturation. From both electrophysiological and pharmacological
evaluations, we determined that treatment of hiPSC-derived CMs with HUVEC
conditioned media enhances their functional maturation over other conditioned media
and control subsets. This idea was substantiated in that a significantly larger proportion
of HUVEC conditioned media treated CMs displayed responsiveness to 3Hz pacing as
well as faster Ca®* transient kinetics.

To dissect the molecular basis for these phenotypic indicators of maturation, we

evaluated the effect of L-type Ca?* channel, Na,1.5, and SERCA2 blockade on Ca?*
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dynamics of CMs in each experimental subset. With TTX inhibition, we demonstrated
that HUVEC conditioned media treated CMs exhibit functionality of fast Na* channels in
a significantly larger CM population compared to control, HMEC conditioned media, and
hESC-fibroblast conditioned media subsets. This finding reflected the increased rise
velocity demonstrated by HUVEC conditioned media subsets at baseline conditions and
suggests that upregulation of Na,1.5 is a major contributing factor to this observed
difference.

Contrastingly, diltiazem inhibition of L-type Ca®* channels indiscriminately
abolished contractile or Ca®* activity in CMs from all experimental subsets under
spontaneous and electrically stimulated conditions. From this study, we concluded that
Ca®* influx via L-type Ca®* channels is the only voltage-mediated mechanism for
extracellular Ca® influx in hiPSC-derived CMs in all subsets. Thus, diltiazem blockade
alone could not help us distinguish differences between Ca®* influx contributions to
increased rise kinetics.

Finally, SERCAZ2 inhibition demonstrated that both SERCA2 was functional and
that SR Ca®* stores are present in at least a subset of hiPSC-derived CMs. Treatment of
CMs with endothelial paracrine factors from both HUVEC and HMEC sources yielded an
increased number of CMs sensitive to TSG than in control or hESC-derived fibroblast
conditioned media subsets. Thus, endothelial factors undoubtedly contribute to
enhanced SERCAZ functionality in CMs. However, as HMEC conditioned media treated
CMs display an even more pronounced thapsigargin sensitivity than HUVEC conditioned
media treated samples, it seems that SERCA2 functionality alone is insufficient to confer

pacing ability or increased decay kinetics of the Ca®* transient.
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Overall, we have demonstrated that endothelial factors, and in particular HUVEC-
specific paracrine factors, enhance CM physiology and Ca**-handling machinery
towards a more mature phenotype. Further evaluation of contributors to rise and decay
kinetics must be conducted before exact mechanisms can be determined. Specifically,
determining the contribution of RYR2-mediated Ca** release through pharmacological
inhibition is instrumental. In addition, characterizing the functionality of other regulators
of Ca** flux, such as CASQ2, PLB, and NCX-1, at a protein level would help elucidate

the phenotypic effects observed.
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4 Summary and Future Directions

In this work, we have shown the contributing influence of endothelial sources on
hPSC-derived CM maturation in terms of CM morphology, function, and gene
expression. Co-culture studies with hESC-derived CMs demonstrate the contribution of
HUVEC influence on morphological differences, electrophysiological maturation, and a
gene expression profile that demonstrates increased maturation. However, from these
studies, we highlighted numerous technical limitations, namely the efficient production of
cardiomyocytes from hPSC sources, low sampling due to method constraints, the
heterogeneity of hPSC-derived CM cultures, and complications of direct EC-CM co-
culture.

To address these concerns, we implemented a high-throughput method of
evaluating CM function using the KIC and Cyteseer systems provided by Vala Sciences,
Inc. Using this method, we were able to analyze CM populations two orders of
magnitude higher than traditional methods without compromising single CM
characterization. In addition, high quality, plentiful, and readily-available hiPSC-derived
CMs were obtained from a commercial source (CDI, Inc.). With these advancements, we

were able to evaluate the effects of endothelial paracrine factors on developing hiPSC-
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derived CMs versus control and hESC-derived fibroblast conditioned media subsets in a
multi-dimensional study unparalleled in the field.

Specifically, at each time point we characterized changes in baseline Ca®*
transient dynamic parameters for spontaneous and electrically-stimulated contractions.
Through these evaluations, we determined that treatment of hiPSC-derived CMs with
HUVEC-specific factors for two weeks enhances 3Hz pacing ability and increases Ca**
transient dynamics over HMEC conditioned media, hESC-derived fibroblast conditioned
media, or control subsets. Pharmacological evaluations enabled us to demonstrate the
ability of endothelial factors to modulate the molecular mechanisms that govern Ca®*
flux.

With regards to the rise dynamics of the Ca®* transient, we investigated the
functionality of both L-type Ca®* channels, which govern Ca®* influx, and Na,1.5
channels, that govern AP depolarization in mature CMs. Diltiazem blockade of L-type
Ca®* channels exposed the reliance of hiPSC-derived CMs on Ca®* influx via L-type Ca**
channels for contraction and transient generation in all experimental subsets. In contrast,
increased tetrodotoxin (TTX) sensitivity was observed in HUVEC conditioned media
treated CMs that was absent in control subsets and minimally observed in HMEC or
hESC-derived fibroblast conditioned media groups. Therefore, increased dependence on
Na,1.5-mediated AP depolarization seems to be a contributing factor to the faster rise
velocity values observed with HUVEC conditioned media treatment.

We also examined potential contributors to the differences in decay dynamics
observed with HUVEC conditioned media treatment. Thapsigargin (TSG) blockade of
SERCAZ2 revealed the presence of SR Ca** stores and functionality of SERCA2 in a

proportion of CMs in all subsets. However, endothelial factors, from HMECs and
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HUVECs specifically enhanced TSG sensitivity in a larger proportion of CMs. It is clear
that endothelial factors influence the functionality of key molecular determinants of Ca®*
handling.

Thus, in considering the next steps for this research, one avenue is to further
evaluate how Ca**-handling is modulated with exposure to endothelial paracrine factors.
Using whole-cell patch clamp techniques, we would like to explore more specific
differences in L-type Ca®* channel and current density, which could not be resolved with
diltiazem blockade alone. In addition, many associated proteins are important to the
function of the main players in mature cardiac Ca®* handling, such as RYR2, CASQ2,
PLB, NCX-1, and IP3R2. Protein-specific evaluation using western blotting techniques
may be necessary to resolve differences between experimental subsets that could not
be detected from mRNA transcripts alone.

From gPCR evaluation, we also detected changes in the myofibrillar content of
hiPSC-derived CMs treated with endothelial factors. As endothelial cells have been
implicated in releasing factors that promote both positive and negative inotropy [16], it is
likely that changes in myofibrillar content and organization would also reflect the
developmental state of hiPSC-derived CMs. To evaluate these differences, we have
initiated collaborations to characterize single CM contractile force generation after
exposure to endothelial factors.

As we have demonstrated that endothelial paracrine factors enhance maturation
of hiPSC-derived CMs, characterization and identification of contributing factors and
elucidating their specific mechanisms of action are other future prospects for this work.
We have already initiated size fractionation studies of HUVEC conditioned media that

have demonstrated varied physiological phenomenon. Evaluation of how factors from
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each size fraction modulate Ca®* kinetic parameters compared to unfractionated controls
will be completed. Pinpointing specific factors that facilitate aspects of CM maturation
are instrumental to controlling hPSC-derived CMs in vitro and tailoring them for cell-
based therapeutics.

