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Preface

Stem cells are undifferentiated cells in multicellular organisms capable of growing into various differentiated
cell types. In recent years they have become an important research tool in biology, medicine and toxicology
leading to a rapidly developing new scientific discipline. This monograph focuses on their use in toxicology
and medicine at a level designed to take readers to the frontiers of research in this specialized area.
The importance of this field of research is evidenced by the increasing number of articles published each year.
This rapid development requires new means to report the results of ongoing studies. The contributions presented
in this monograph represent a collaborative effort by international experts working in this emerging field of
science. The main aim of this book is to present state-of-the-art information on stem cells in one place. Therefore,
I sincerely hope that this book will provide a comprehensive and authoritative source of current information
on stem cells and prove useful to the investigators and students working in this scientific discipline through-
out the world for years to come. It is my hope that the information presented in this book will serve as a
stimulus to them. Also it is my hope that it will be of interest to a variety of other scientific disciplines includ-
ing pharmacology, food, drug, and environmental sciences. In addition, this book should be of interest to the
safety assessors and regulators of food, drug, environment, agriculture, and consumer products.

Saura C. Sahu
Laurel, Maryland, USA



Acknowledgements

Editing this book was a challenge for me. Several people have influenced me directly or indirectly. I express
my sincere gratitude to them.

I am indebted to the internationally recognized experts for sharing my enthusiasm for this book and for
their generous contributions. I carefully selected them from academia, industry and government for their
expertise in their own areas of research. Their works speak for themselves. I am sincerely grateful to these
scientists for their strong commitment, cooperation and excellent contributions.

I thank the staff of the John Wiley & Sons, Ltd, especially Jenny Cossham, Rebecca Ralf, and Janine Maer
for their excellent help, cooperation, support, and editorial assistance for the timely publication of this book.

Saura C. Sahu
Laurel, Maryland, USA



Part 1



1

Introduction

Saura C. Sahu

Division of Toxicology, Center for Food Safety and Applied Nutrition, Food and Drug Administration, USA

Stem cells are the mothers of all cells in multicellular organisms. They have the potential to become any other
type of cell in the body. They are undifferentiated cells of the same family capable of dividing throughout life,
generating new highly differentiated cells of unlimited potency. Because of their unique regenerative abilities,
they can serve as an internal repair system to replenish damaged or dead cells in many tissues. Therefore, they
have attracted increasing amounts scientific attention for their potential use in biomedical applications.

The studies by McCulloch and Till published in 1963 (Becker et al., 1963; Siminovitch et al., 1963) gave
birth to modern stem cell research. Over a period of approximately half a century, there was exponential
growth in this developing new area of scientific research. Stem cells have the capacity to grow in culture
continuously in an undifferentiated state renewing themselves to more specialized differentiated cells.
Therefore, they have become a very important and useful in vitro research tool in toxicology and medicine.
They can be used as excellent in vitro models for predictive toxicity screening of chemicals and new drugs.
Thus, the study of stem cells is a new developing scientific discipline and their use in toxicology and
medicine is unlimited.

It is becoming increasingly clear from the rate of publications that developments in the use of stem cells in
toxicology and medicine are moving so rapidly that new means are needed to report the current status of this
new active area of research. As the Editor of this monograph Stem Cells in Toxicology and Medicine, it gives
me great pride and pleasure to introduce this unique book that encompasses many aspects of stem cell
research never published together before. It is only recently that this exciting area of research has attracted
the attention of toxicologists. This book deals with information on stem cells at a level designated to take the
reader to the frontier of research in this specific new developing scientific discipline. It is expected that stem
cell research, actively pursued throughout the world, will lead to major discoveries of fundamental impor-
tance and of great clinical significance. This monograph brings together the ideas and work of investigators
of international reputation who have pioneered in this exciting area of research in toxicology and medicine.

Stem Cells in Toxicology and Medicine, First Edition. Edited by Saura C. Sahu.
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The book provides up-to-date information as well as new challenges in this exciting area of research. This book
reflects the remarkable developments in the stem cell technology in recent years. New ideas and new
approaches are being brought to bear on explorations of the role played by these unique cells in toxicology
and medicine. Therefore, exciting times lie ahead for the future of stem cell research. I sincerely hope
that the book will provide authoritative information as well as new ideas and challenges in this area of
research for stimulating the creativity of investigators actively engaged in this rapidly developing new
scientific discipline.

References
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Application of Stem Cells and iPS Cells
in Toxicology

Maria Virginia Caballero!, Ramon A. Espinoza-Lewis?, and Manila Candiracci®

! Biobide-BBD BioPhenix S.L. Mikeletegi Pasealekua, Donostia, Gipuzkoa, Spain
2Synthetic Genomics Inc., San Diego, CA, USA
3 Department of Biomolecular Sciences, University of Urbino “Carlo Bo,” Urbino, Italy

2.1 Introduction

Fertilization of an oocyte by a spermatozoid, or in general terms, fertilization of the female gamete by the
male gamete results in the genesis of the basic unit in the development of an organism, the embryo. The pri-
mordial unicellular embryo will, after several rounds of division, develop into a multicellular organism and
ultimately into an offspring resembling its progenitors in structure and function. At the molecular level,
embryonic development is governed by the expression and interaction of a specific set of genes, certain
proteins and peptides, and the signaling of growth factors. In other words, embryonic development is a
complex process, which involves a vast but specific genetic network corresponding to its different stages.

Early observations made in the sea urchin (Driesch, 1892, 1893, 1894; Gilbert, 2000; Roux, 1888; Roux,
1894) demonstrated that splitting a two-cell embryo into single cells resulted in the emergence of two fully
developed organisms. Hans Spemann repeated these experiments in the salamander two-cell embryo, ultimately
obtaining two fully developed “twins” (Gilbert, 2000; Spemann, 1921). These early experiments demon-
strated the totipotency of the early embryonic cells and the retention of certain “information,” which allows
for the development of an organism. This information is progressively lost as the embryo develops and its
cells differentiate and reach more specific roles (Gilbert, 2000; Spemann, 1921). However, the question
remains, what is the stage at which cells lose this potential?

Further experimentation revealed that cells derived from teratomas, or from mouse blastocysts inner cell
mass (ICM) cultured upon a suitable fibroblast feeder layer, continue to proliferate without overt differentiation

Stem Cells in Toxicology and Medicine, First Edition. Edited by Saura C. Sahu.
© 2017 John Wiley & Sons, Ltd. Published 2017 by John Wiley & Sons, Ltd.
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and remain totipotent (Evans and Kaufman 1981; Martin 1981). Consequently, when these Embryonic Stem
Cells (ESc) are removed from the differentiation-inhibitory influence of the feeder cells, or equivalent, they
will spontaneously differentiate into developing embryo-like structures of increasing complexity, or embryoid
bodies (EBs) (Doetschman et al., 1985; Martin and Lock, 1983). Embryoid bodies thus, enable researchers
to study different aspects of early embryonic development. Indeed, with the advent of novel molecular
biology techniques, it has been demonstrated that these cells are competent for gene targeting via homolo-
gous recombination or site directed mutagenesis. They are competent for the generation of genetically
modified model systems, including mouse models for the study of developmental embryonic formation,
diseases driven by genetic mutation, transcriptional regulation, or molecular toxicological effects (Boch, 2011;
Bradley et al., 1984; Capecchi, 1980; Hendel et al., 2015; Koller et al., 1989; Mali et al., 2013; Smithies et al.,
1985; Thomas and Capecchi, 1990).