In summary, we demonstrate for the first time that specific paracrine factors that
are endothelial specific modulate aspects of CM maturation. We introduce the
importance of evaluating hPSC-derived CM populations using a high-throughput method
in order to characterize heterogeneities that detract from conclusions drawn from
traditional evaluation methods. Through the characterization of large CM populations, we
show that HUVEC-specific factors enhance Ca®*-handling in hiPSC-derived CMs,
particularly through increased proportions of functional Na,1.5. This work serves as a
starting point to understand the developmental mechanisms necessary for cardiac
maturation on the single myocyte level with direct implications for drug cardiotoxicity

screening and cell-based myocardial repair strategies.
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hESC (H9) o o Endothelial Lentivirus
Maintenance th/Bo :\’Ilre?i?lf’m Differentiation Nel\c’)I::tizlmCM EGM-2 HEK 293T Cells| Harvesting
Medium Media Medium
Knockout Knockout Dulbeco’s Dulbeco’s Endothelial Ultraculture
Dulbeco’s Dulbeco’s modified eagle | modified eagle basal medium-2DMEM/F12 High Serum-free
modified eagle | modified eagle . 9 . 9 (EBM-2) Glucose .
: : medium/F12 medium/F12 Medium (Lonza,
medium medium (Gibco, Cat# (Gibco, Cat# (Lonza, Inc, | (Hyclone, Cat# Cat# 12-795F
(Invitrogen, Cat#(Invitrogen, Cat#| ’ ’ Cat# CC3156, | SH30081.01, o
1330-057, 1330-057, . Walkersville,
10829-018, 10829-018, Carlsbad, CA) | Carlsbad, CA) Walkersville, Logan UT) MD)
Carlsbad, CA) | Carlsbad, CA) ’ ’ MD)
Penicillin Penicillin Penicillin
(1U/ml): (1U/ml): Glutamax (1U/ml): Sodium L-glutamine
Streptomycin | Streptomycin (2mM) Streptomycin pyruvate (1mM) (2mM)
(1pg/mL) (1pg/mL) (Invitrogen, Cat#  (1pg/mL) (Invitrogen, Cat#{(Invitrogen, Cat#
(Hyclone, Cat# | (Hyclone, Cat# | 35050-061, | (Hyclone, Cat# EGM-2 th 11360-070, 11140-050,
SV30010, SV30010, | Carlsbad, CA) | SV30010, oo gro‘g Carlsbad, CA) | Carlsbad, CA)
Logan, UT) Logan, UT) Logan, UT) actors anc
supplement kit ——
(Lonza, Inc Penicillin
L-glutamine L-glutamine |N2 Supplement| Bovine serum Cat# Cé31 G.é L-glutamine (1U/ml):
(1mM) (1mM) (1X) (Invitrogen,| albumin (2g/L) Walkersville ’ (1mM) Streptomycin
(Invitrogen, Cat#(Invitrogen, Cat# Cat# 17502- (Calbiochem, MD) * |(Invitrogen, Cat#  (1pg/mL)
11140-050, 11140-050, | 048, Carlsbad, | Cat# 12659, La 11140-050, | (Hyclone, Cat#
Carlsbad, CA) | Carlsbad, CA) CA) Jolla, CA) .| Carlsbad, CA) SV30010,
Growth Factors:
Logan, UT)
Basic fibroblast hEGF Penicilli
Non-essential | Non-essential ?OSVI\::thI fa:?:toiSZ Sodium Hydrocortisone fG'/?;I".‘
amino acids amino acids | 9 Gentamicin, ( ): .
(bFGF-2, pyruvate (3mM) L Streptomycin
(1X) (1X) 8ng/mlL)  |(Invitrogen, Cat#| "mPnotericinB | = h L
(Invitrogen, Cat#(Invitrogen, Cat# .. g/mL) (Invitrogen, Ca Fetal bovine (1ng/mL)
11140-050 1114 (Sigma, Cat# 11360-070, (Hyclone, Cat#
-050, 0050, | "Eopg1,st. | Carlsbad, CA) serum SV30010
Carlsbad, CA) | Carlsbad, CA) R ’ VEGF '
Louis, MO) hFGF-B Logan, UT)
Vascular Re-IGF-1
2- 2- endothelial . . ’ : 10% Fetal
Ascorb
Mercaptoethano|Mercaptoethano| growth factor Asao(;glc’v?)md s%o(arp;iimd bovine serum
| (0.1mM) | (0.1mM) (VEGF, (Sigma Kldrich (FBS)
(Sigma, Cat# | (Sigma, Cat# | 50ng/ml) (NCI Ca%# 4403 St’ (Gibco, Cat#
M7522, St. M7522, St. BRB, Cat# Louis Mb) ’ 16000-044,
Louis, MO) Louis, MO) 01101507, ’ Carlsbad, CA)
Rockville, MD)
Sodium Sodium Lynoleic acid
pyruvate (1mM)|pyruvate (1mM) (5ug/mL)
(Invitrogen, Cat#(Invitrogen, Cat#| (Sigma, Cat#
11360-070, 11360-070, L1376, St.
Carlsbad, CA) | Carlsbad, CA) Louis, MO)
Basic fibroblast |, o
growth factor-2 2 éoo?/li’nzeos/;rzial Transferrin
(bFGF-2, (FBS) (4pg/ml)
8ng/mL) (Gibco, Cat# (Invitrogen, Cat#
(Sigma, Cat# 16000’-044 0030124SA,
F0291, St. Carlsbad CA) Carlsbad, CA)
Louis, MO) ’

Knockout serum
replacement
(KOSR)
(Invitrogen, Cat#

108280-028,

Carlsbad, CA)

0% or 0.25%

FBS (Hyclone,

SH30396.03,
Logan, UT)
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Primer . . Annealing
Name Primer Sequence (F) Primer Sequence (R) Tem?fé;ature REF
Cardiac Contractile Proteins

MYH7 GGCAAGACAGTGACCGTGAAG CGTAGCGATCCTTGAGGTTGTA 60 [106]
MYH6 TCTCCGACAACGCCTATCAGTAC GTCACCTATGGCTGCAATGCT 60 [106]
MLC2a CAGGCCCAACGTGGTTCTT CCATCACGATTCTGGTCGATAC 60 [106]
MLC2v CCTTGGGCGAGTGAACGT GGGTCCGCTCCCTTAAGTTT 60 [106]

cTnT ATGAGCGGGAGAAGGAGCGGCAGA TCAATGGCCAGCACCTTCCTCCTCT 60

A
¢ Electrophysiological Regfllators and Ca” Handling Proteins

PLB TCACAGCTGCCAAGGCTACC TAGATTCTGTAGCTTTTGACGTGC 58 [215]
Serca2a AGCGGTTACTCCAGTATTGCAG CTGTCCATGTCACTCCACTTCC 58 [215]

CASQ2 TGCAGGGCAGAAGAGGGGCT GGGCCACAAGCTCAAGCACGA 60

CalR AGGAGGGCAGCAGAAGGGGG GACCCACTGCCCCACCCAGA 60
RyR2 TGCAAGACTCACCGAAGATG CCACCCAGACATTAGCAGGT 60 [158]
Cx43 TCTGAGTGCCTGAACTTGC ACTGACAGCCACACCTTCC 60 [216]
Ca,1.2 GAGAACAGCAAGTTTGACTTTGACA CGAAGGTGGAGACGGTGAA 60 [158]