2.2 Significance

Understanding stem cells and iPS cells in terms of their dynamic differential molecular signatures opens new
avenues for the study of the effects of pharmaceutical chemicals at the cellular, physiological, and ultimately
the molecular levels. Furthermore, stem cells and pluripotent stem cells present clear advantages compared
to other model systems currently used for testing pharmaceutical compounds. The traditional methods for
compound testing include the use of primary cells and/or live models, such as mouse or zebrafish (Parasuraman,
2011; Sipes et al., 2011). Primary cells from any organ present the difficulty of the initial isolation, quantity
and quality per isolated batch, and different proliferation capacities, making industrial scalability a difficult
process. Furthermore, genetic background variability leads to inconsistent cellular responses which in turn
lead to a broad array of results, interpretations and conclusions (McGivern and Ebert, 2014). Stem cells, and
especially induced pluripotent stem cells, circumvent the majority of these obstacles. Indeed, isolation of
somatic tissue cells, whether it is skin cells, blood cells, or epithelial cells harvested from urine (Zhao et al.,
2013), is relatively easy, non-invasive, and most importantly, patient specific. Harvested cells are genetically
homogenous, whether these are from non-diseased or diseased patients, allowing for direct experimental test-
ing; cellular responses are consistent and variability is minimal. Pluripotent stem cells possess a high self-
renewal capacity and proliferate unlimitedly. Indeed, recent reports indicate that high cellular passage (higher
than 60) have no effect in proliferation rates or in differentiation potential (Burridge et al., 2014). Pluripotent
stem cells that possess unlimited proliferation, that is, cells that surpass the Hayflick limit (Hayflick, 1965;
Hayflick and Moorhead, 1961), have been reported to be highly related to telomerase activity and hTERT
expression necessary for telomere length maintenance (Huang et al., 2011). This unlimited proliferation indi-
cates that scalability necessary for industrial testing is achievable (Couture, 2010). Furthermore, iPS cell
growth and differentiation in vitro using cell culture techniques and materials amount to a fraction of the cost
invested in live animal models (Burridge et al., 2014). Finally, the most important characteristic of iPS cells
is related to their specific human physiological identity. Historically, pharmaceutical testing has been per-
formed in live animal models, such as mice, zebrafish, rats and pigs; however, iPS cells are of human origin,
and the molecular, physiological and cellular responses are the most adequate for molecular testing, especially
in studies related to electrical conduction such as neuronal or cardiac. It is known, for example, that cardiac
ion channels which rectify the cardiac rhythm are different in rats from those in humans, thus, extrapolation
of results is inconclusive (Grant, 2009; Han et al., 2010). Finally, iPS cells are derived from differentiated
adult human tissue and not from a surplus of fertilized human embryos; therefore, iPS cells are not in conflict
with any religious or humanistic ethical principles (McGivern and Ebert, 2014).

As noted previously, the understanding of stem cells, in terms of cell renewal and differentiation capacity,
and the acquired knowledge of their dynamic differential molecular signatures, leads to new routes of research



Application of Stem Cells and iPS Cells in Toxicology 7

to investigate the effects of pharmaceutical chemicals at the cellular, physiological, and molecular levels.
Furthermore, iPS cells are physiologically relevant, genetically homogenous, amount to a considerably
lower cost and are free of ethical conflicts. Taken all together, these characteristics make stem cells and
pluripotent stem cells a highly beneficial research and industrial platform, especially for studies aimed at
pharmacodynamic/kinetic outcomes and toxicological screenings (McGivern and Ebert, 2014).

2.3 Stem Cell (SC) Classification

Since their discovery, stem cells have been the object of intense study. As noted above, stem cells were
initially identified and characterized as immortal cells isolated from teratomas (cancerous embryoid-like
bodies) (Martin, 1981). However, further research demonstrated that stem cells are varied and tissue-context
dependent. Indeed, embryonic stem cells are found and isolated from the inner cell mass (ICM) of the early
mouse blastocyst and from the fetal umbilical cord blood (Evans and Kaufman, 1981). Additionally, stem
cells can also be found in skeletal muscle, as a satellite cell population (Hawke and Garry, 2001); the bone
marrow, as hematopoietic progenitor cells (Sieburg et al., 2006); the small intestine, as crypt cells (Barker,
2014). In other words, stem cells are found in every tissue/organ and display a differential potential for self-
renewal and regenerative capacity.

Thus, by their origin, stem cells are classified as: (1) Embryonic stem cells, (2) Fetal stem cells, and
(3) Adult stem cells. By their potential of self-renewal and regenerative capacity, stem cells are classified as:
(1) Totipotent, (2) Pluripotent, (3) Multipotent, (4) Oligopotent, and (5) Unipotent (Bissels et al., 2013).

In this classification we find the concept of Totipotent stem cells (toti-, totus=all; -potent=power). These
are capable of developing a whole embryo, capable of differentiating into any type of cell or tissue of the
mature organism, and are able to generate embryonic tissues and extraembryonic membranes. However, as
we advance our knowledge, there appears to be some controversy regarding terminology. Recently, the term
of totipotent is presented as the capacity of one cell to produce a fertile adult organism. However, and interest-
ingly, a new concept of “plenipotent” appears, in order to specify the capacity of stem cells to produce an
adult organism, albeit those cells lack the capacity to organize themselves in a coherent body plan, thus,
totipotency and plenipotent would be reserved only for organism and for cells respectively (Condic, 2013).
The recent confusion about totipotency has led some to propose a new definition, with one author suggesting
the term “totipotent” again be reserved only for organisms, while stem cells that produce all cell types but do
not organize them into a coherent body plan would be referred to as “omnipotent” (Denker, 2004).

Pluripotent (plurimus-=many, -potent=power) stem cells are descendants of totipotent stem cells. These
cells are capable of differentiating into all embryonic and adult cell types except extraembryonic membranes.
Pluripotent stem cells are available as undifferentiated embryonic stem cells (ESCs) and can be cultured
in vitro as permanent lines. Specifically, human embryonic stem cells (hESCs), established from surplus
embryos after in vitro fertilization, are currently available with more than a thousand individual cell lines
(Loser et al., 2010). Recently, a new class of stem cells, human induced pluripotent stem cells (hiPSc), have
been generated from adult reprogrammed somatic cells (Takahashi et al., 2007; Takahashi and Yamanaka,
2006; Wernig et al., 2007). These iPS cells are capable of generating a viable, fertile fully-grown organism;
thus, iPS cells could be classified as adult pluripotent stem cells.

Similarly, multipotency, oligopotency, and unipotency refer to the progressively reduced capacity of a
stem cell to differentiate into several, few, or only one type of cell. A clear example of this graded
potency is observed in the bone marrow (Hematopoietic) progenitor cell tree which generates primarily
myeloid and lymphoid cell progenitors, and ultimately will produce red and white blood cells. These
hematopoietic stem cells are considered multipotent; however, daughter cells progressively lose the capac-
ity of self-renewal and differentiation diversity as these cells differentiate and assume more specific roles.
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Thus, a myeloblast, or a small lymphocyte, could be considered oligopotent and a monocyte and B-lymphocyte
could be considered unipotent (Bissels et al., 2013; Sieburg et al., 2006).

2.4 Stem Cells and Pharmacotoxicological Screenings

The use of in vitro cell cultures to predict in vivo effects is troubled with difficulties related to the evaluation
of pharmacokinetics and pharmacodynamics; that is, the detection of the absorption and systemic metabolism
observed in a relevant organ in vivo, being challenging to predict in an in vifro model. Although a deeper
knowledge is required concerning the characteristics and function of stem cells, and iPS cells, these sys-
tem platforms are considered a potentially highly beneficial research tool to be used in various disciplines,
including toxicology.