A

Na,1.5 CCAGACAGAGGGAGACTTGC CTGGAGTCCACAGCTGCATA 60 [158]
NCX1 TGTGCATCTCAGCAATGTCA TGATGCCAATGCTCTCACTC 60 [158]
iP3BR2 ACTGTGTGAGAATCACAACCGGGA TCTGGTTGACCAGCGCACATTCT 60 [158]
iKi2.1 TGTTGGGTTTGACAGTGGAA CCCACAGGATTTCATTTGCT 60 [158]
iK:2.2 AGAAGAATGGCCAGTGCAAC GCGATGACCCAGAAGATGAT 60 [158]
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Maturation
Marker Functional Characteristics EWM* REF
Cardiac Contractile Proteins
. . * 10% of MHC content in fetal human venticles
aMHC Alpha myosin heavy chain Major isotype in adult human atria v [121]
* Major isotype in fetal and adult human ventricles
bMHC Beta myosin heavy chain ¢ Increased expression in failing human atria and A [121]
venticles
Myosin light chain - . A . .
MLC2v ventricular Major isotype in adult human ventricle [111]
- Amy e * Major isotype in adult human atria
[Her e - Ambiguous expression pattern in fetal ventricle * [111]
Electrophysiological Regulators and ca™ Handling Machinery
Na,1.5 Fast Na" Channel » Responsible for upstroke velocity of cardiac AP A [2119;3]’
o . 2+
NCX1 Na*/CaZ* Exchanger Ext.ru3|.or.1 of Ca2+ from CM cytoplasm for ¥ [200,
maintaining Ca™" homeostasis 218]
. Inositol 1,4,5- . ) . . 24 [204,
iP3R2 trisphosphate ATP-mediated intracellular Ca™ release channel v 219]
RyR2 Ryanodine receptor * Caffeine-mediated Ca®* release channel A
. oati 2+ . 24 [6,
Ca,1.2 L-type Ca® Channel !_ong lasting Cal chanqel responsible for Ca N 220,
inward current and cardiac AP plateau 221]
* Transient Ca®* channel 6
Ca,3.1 T-type Ca®* Channel » Contributes to cardiac automaticity and 7 ’
. 222]
pacemaking of nodal CMs
A2 + Responsible for Ca** reuptake into intracellular [149,
Serca2 SR-Ca”"-ATPase 2 Ca® stores [\ 223]
o P . . 2+
PLB Phospholamban :f?iaﬁ?tor of Serca2a activity by increasing Ca s [224]
. « Ca**-buffering protein in intracellular Ca** stores
CASQ2  Calsequestrin « Maintains Ca®* homeostasis A [225]
+ Involved in Ca®* homeostasis, protein folding, and [226
CALR Calreticulin gene expression 7 :
. . 227]
» Essential for proper cardiac development
iK.2.1/2 Delayed-rectifier K* * Responsible for cardiac AP plateau and s [6,
" Channels repolarization 189]
* Dominant gap junctional protein in all working CMs
Cx43 Connexin 43 — atrial or ventricular A [228]
* Not expressed in nodal cells
* EWM = Changes of expression with maturation
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B.1 Rationale

As reiterated throughout this work, cardiac-endothelial interactions are pervasive
and consequential to proper cardiac maturation. Inclusion of both CMs and ECs in
regenerative therapy models has been shown to improve hPSC-derived CM graft
retention and attenuation of pathologies associated with MI. [77, 78, 154, 155] Although
encouraging, the developmental stage of CMs and ECs used in these reports have
typically been mismatched with fetal like hPSC-derived CMs and mature EC sources.
Interestingly, transplant of endothelial progenitor cells (EPCs) into animal models of hind
limb ischemia or the ischemic heart has also shown integration of EPCs into existing
vessels as well as induction of neovascularization of these oxygen-deprived tissues.
[229-232] Furthermore, both ECs and EPCs have been implicated in secreting
cardioprotective factors [233-235], guiding CM organization [164], and even in
transdifferentiation into CMs [236]. Thus, composite cultures of ECs and CMs may not
only have a pro-cardiogenic effect on developing hESC-CMs, but most likely improve
transplant survival and infarct remodeling of host tissue by recruitment of new
vasculature as well. We hypothesize that the interaction between CMs and ECs,
potentially of the same developmental stage, is integral to the proper development of
CMs. Thus, one of the major foci of this work was to develop new methods of studying
the interactions between CMs and ECs in an hESC model of development.

Using genetic selection methods, we attempted to engineer a dual-selectable
hESC line that would permit the isolation of ECs simultaneously with CMs so that the
effect of CM-EC interactions on cardiomyogenesis could be evaluated. With cell lines

prevalently used that allow puromycin selection of CMs using cardiac specific promoters
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driving this drug resistance [74, 158], we applied similar design strategies to isolating
ECs from hESC cultures. In the literature, ECs from hESC differentiation cultures
express EC-specific markers (CD31, von Willebrand factor, VE-cadherin) as well as
perform like mature HUVEC in functional assays (Dill-labeled ac-LDL uptake and
matrigel tube formation assay).[237] Tie-2 was chosen as the promoter to drive EC-
selection due to the high and constant expression of this receptor in both undifferentiated
and differentiating hESCs as well as in mature HUVEC controls. [238] In development,
Tie-2 expression has been detected in early EPCs as well as putative hemangioblasts.
[239, 240] Moreover, Schlaeger et al created transgenic mice employing this Tie-2
promoter/enhancer combination driving a -galactocidase reporter and showed uniform
reporter expression throughout embryogenesis and adulthood in virtually all vascular
ECs in a mouse model.[241] In human embryos, a multi-timepoint study showed that
Tie-2 expression remains stable between 4 week and 8 week embryos. [242] This
extensive evidence in the literature suggests the utility of this promoter as a selection

tool for hPSC-derived ECs throughout differentiation and maturation stages.

B.1 Cloning of the Tie2-Selectable Lentiviral Construct

To create the EC-selectable lentiviral vectors, the previously described
Sin18.WPRE lentiviral vector [74, 243] used was modified through the insertion of the
Tie2, endothelial-specific, promoter and enhancer regions into existing constructs
containing the drug resistance genes or fluorescent marker. The Tie2 promoter and
enhancer plasmids (pSPTg.T2FpAXK, #54) were a gift from the lab of Dr. Thomas N.

Sato. The Tie2 promoter fragment used is the 2.0kb fragment flanked by Hindlll sites
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including the first exon described previously. [244, 245] The minimal enhancer fragment
is a 1.6 kb fragment necessary to confer Tie2 expression both in vitro and in vivo. [241]

To generate Sin18 Tie2-Puro’-Rex-Neo' (T2P) and Sin18 Tie2-mCherry-Rex-Neo'
(T2M) constructs (Figure 42 and Figure 43), piece-wise assembly of genetic fragments
was performed. Briefly, the original Tie2-enhancer plasmid supplied by the Sato
Laboratory was sequenced using existing Sp6 and T7 promoter sites in the plasmid
(Eton Biosciences, San Diego, CA). Plasmid constructs were amplified in XL10 gold
ultracompetent bacteria (Agilent Technologies, Inc., Cat# 200315, Santa Clara, CA).
Using PCR methods, primer pair A (Table 6) was used to amplify the puro’ gene
fragment from the SMPU aMHC-Puro'-Rex-Blasticidin’ vector [74]. PCRs were performed
using Phusion DNA polymerase (NEB, Inc., Cat# F-530L, Ipswich, MA) with GC buffer
and 5-8% DMSO conditions with the PCR program detailed in Table 7. The amplified
gene fragment was digested with both Xhol and Notl enzymes (Table 8) and inserted
into the Tie2 plasmid between the Notl-Xhol sites using T4 DNA ligase (NEB, Inc., Cat#
MO0202L, Ipswich, MA).