It has been reported that primary cells are often more sensitive to certain drugs or chemicals than estab-
lished commercial cell lines. Therefore, the use of undifferentiated cell lines can provide more relevant and
predictive toxicity results. Moreover, recent studies have demonstrated that induced pluripotent stem cells
(iPSCs) can recapitulate the phenotype of several known diseases, making iPS cells a promising cell source
for predictive drug screening (Wang et al., 2014; Zeevi-Levin et al., 2012).

The toxicological evaluation of chemicals using embryonic stem cells has only recently been considered
as a screening and pharmacological platform. As an example, stem cells are being utilized to evaluate the risk
of a chemical as Perfluorooctane sulfonate (PFOS). PFOS is commonly used as a simple salt (such as potas-
sium, sodium or ammonium), or is incorporated into larger polymers, as a stain repellent and fabric protector.
Xu and colleagues evaluated the effect of PFOS, using mEBs (mice embryoid bodies) cultured by the suspen-
sion method. By using mice embryoid bodies, as a risk assessment tool, the authors concluded that PFOS
poses potential risks to early development by downregulating the expression of pluripotency and stem cell
molecular markers induced cell apoptosis by changing lysosomal membrane permeabilization and therefore
blocking autophagy (Xu et al., 2013, 2015; Yao et al., 2014).

2.5 Industrial Utilization Showcases Stem Cell Technology as a Research Tool

Similarly, other chemicals have been tested utilizing the mEBs platform. Indeed, arsenic, as well as Estrogen
E2, has been shown to disturb and interfere with mEB differentiation by downregulating the expression of
genes involved in the differentiation of the three embryonic cell layers, such as Hepatocyte Nuclear Factor,
brachyury, and cardiac actin. These results show that mEBs platforms are now considered an excellent sys-
tem for the study of pharmacological developmental risks (Flora and Mehta, 2009; Hye-Ryeon et al., 2015;
Kim et al., 2013).

Despite having been proven to be an excellent platform, mEBs are still of limited use given that observed
defects are only related to early developmental stages, such as aberrant organ formation or congenital
defects; the former will result in embryonic death, the latter would require surgical interventions. However,
pharmacologically manageable and treatable diseases, such as chronic pain or cancer, will result in
unwanted and unpredicted secondary effects such as high pressure-induced cardiac arrest or heart failure
(Renet et al., 2015).

Secondary cardiotoxicity has recently become an important issue in drug development, as many newly
synthesized molecules are causing unexpected cardiac damage, and are altering physiological or biochemi-
cal parameters. Indeed, some molecules act upon cardiomyocyte receptors, therefore changing the cell
membrane potential leading to arrhythmias and sudden death (Hou et al., 2015). Thus, the development of
an investigative tool, which mimics the physiological conditions of the human cell, and which allows for
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testing of cell behavior upon drug dosage, is a major necessity. In this regard, stem cells/iPS cells-derived
differentiated cells are showing a very promising future.

As noted, the use of hPSCs as an independent cell system and as an early predictive tool for the detection
of pharmacological effects in humans has emerged as a powerful alternative to live animal systems. The prop-
erties of hPSC-derived cardiomyocytes are similar to their in vivo cardiac counterparts. For example, hPSCs
express the major cardiac ion channels, produce the three major cardiac action potentials, and respond in
identifiable and anticipated ways to known chemicals (Caspi et al., 2008; Liang et al., 2010). Thus, the use of
PSCs is becoming advantageous in safely evaluating cardiac pharmacology. Consequently, the development
of successful new tools, which mimic complex human physiological conditions, will potentially bridge the
gap between drug development and early clinical trial stages.

Moreover, physiological response is an important aspect to consider when assessing drug efficiency.
Human patients respond differently to a given drug due to various factors, including genetic predisposition,
age, ethnicity, and so on. New strategies to palliate those factors will contribute to a more effective drug
discovery and to a more refined personalized medicine, thus improving drug efficiency. Indeed, by analyzing
hPSC in terms of drug response, both multi electrode arrays (MEA) and patch clamping results revealed
that hPSC-derived cardiomyocytes show an anticipated and consistent dose-responsive effect on beat rate
and electrophysiological changes across a set of 43 compounds (Dick et al., 2010) and across 19 different
compounds (Laposa, 2011).

A fast and efficient drug screening platform contributes to the modernization of personalized medicine.
Currently, many public and private laboratories are using hPSC-derived tissues for molecular screening,
focusing on the identification of new targets and drug molecules (Kim and Jin, 2012; Yahata et al., 2011). The
improved biological properties of hPSC-derived tissues become even more useful when combined with an
increasing number of sophisticated tools to introduce precise genetic alterations, such as CRISPR, TALENS,
BAC-induced recombination, and so on (Bedell et al., 2012; Doyon et al., 2008; Gaj et al., 2013; Hwang
et al., 2013). Furthermore, human PSC-derived tissues might be engineered to replicate diseases, to express
factors that enable differentiation or maturation, or to introduce biomarker-reporting constructs (Chen et al.,
2014; Wang et al., 2014; Yahata et al., 2011).

Taken together, human PS cells are showing more prominence in research fields as important as cardiology
and toxicology and are being considered as a potential screening tool for the identification of toxicological
effects, for pharmacology safety, and for the study of differentiation defects.

2.6 Multipotent Stem Cells (Adult Stem Cells) Characteristics and Current Uses

The classification system of stem cells mentioned above leads us to describe the class of multipotent
stem cells, or adult stem cells. These cells are present in tissues with a relatively high regenerative capac-
ity, and possess several common characteristics including differentiation capacity, self-renewal, and
clonogenicity.

Multipotency is described as the capacity or potential to differentiate into multiple but limited cell types.
As noted previously, the multipotent blood stem cells (hematopoietic line), are able to replenish the niche of
stem cells and also differentiate into the several blood cell lineages, such as myeloid and lymphoid lineages.
However, this population cannot differentiate into other cells types such as neurons, bone or other non-blood
cell types. Stem cells will generate two daughter cells, which could be two stem cells or two differentiating
cells (symmetric division), or a stem cell and a differentiating cell (asymmetric division) (Harandi and
Ambros, 2015; Morrison and Kimble, 2006). The proper regulation of stem cell asymmetric versus symmetric
cell division is fundamental for the correct formation of developmental patterns, the determination of cellular
fates, and for normal tissue growth and homeostasis.
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Clonogenicity is understood as the capacity of one cell to divide and create a group of cells or colony in
cell culture. Indeed, Buzhor and colleagues showed that NCAMI+ cells exhibit robust clonogenicity,
mesenchymal differentiation, sphere-formation capacity, and retain the ability to produce renal epithelial
tissue using a limiting dilution assay (Buzhor et al., 2013).

Regulation of stem cell differentiation capacity, clonogenicity, and self-renewal capacity would yield an
extended knowledge of the effect that chemicals can wield upon them. Indeed, differentiation patterns are
affected by the exposure to chemicals widely used in industrial and chemical manufacturing, such as ben-
zene. Epidemiological studies and case reports have suggested a close relationship between occupational
exposure to benzene and hematotoxicity and various types of leukemia (IARC, 1982). Similarly, Zhu and
colleagues studied the effect of hydroquinone (HQ) (the main derivative of benzene metabolism) in mice.
Hydroquinone exposure results in a higher mutation rate and modification of the murine Cyp4f18, a gene
orthologous to the human CYP4F3 gene (a cytochrome P450 gene involved in metabolism and synthesis of
cholesterol), leading to malignant transformation of blood cells. Also, concentration-dependent HQ-induced
up-regulation of Cyp4f18 in embryonic yolk sac hematopoietic stem cells (YS-HSCs) and adult bone marrow
hematopoietic stem cells (BM-HSCs) results in decreased proliferation, lower colony formation potential,
and reduced differentiation rates, while increasing the apoptotic rate. These results are evidence supporting
the notion that benzene and its metabolites target hematopoietic stem cells (HSCs), thus causing differentiation
pattern defects, blood toxicity, and cancer (Zhu et al., 2013).