After the creation of the Tie2-Puro’ gene fragment, an SgrAl site was introduced
to the 3’ end just upstream of the Kpnl restriction enzyme site using PCR methods. A
gene fragment from the Xhol restriction site to the Kpnl restriction sites of the Tie2-Puro”
construct was amplified using PCR protocol B (Table 7) using unique primer pair B
(Table 6). The amplified fragment was verified using Pstl digestion. (Table 8) Once
verified, restriction digest using both Xhol and Kpnl for both the gene fragment and Tie2-
Puro’ construct was performed overnight. The insert and vector were ligated for 10
minutes using T4 DNA ligase and proper clones were verified using Xhol and SgrAl

digestion. (Table 8)
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Using the Sin18.WPRE aMHC-GFP-Rex-Neo' vector [74], the aMHC promoter
was excised using Xhol and BamH]I digestion (Table 8). This vector served as the
backbone for the Tie2-Puro’-Enhancer construct. Insertion of the Tie2-Puro” gene
fragment required a two-step protocol. First, the Tie2-Puro’ fragment was digested with
Sall and BamHI (Table 8) to generate the 1619 bp 5’ fragment and inserted into the
Sin18.WPRE backbone replacing the Xhol-BamHI excised fragment. (Intermediate
Sin18.WPRE Tie2 construct) To insert the 3’ half of the Tie2-Puro fragment (BamHI-
Kpnl, 2803 bp), the Tie2-Puro' construct and the intermediate Sin18.WPRE Tie2
construct were digested with BamHI and SgrAl overnight. Once fully digested, both the
insertion vector (BamHI-Kpnl fragment from the Tie2-Puro' fragment) and the Sin18
backbone were ligated for 10 minutes. Successful clones were chosen after restriction
digest verification. Plasmids were amplified using XL10 gold competent cells and DNA
purification was performed with Marligen Maxi-prep DNA purification methods. (Marligen
Bioscience, Cat# NP100009, Rockville, MD) Sequencing (Eton Biosciences, San Diego,
CA) using the T7 and Sp6 primers was used to confirm proper insertion of the gene
fragments. Diluted plasmids were stored at -20°C until use.

The T2M construct was made by excising the puro’ gene fragment using Sall and
Ascl digestion. (Table 8) mCherry was excised from the SMPU aMHC-mCherry-Rex-
Blasticidin’ construct using a Sall and Ascl digestion as well. The mCherry insert and
Tie2 vector were ligated using T4 DNA ligase for 10 minutes at room temperature.
Constructs were verified using restriction digest with BamHI and Ascl enzymes. Once
verified, constructs were sequenced using sequencing primer pair C shown in Table 6.

In all cases, restriction enzyme digests and PCR products were run on 1% or 2%

agarose gels in 1X TAE buffer with 5ug/ml ethidium bromide with 1kb plus ladder
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(Invitrogen, Cat# 10787-026, Carlsbad, CA) Gels were imaged under UV illumination.
DNA was extracted from gels using the Stratagene DNA gel extraction kit (Stratagene,

Cat#400766, Santa Clara, CA).

AmpR

. . —5R
Sin18Tie2PuroRRexNeoR

11440 bp

l"x%——f—’/
PURO \Tiez

Figure 42 Plasmid map of Sin18 Tie2-Puro'-Rex-Neo" (T2P) construct.
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AmpR

REX ~5R

Sin18Tie2mCherryRexNeoR

11546 bp

Tie2Enhancer

Tie2

Figure 43 Plasmid map of Sin18 Tie2-mCherry-Rex-Neo' (T2M) construct.
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Table 6 PCR primers used for cloning Tie2-Puro’-Rex-Neo' construct.

Name Forward Primer Reverse Primer
Primer pair A | CTAAGCGGCCGCGTCGACTGATCAAAAACCGG | ATCTCGAGTTATCGGGAGGAATCGGTGG
Primer pair B | GATAACTCGAGGTCCAGTATGGCTT CAGGTACCCACCGGTGATTATTGTTTTAC
TTGGGAGGCTGG

Table 7 PCR programs for cloning Tie2-Puro'-Rex-Neo" construct.

Program A Program B
Reaction Step T (°C) Time T (°C) Time
Initial 98°C 2 min 95°C 2 min
5 Cycles 30 cycles
Denature 95°C 30 sec 95°C 30 sec
Annealing 62°C 30 sec 63°C 30 sec
Extension 72°C 20 sec 72°C 4 min
13 Cycles End Cycles
Denature 95°C 30 sec
Annealing 60°C 30 sec
Extension 72°C 20 sec
End Cycles
Final Extension 72°C 5 min 72°C 10 min
End 4°C 00 4°C 00

Table 8 Table of Restriction Enzymes used from New England Biosciences, Inc. (Ipswich, MA).

Restriction Product # Use
Enzyme
Ascl R0558 Tie2-mCherry construction
BamHI R0136 Insertion of Tie2-Puro" into
Sin18 vector (Step 1);
Insertion of Tie2-Puro" into
Sin18 vector (Step 2);
Kpnl R0142 Insertion of SgrAl RE site at 3’
end of Tie2-Puro' construct
Notl R0189 Tie2-Puro’ construction
Pstl R0140 Validate Xhol-Kpnl fragment of
Tie2-Puro' construct
Sall R0138 Insertion of Tie2-Puro" into
Sin18 vector (Step 1);
Tie2-mCherry construction
SgrAl R0603 Insertion of Tie2-Puro" into
Sin18 vector (Step 2)
Xhol R0146 Tie2-Puro’ construction
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B.2 Methods

B.2.1 Cells

H9 Human Embryonic Stem Cells (hESCs)

Wild-type H9 hESCs (WiCell Research Institute, Cat# WAQ9, Madison, WI) were
used to make the EC-selectable cell lines. In addition, H9 hESCs genetically modified
with a double-selection cassette, aMHC-puromycin’-Rex-blasticidin’, that renders
pluripotent cells blasticidin-resistant and aMHC-positive CMs puromycin-resistant, were
used to enable cardiac and EC-simultaneous selection from hESC cultures.
Undifferentiated H9 cells were cultured on Matrigel (0.0625 mg/ml, BD Biosciences, Cat#
354230, San Diego, CA)-coated 6-well plates on an irradiated mouse embryonic feeder
(MEF) layer (E13.5 CD-1 mice). The medium used to maintain pluripotency was termed
hESC media and is referenced in Appendix 1.

To purify hESC cultures for only pluripotent cells, the case of genetically modified
cell lines, 4-6 day-old cultures were treated with 5ug/ml of blasticidin (Invitrogen, Cat#
R21001, Carlsbad, CA) for 24 hours. Cultures were also monitored daily for
differentiation contaminations. Manual dissection of differentiated areas in hESC cultures
was performed using 1cc U-100 insulin syringe needles (Becton Dickinson and
Company, Cat# 329420, Franklin Lakes, NJ) with a dissection microscope under sterile
conditions.

H9 hESCs, both wild-type and genetically modified, were passaged every 7 days.
Briefly, hESCs were dissociated with 1mg/ml of collagenase IV (Invitrogen, Cat# 17104-

019, Carlsbad, CA) treatment for 5 minutes at 37°C. Fresh hESC medium was added to
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collagenase-treated samples to stop enzyme activity. Using a pipet tip, hESC cultures
were then scored in a grid-like pattern and dislodged from the tissue culture plate.
Dislodged hESCs were then plated on fresh confluent MEF feeder layers and matrigel-
coated tissue culture plates.

Embryoid body (EB) differentiation was initiated using serum-based hESC
cardiac differentiation protocols. [93] Briefly, undifferentiated H9 hESCs were dissociated
using collagenase IV (Invitrogen, Cat# 17104-019, Carlsbad, CA) and mechanical
dispersion under 20% serum conditions. (Media is referenced in Appendix 1) Upon EB
formation, media conditions were switched from hESC media to 20% hEB media
(Appendix 1). EBs were formed once cells were cultured in suspension on ultra low-
attachment 6-well plates (Corning, Inc., Cat# 3471, Corning, NY) for 6 days. After EB
formation, EBs were plated on 0.1% gelatin-coated (Stem Cell Technologies, Cat#

07903, Vancouver, BC) tissue-culture plates.

Endothelial Cells

Human umbilical vein endothelial cells (HUVECSs) (Lonza Walkersville, Inc., Cat#
C2519A, Lot#6F3251, Walkersville, MD) were used to test functionality of the EC-
selectable constructs. For experiments, HUVECs were used experimentally until
passage 10 before discarded. HUVECs were maintained in endothelial growth medium
(EGM-2; Lonza Walkersville, Inc., Walkersville, MD) and media was changed every 2
days. For passage of both endothelial cell types, confluent plates were washed with
Dulbecco’s phosphate buffered saline, or dPBS, (Mediatech, Inc., Cat# 21-031-CV,

Manassas, VA) and treated with 0.25% trypsin-EDTA (Invitrogen, Cat# 25200, Carlsbad,
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CA) for 2.5 minutes. Once cells detached, cells were resuspended in fresh EGM-2 to

stop trypsinization and for transfer into new tissue-culture plates.

L-Cell Fibroblast Cells

L-cell fibroblasts (ATCC, Cat# CRL-2648, Manassas, VA) were used in co-culture
experiments as a control comparison for EC-CM co-cultures. L-cells are cultured using
10% fetal bovine serum (Hyclone, Cat# SH30070.03, Logan, UT) in Dulbeco’s modified
eagle medium/F12 (Gibco, Cat# 1330-057, Carlsbad, CA) with penicillin
(100U/ml)/streptomycin (100ug/ml) (Hyclone, Cat# SV30010, Logan, UT) and 20mM L-

glutamine (Gibco, Cat# 25030, Carlsbad, CA).

B.2.2 Lentivirus Production and Infection of hESCs

Sin18.WPRE-based lentiviral production in human epithelial kidney 293T cells
(Passage < 20) was performed as previously described. [74] Briefly, 293T cells were
seeded on 0.1% gelatin-coated (Stem Cell Technologies, Cat#07903, Vancouver, BC)
15-cm tissue culture dishes 24 hours before transfection. Once cells reached 70%
confluency, transient infection was performed. Three plasmids encoding the transfer
vector with expression construct, the packaging plasmid pCMVAR8.74, and the VSV-G
envelope protein expression plasmid pMD.G were mixed in a ratio of 3:2:1 in dH,0 to
45% of the final volume. 2.5M CacCl;, solution was added drop-wise to the viral
components for a final concentration of 0.125M CaCl,. 2X Hank’s balanced salt solution
(HBSS, pH7.03) was subsequently added drop-wise to the mixture (1X HBSS) while
vortexing constantly to mix the solution. Once mixed, the transfection solution was

immediately added gently and dropwise to 293T cells. Cells were incubated for 14-16
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hours at 37°C at which time media was replaced with viral harvesting medium. Virus was
collected daily for four days post transfection in fresh harvesting medium, vacuum-
filtered through a 0.22um filter (Corning, Inc., Cat# 430320, Corning, NY), and stored at
4°C.

To concentrate the collected virus, ultracentrifugation of the viral supernatant was
performed. Samples were pipetted into ultracentrifuge tubes (Beckman Coulter, Cat#
344061, Brea, CA) and ultracentrifuged in a swinging bucket rotor (Beckman Coulter,
Model SW28, Brea, CA) at 21,000RPM for 2 hours at 4°C. The supernatant was
discarded immediately and viral pellets were resuspended in ~200-500pl of dPBS with
0.1%BSA by constant shaking at 200 RPM for 1 hour at 4°C. The resultant concentrated
virus was aliquoted and stored at -80°C until use.

For viral infection of hESCs, one confluent well of a 6-well tissue culture plate of
hESCs was dissociated with 1mg/ml of collagenase IV as if being passaged. Cell clumps
were collected and allowed to sediment in a 50ml conical tube (5 minutes) and
supernatant was aspirated. Cell clumps were washed twice with dPBS repeating the
sedimentation process with each washing. Upon the final washing, dPBS was aspirated
and cells were resuspended in 1ml of culture medium and allowed to sediment. 500pl of
the supernatant was discarded and a mixture of 400ul fresh medium with 8ug/ml of
polybrene (Millipore, Inc., Cat# TR-1003-G, Billerica, MA) and 100ul of freshly thawed
virus was added to the cells in suspension. hESCs were incubated with the virus at
37°C for 4-6 hours with agitation every hour. After this incubation period, hESCs were
plated on confluent MEF feeders on Matrigel-coated plates. 1ml of fresh hESC media
was added to the infected wells 24 hours later and all virus particles were removed 36

hours post-infection. Neomycin or blasticidin treatment of cultures was initiated 4 days
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after infection at a half-dosage to purify cultures for infected cells only. Full dosages of
antibiotics were used by day 6 post-infection as commonly done before hESC passage

or EB differentiation.

B.2.3 Fluorescence Activated Cell Sorting (FACS)

FACS was performed by the Sanford-Burnham Flow Cytometry Shared
Resources facility using the FACSVantageSE DiVa (BD Biosciences, San Jose). In
particular, we sorted for mCherry-positive and KDR (VEGFR2)-positive cells in
differentiating T2M lines. Cells were first dissociated with Accutase (Millipore, Cat#
SCRO005, Billerica, MA) for 15 minutes at room temperature with constant agitation. Cells
were then stained with phyocethryin or allophycocynanin-conjugated KDR antibodies
(R&D Systems, Cat# FAB357P or FAB357A, Minneapolis, MN) per the manufacturer

protocol. Cells were blocked in PBS with 5% FBS and 0.5% BSA for 1 hour.

B.2.4 Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was extracted using Trizol reagent (Invitrogen, Cat# 15596-018,
Carlsbad,CA) in conjunction with the protocol provided by the manufacturer for cells in a
monolayer. Samples incubated in Trizol were either stored at -80C or processed
immediately. Once RNA extraction was complete, RNA was resuspended in 10yl
distilled, deionized water (ddH.O) (Mediatech,Inc., Cat# 25-055-CV, Herndon, CA). RNA
concentrations were measured using the Nanodrop spectrophotometry system (Thermo
Scientific, Inc., Cat# ND-1000, Wilmington, DE). cDNA was synthesized using the

QuantiTect Reverse Transcriptase (RT) Kit (Qiagen, Inc., Cat# 205314, Valencia, CA).
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cDNA was amplified using 1ug of RNA and the RT kit. Once the RNA was mixed with
genomic DNA wipeout buffer, samples were heated at 42°C for 5 minutes. Samples
were then mixed with RT buffer, RT enzyme, and amplification primers for a total volume
of 20ul. Samples were heated for another 30 minutes at 42°C, 95°C for 3 minutes, and
kept at 4°C. Finally, cDNA concentrations were measured using the Nanodrop and
stored at -20°C until use.

gPCR was performed on the Roche LightCycler 2.0 (Roche Applied Science,
Cat# 03531414001, Indianapolis, IN) using the LightCycler FastStart DNA Master SYBR
Green | kit (Roche Applied Science, Cat# 12239264001, Indianapolis, IN) and
LightCycler glass capillaries (Roche Applied Science, Cat# 04 929 292 001,
Indianapolis, IN) for fluorescence amplification detection. Samples were prepared as
indicated by Roche at half the volume (10ul). Standard curves were created for each
primer pair to calculate primer efficiency using the Lightcycler 2.0 software using cDNA
from late stage hESC-derived CSs. Briefly, gqPCRs were conducted as follows: samples
were denatured at 95°C for 8 minutes with a temperature slope of 20 °C/s (slope used
for every step unless otherwise specified), sample amplification occurred with the
following sequence, 95°C for 15 seconds, 60°C for 5 seconds, and 72°C for 20 seconds,
for 40 cycles, melting curves were obtained with a subsequent cycle starting at 95°C,
70°C for 20 seconds, and a return to 95°C at a slope of 0.1°C/s, and finally samples
were cooled at 40°C for 30 seconds. Primer sequences are listed in Appendix 2. C,
values were obtained using the Lightcycler software. Using efficiency values for each
primer pair, transcript expression could be calculated using the AAC, method. Transcript

levels were normalized to GAPDH expression.
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B.2.5 Inmunostaining

Prior to immunostaining, cells were washed with dPBS and fixed in 4%
paraformaldehyde (PFA) for 10 minutes. Cells were blocked in a blocking buffer
composed of 1X dPBS, 2% BSA, 2% goat serum, 50mM glycine (Bio-Rad, Cat# 161-
0718, Hercules, CA), 0.01% Triton-X (Sigma-Aldrich, Cat# T8787, St. Louis, MO), and
0.005% Tween 20 (Sigma-Aldrich, Cat# P9416, St. Louis, MO). Primary antibodies used
for these studies were diluted in 10% blocking buffer in the following ratios: anti-RFP
(MBL, LTD., Cat# PM005, Nagoya, Japan), lectin (1/1000; Vector Laboratories, Cat# RL-
1062/FL-1061, Burlingame, CA), and a-actinin(1:300, Sigma Aldrich, Cat# A7811, St

Louis, MO).

B.3 Tie2 Construct Validation

Prior to virus production, we verified the functionality of the two Sin18.WPRE
lentiviral constructs were generated in this study, T2P and T2M, using transient

transfections in Tie2-expressing endothelial cells (HUVECS).

B.3.1 Validation of T2P Construct in HUVECs

To verify construct function in the T2P construct, transient transfection of
HUVECs were conducted using Lipofectamine LTR with PLUS reagent (Invitrogen, Cat#
15338-100, Carlsbad,CA) per the manufacturer’s recommendation for HUVEC
transfection. 200 ng of plasmid DNA were used in each well of a 96-well plate with cell
densities of 8,000 cells/well. Transfections were tested at 4- and 8-hour transfection

periods. Puromycin treatment was initiated 24 hours post-transfection at 4 different
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concentrations: 0, 0.125, 0.250, and 0.350 pg/ml for 24 hours. Cells were imaged 24
hours after puromycin removal.

Result: We found that T2P transfection of HUVECs conferred a low level of puromycin
resistance at 0.25 pug/ml of puromycin treatment not observed in control conditions.
(Figure 44, red boxes) This suggests the functionality of the Tie2 promoter and

puromycin resistance reporter in functional endothelial cells.

Puromycin HUVECs HUVECs HUVECs
(ug/ml) w/o Construct 4hr Transfection 8hr Transfection

0.35

0.25

0.125

Figure 44 Lipofectamine transfection of T2P construct into HUVECs with 4 hour and 8 hour transfection
protocols. Cultures were then exposed to puromycin for 48 hours at 0.35, 0.25, and 0.125 ug/ml
concentrations. Red squares outline the viable cells. (x10 magnification).

B.3.2 Validation of T2M Construct in HUVECs

To validate T2M functionality, both HUVECs and L-cells were transfected with
100 ng of construct for 4-8 hours. Cells were plated in 96-well format and seeded at a

density of 8,000 cells/well. Again, a plasmid with ubiquitously expressed
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phosphoglycerate kinase, hPGK, promoter driving GFP expression was also transfected
to gauge transfection efficiency. Cells were assayed immediately after a 4-hour

transfection period using fluorescence microscopy.

HUVECs HUVECs L-Cells

PGK-GFP  Tie-2-mCherry

31

Figure 45 Lipofectamine transfection of T2M construct into HUVECs using a 4 hour transfection protocol.
Phosphoglycerate kinase (PGK) is expressed at basal levels in all cells and used as a transfection control.
mCherry expression is only seen in the HUVEC transfections signifying the functionality of the construct.

Result: We found that with T2M transfection into HUVECs and L-cell fibroblasts
demonstrated mCherry expression in HUVECs but not in L-cells. This demonstrates that

the Tie2-mCherry reporter is functional in cell types that express Tie2.

B.3.3 Validation of Tie2 Constructs in hESCs

Rex-1 driven Neomycin Resistance
After validation of the functionality of these constructs through transient

transfection experiments, virus employing each of these constructs was generated as
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described in Section B.2.2. The viruses were then used to infect undifferentiated wild-
type H9 hESCs. Constructs were purified for infected hESCs using G418 selection of
undifferentiated colonies as the plasmid contains the Rex-Neo' selection cassette. G418-
resistant hESC colonies were continually purified and passaged to isolate only infected

cells.

Figure 46 Neomycin selection of T2P-infected H9 hESCs. A) hESC colonies on mouse embryonic fibroblast
feeder layer, pre-neomycin exposure. B) Cultures were exposed to a half dose of typically 0.2856 ug/ml of
neomycin for 4 days. Elimination of non-neomycin resistant fibroblast feeders shows the resistance of the
hESC colonies. (x4)

Result: G418 selection eradicated uninfected MEF feeder layers. Intact hESC colonies
remained after 4 days of G418 exposure confirming successful viral infection and Rex-
Neo' functionality.
Tie2 driven mCherry Expression and Puromycin Resistance

hESCs were subsequently differentiated using traditional serum methods. [93]
First, differentiated hESCs were stained with lectin to visualized ECs in differentiating
cultures. (Figure 47) Additionally, in T2M-modified hESCs, cells were probed for
mCherry expression under fluorescence microscopy. (Figure 48) T2P-modified hESCs
were treated with 1mg/ml of puromycin for 24 hours and processed for PCR changes in

EC markers, Tie2 and CD31. (Figure 49 and Figure 50) Timing of drug selection and EC
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activity was determined to match the development of ECs in hESC cultures, with Tie2

expression detected from D1-D13 of differentiation. [237]

Figure 47 D17 hEB differentiation cultures of both (A) T2M and (B) T2P hESC lines, 10X. Bright field
(A1 and B1) panels demonstrate the morphology of hEB cultures. Fluorescent imaging of differentiation
cultures (A2 and B2) shows networks of lectin-stained ECs (green) but no cellular mCherry expression (red).

Both cell lines exhibit EC differentiation.



159

Figure 48 Evaluation of T2M functional specificity in HUVECs 7 days post-infection, 10X. L-cells (A) infected
with the T2M construct do not express mCherry, whereas HUVECs (B) show expression of mCherry (red) in
some of the cells. This evaluation shows that the T2M construct is not only functional, but also endothelial-
specific to cells that express Tie2.

Figure 49 Evaluation of puromycin sensitivity in T2P-infected HUVECs, 10X. A comparison of untreated (A)
and 24-hour puromycin-treated T2P-infected HUVECs shows that the construct can confer puromycin
sensitivity in mature ECs.
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Gene Expression of EC Markers in Tie2-Puro"-Rex-Neo' hESCs
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Figure 50 Gene expression of Tie2 and CD31 normalized to GAPDH in D25, T2P EB differentiation cultures.
T2P-modified hESCs were differentiated to D25 to ensure an EC presence (confirmed with lectin staining).
Untreated (white), 24-hour puromycin (1mg/ml) treated (black), and HUVEC controls (grey) EB cultures were
processed for qPCR and probed for expression of EC markers.

Result: We did not detect mCherry expression in any of the differentiating cultures
despite evidence of EC differentiation and mRNA expression of Tie2 and CD31.
Additionally, treatment with puromycin did not seem to enrich for ECs as treated and
untreated samples exhibited relatively similar gene expression profiles or complete cell
death. FACS of differentiated T2M hESCs at different developmental stages (D4 or D17)
for mCherry-positive cells was unsuccessful because of the inability to detect mCherry
signal. Although it is important to note that at both time points, small fractions of KDR+
cells were detected, suggesting the presence of EC progenitors.[70, 98]

Infection of HUVECSs with both T2P and T2M constructs demonstrated
functionality of the constructs, which was not observed in non-endothelial cell types. We

also noted that expression of Tie2 was much lower in EB differentiation cultures than in
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HUVEC controls. Thus, we hypothesized that upregulation of Tie2 expression would be

required for EC selection to occur.

B.4 Tie2 Upregulation Trials

B.4.1 Endothelial Differentiation Conditions

Rationale: Although traditional serum-based differentiation conditions did spur EC
differentiation and the formation of putative vascular networks (Figure 47), we
hypothesized that specific EC differentiation conditions may upregulate Tie2 expression
and thus puromycin resistance and mCherry expression.

Methods: Endothelial differentiation was initiated with EB formation. Instead of standard
20% hEB differentiation media, an endothelial differentiation media was used. (Appendix
1) After 7 days of suspension culture, EBs were plated on 10 ug/ml type | collagen
(Sigma, Cat# C3867, St. Louis, MO) diluted in dPBS. ECs were assayed around D21 of
culture.

Results: We compared EC conditions versus traditional serum-based differentiation
methods. First, we examined differences in lectin expression in differentiated cultures in
both T2M and T2P cell lines. Although in the T2M cultures (D25), EC networks appeared
denser with EC differentiation conditions, mCherry expression was not detected. (Figure
51) PCR of T2P cultures also revealed that Tie2 expression was similar in both
untreated and 24-hour treated samples. (Figure 52) Thus, Tie2 expression and hESC-

derived ECs were not enriched even with endothelial differentiation protocols.
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Figure 51 Comparison of traditional versus endothelial differentiation conditions, 10X. (A1) and (B1) depict
T2M and T2P hESCs, respectively, differentiated with serum conditions. (A2) and (B2) depict T2M and T2P
hESCs, respectively, differentiated with EC conditions. All cultures were stained with lectin (green) and
evaluated for mCherry expression (red). mCherry could not be resolved.

Comparison of EC vs. Serum Differentiation Methods:
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Figure 52 Gene expression profile of T2P hESCs differentiated in both traditional serum (white) and
endothelial (black) differentiation protocols. Gene expression of endothelial markers, although upregulated in

EC differentiation conditions, did not confer mCherry expression or puromycin resistance. aMHC expression
was also tested
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B.4.2 Shear Experiments

Rational: It has been shown previously, that shear stress upregulates Tie2 expression
in ECs. [246] To induce Tie2 expression, EC-selectable hESCs were cultured under
shear conditions using a perfusion shear system.

Methods: The flow experiments were performed using a rectangular flow channel
described previously [247] with minor modifications so that multiple channels could be
perfused simultaneously. All flow components were autoclaved for sterility. On D36 of
differentiation, EBs derived from the Tie2-mCherry hESC line were dissociated using
0.25% trypsin and plated at confluence on 38 mm x 76 mm glass slides coated with
10pg/ml type | collagen. Once dissociated EBs were allowed to attach for 24 hours, cell-
coated slides were assembled into the flow channel. The system was tightly sealed
using a silicon gasket and a vacuum line. Perfusion experiments were performed in a
cell-culture incubator under constant 95%0, and 5% CO. conditions at 37°C. Shear
stress applied to the cells in the flow channel was 12 dynes/cm2 to induce Tie2
expression. [246] After no shear, 48-, or 72-hour shear exposure, cells were either
processed for immunostaining or gPCR analyses.

Results: mCherry expression could not be detected in either 48- or 72-hour shear
exposure conditions. (Figure 54) PCR analysis of gene expression between static and
shear stressed D37, T2M EB differentiation cultures show that 48-hours of shear stress
cause a downregulation of EC markers with about similar expression levels in 72-hour

shear conditions compared to static controls. (Figure 53)
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Gene Expression of EC markers between 48- and 72-hour
Shear Stress Conditions over Static Controls
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Figure 53 Gene expression of EC markers for D35, T2M differentiation cultures subjected to 48- and 72-
hour shear stress. Fold change of expression over static controls is shown for Tie2, CD31, and mCherry
expression.
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-

Figure 54 mCherry expression in D37 T2M differentiation cultures in static (A), 48-hour shear (B), and 72-
hour shear (C) conditions, 20X. ECs were stained with lectin (green). mCherry expression (red) could not be
detected in the cells. Non-specific red signal was detected in (B), but the same expression pattern was seen
in all other channels as well.

B.4.3 Hypoxia Experiments
Rationale: 1% hypoxia conditions have been shown to induce upregulation of Tie2 after
24-hour exposure in a variety of endothelial cell types. [191, 192] Upon reoxygenation,

the upregulation is reversible. Although the magnitude of increased expression differs
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depending on the type of EC studied, we tested this method of upregulating Tie2 in
hESC-derived ECs in order to assay the function of our Tie2 reporter lines.

Methods: Hypoxia experiments were performed on EBs formed from the Tie2-mCherry
cell line using the Ex Vivo Hypoxia Chamber system (BioSpherix, Inc., XVivo System,
Lacona, NY). EBs were cultured in endothelial cell inducing media conditions for 14 or
15 days upon which EBs were introduced to 1% O, hypoxia conditions for 24- or 48-
hours. Control samples were cultured at normoxia (5% CO,, 95% O, at 37°C). All
samples were fixed on D16 of differentiation immediately at the time point specified. One
sample was maintained for an additional 24 hours at normoxia (reoxygenation). Samples
were analyzed with gPCR for EC markers (Tie2 and CD31), mCherry expression, and
Glut1, a gene known to be upregulated in response to hypoxia, and fluorescence
microscopy.

Results: With gPCR, we did not observe upregulation of Tie2, or any of the markers
assayed. Glut1, positive controls, however, were upregulated in response to hypoxia at
both 24- and 48-hour exposure. (Figure 55) Accordingly, we also did not observe

mCherry expression at any time point.
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Gene Expression of EC markers between
1% Hypoxia Conditions over Normoxic Controls
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Figure 55 Gene expression of T2M hESC differentiation cultures (D17) in response to 1% hypoxia
conditions. Cultures were dissociated and exposed to 24- and 48-hour hypoxic conditions. Samples were
fixed and processed immediately at each time point. One sample was then returned to normoxic conditions
for 24 hours. No upregulation of EC markers or reporter genes were observed, except in the expression of
the positive control, Glut1.

B.4.4 FoxC2/Etv2 Induction of Tie2 Expression

Rationale: It has been demonstrated that FoxC2 and Etv2 together enhance expression
of vascular genes. Co-expression of both factors induces ectopic endothelial-specific
gene expression in developing Xenopus embryos. In addition, this group detected the
presence of Fox:Ets motifs in the enhancer regions of many vascular genes, including
Tie2. By transfecting constructs that induce ubiquitous expression of both factors along
with endothelial-specific promoter/reporter constructs, such as Tie2-lacZ, the combined
action of FoxC2 and Etv2 robustly activates reporter activity (~30 fold, Tie2). [248] Thus,
we used the same FoxC2 and Etv2 expression vectors to upregulate expression of Tie2
in differentiating T2M hESC-derived cultures in order to assay functionality of our

reporter constructs in hESC-derived ECs.
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Methods: Transient transfection with FoxC2 and Etv2 factors were conducted in non-
endothelial L-cell fibroblasts. It has been shown previously that co-transfection of FoxC2
and Etv2 factors can upregulate endothelial marker expression and, in particular, Tie2.
[248] Lentiviral plasmids (pLenti6 backbone; Invitrogen, Cat# V496-10, Carlsbad, CA)
with a PGK promoter driving either FoxC2 or Etv2 expression from the lab database

were used. The conditions outlined in Table 9 were evaluated.

Table 9 Table of transfection conditions for FoxC2/Etv2 upregulation of Tie2 expression.

Condition Cells Tested Legend
1 | T2M_X_X L-Cell Fibroblasts | X=Empty PGK vector
2 | X F_E L-Cell Fibroblasts | P=PGK-GFP
3 [T2M_P_X L-Cell Fibroblasts | F=pLenti FoxC2
4 [ T2M_F X L-Cell Fibroblasts | E=pLenti Etv2
5 | T2M_X_E L-Cell Fibroblasts
6 |T2M_F_E L-Cell Fibroblasts
7 | No transfection | L-Cell Fibroblasts
8 [ T2M_X_X HUVECs
9 |T2M_P_X HUVECs
10 | No transfection | HUVECs

Transfections were performed in triplicate and conducted as recommended by
the manufacturer. Briefly, cells were plated in 48-well format at 20,000 cells per well. In
each case, 100ng of each plasmid (300 ng DNA total) was diluted in OptiMEM |
Reduced Serum media (Invitrogen, Cat# 11058-021, Carlsbad, CA). Samples were
incubated with PLUS reagent (0.2 pl/well) for 15 minutes at room temperature and then
further diluted with Lipofectamine LTX (0.6ul/well) and incubated for 25 minutes.
Transfection agents were then added to the cells and incubated for 4-8 hours at 37°C.
After transfection, wells were imaged with fluorescence microscopy to detect GFP
expression to detect the transfection efficiency. Cells were also monitored for mCherry

expression. ImagedJ was used to quantify fluorescence intensity of the transfected cells.
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Foxc2 and Etv2 Tie2 Activation in L-Cell Fibroblasts
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Figure 56 Activation of T2M reporter with FoxC2/Etv2 co-expression in transfected L-Cell fibroblasts.
Coexpression of FoxC2 and Etv2 factors enhances the activation of the T2M reporter when transfected in
non-endothelial L-Cell fibroblasts by almost 2-fold.

Results: In this transfection experiment, we demonstrated that co-expression of FoxC2
and Etv2 in L-Cell fibroblasts can enhance T2M reporter activity as assayed through
mCherry expression. (Figure 56) This suggests the utility of our construct. However, the
level of enhancement observed in our reporter assay pales in comparison to the 30-fold
activation observed in the work presented by De Val et al. [248] We attempted to
transfect KDR+, FACS-sorted cells with FoxC2 and Etv2 factors, but due to
contamination of cultures post-FACS and low yield in sorting experiments, we did not

pursue this avenue further.

B.4.5 Teratoma Formation

Rationale: Teratoma formation is a widely used method to test the pluripotency of
putative stem cells. When pluripotent cells are injected into immune-compromised mice,
they can form teratomas, which are tumors composed of cells derived from all three

embryonic germ layers. [93] Although we were able to demonstrate endothelial
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specification from both T2P and T2M hESC lines after differentiation, it was unclear
whether the failure of reporter activity related to the immaturity of the ECs, and thus low
levels of Tie2 expression, that were formed. As we demonstrated that reporter activity
could be detected in more mature endothelial cell sources (HUVECSs), we hypothesized
that the developmental stage of ECs in hESC differentiation cultures may not be
sufficient to activate Tie2 reporter activity. Thus, we decided to use the teratoma as a
vehicle to generate more mature, functional vasculature from T2M-modified hESCs in
order to induce reporter activity.

Methods: For transplantation, animals were anesthetized by isoflorane liquid (Baxter,
Inc., Cat# NDC 10019-773-60, Deerfield, IL) by inhalation (.015 - .017 ml/gram body
weight IP). The level of anesthesia was monitored by the tail pinch response.
Supplementary anesthetic doses were given as required. Surgical sites and shave sites
were scrubbed with Nolvasan (Pfizer, Inc., Cat# 300253, New York, NY). A straight
longitudinal 1cm incision was made in the skin left lateral to the spine between the ribs
and pelvis. A shorter incision was made in the muscle approximately 0.5cm lower than
the last rib. Through the incision, the kidney was transferred extracorporeally for the
procedure while constantly kept moist with sterile Ringers solution. Under the dissecting
microscope, a 1-2mm incision was made in the kidney capsule. A heat-sealed, drawn
and blunted glass capillary was used to create a pocket between the capsule and the
kidney. A sterile transfer pipette (Hamilton Company, Reno, NV) was used to transfer
10-20 pl of densely packed hESC-derived EBs from the Tie2-mCherry-Rex-Neo' line into
the kidney capsule. The kidney was subsequently repositioned into the abdominal cavity.
The abdominal wall was sutured and clamped with wound clips. Animals were monitored

for tumor growth over a 6-10-week period for teratoma formation to occur. Upon tumor
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formation, animals were sacrificed and the teratoma was removed. Teratomas were
fixed in 4% PFA overnight with constant agitation at 4°C. Kidney and tumor tissue were
then dehydrated and embedded in paraffin blocks. Blocks were sectioned at 5um
thickness and mounted on glass slides for histological haemotoxilin-eosin staining and
immunostaining for Tie2 and mCherry expression.

Results: We could not detect mCherry expression in the teratomas. As most teratoma
vasculature is derived from the murine host, hESC differentiation to ECs would in any

event be rare.

B.5 Conclusions

In these studies, we were able to generate T2M and T2P lentiviral constructs and
create hESC cell lines genetically-modified with both of these constructs. Despite the
endothelial-specific functionality of these constructs in HUVECs, we could not confer the
same functionality in hESC-derived ECs. Attempts to upregulate Tie2 expression in our
hESC differentiation cultures also did not bolster the expression of reporters.

The reasons for why these cell lines could not confer reporter activity are
multifarious. First, we did not establish clonal hESC lines. Therefore, it has been
suggested that expansion of mixed populations can reduce the percentages of
expressing cells due to reasons such as transgene silencing and non-integrated
provirus. [74] In addition, expression levels of the transgene could be varied in different
hESCs due to differences in number and locations of virus integration sites. Second, our
lack of understanding of EC development and biology may have significantly hampered

the design and development of these hESC lines. Third, to construct the T2M and T2P
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constructs, we implemented the 2.0kb Tie2 promoter with the minimal 1.7 kb enhancer
fragment instead of the 10kb full enhancer. [241] This choice may be one reason for why
Tie2 promoter activity, which has already been documented as low in ESC-derived ECs,
was undetectable. Although in in vitro studies, using the minimal enhancer fragment did
not reduce tie2 reporter activity in transfected bovine aortic endothelial cells (BAECs),
Schlaeger et al suggested that regulatory elements outside of this minimal enhancer
fragment but within the 10kb full enhancer may be necessary for uniform expression of
reporter activity in the Tie2-Lacz-modified murine adult vasculature. This group also
discussed the sensitivity of the minimal fragment to its integration sites in terms of
reporter activity.

Because the initial goal of these experiments was to study CM-EC interactions on
CM maturation, our endeavors with creating, validating, and understanding this biological
co-culture tool deviated from the objectives of the dissertation. Thus, we were not able to
fully develop the functionality of these EC-selectable hESC lines and refocused our

efforts on the original hypotheses of the dissertation.
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