Consequently, it is understood that the system’s internal equilibrium is of paramount importance as it
has been vastly reported. In normal tissue homeostasis, stem cell division is thought to be infrequent and
to involve an asymmetric daughter-cell-fate decision, in which one daughter remains as a SC while the
second partially differentiates into a progenitor cell with short-term growth potential (Harandi and
Ambros, 2015; Morrison and Kimble, 2006). Drugs, chemical or environmental pollutants could interfere
with this equilibrium, and therefore might modify tissue homeostasis. Interestingly, the effects that
environmental pollutants have upon the system can target not only resident cells themselves, but can also
interact with the cellular microenvironment. Specific parameters such as time of exposure, concentration
levels, and chemical lifetime stability, will lead to changes in extracellular ion concentration, oxygen
levels, water surface tension, extracellular signal molecules, metal chelation, and so on. In addition to
these factors, other intrinsic factors, such as age, genetic predisposition, cancer history, and lifestyle
could create a context that may promote the changes in cell homeostasis and consequently lead to tissue
damage (Casey et al., 2015).

2.7 Mesenchymal Stem Cells (Adult Stem Cells)

In the last few years, mesenchymal stromal cells (MSCs) have become a fast growing field of interest in
industry and biomedical science. Mesenchymal stem cells are classified as adult stem cells, capable of self-
renewal and differentiation into multiple mesodermal cell lineages including cartilage, adipose tissue, and
bone. These cells are characterized by their ability to adhere to plastics under standard cell culture conditions,
and can be identified by surface markers such as, CD44, CD73, CD90, CD105; however, MSCs do not
express CD45, CD34, and CD14 (Natunen et al., 2013). Mesenchymal stem cells are present in relatively low
numbers in various tissues such as bone marrow, adipose, muscle, and at minimal levels in many other tis-
sues. Hematopoietic stem cells are considered a subgroup of MSCs, which supports the hematopoietic dif-
ferentiation process (Dazzi et al., 2006). Isolated MSCs from these tissues, such as adipose tissue-derived
multipotent stromal cells (AT-MSC), are utilized in immune modulatory research as an alternative to the gold
standard bone marrow-derived MSCs (BM-MSCs). This methodology is reported to be a safer approach,
due to minimal risk of isolation, and furthermore, larger amounts of AT-MSC can be obtained compared to
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BM-MSC. Mesenchymal stem cells, and in particular BM-MSC and AT-MSC, share a similar immune
phenotype and it has been reported that both present similar high multi-lineage differentiation capacity
in vitro (Melief et al., 2013).

Despite their usefulness, mesenchymal cells are not extensively utilized. However, recent reports describe
their favorable applications in the toxicology research field. Indeed, toxicological effects of pet food ingredi-
ents were assessed in canine bone marrow-derived mesenchymal stem cells (BMSC) and in enterocyte-like
cells (ELC). Exposure of BMSC and ELC to these ingredients for 24h induced metabolic dysfunction
observed as dysregulation of CYP450, mitochondrial energy metabolism, changes in p-oxidation, and so on,
leading to changes in cell viability. The improvement in the methodology characterized in this new in vitro
BMSC and ELC system reported by Ortega and colleagues (Ortega et al., 2015), shows a high potential value
for MSCs as a tool to investigate the overall toxic or irritant effect of food ingredients on rapidly dividing or
early differentiated cells.

Furthermore, not only were the BMSC and ELC systems, reported by Ortega, used to detect cell viability,
but also BM-MSC and ASCs were employed to test collateral effects of anti-lymphocyte serum (ALS) or
tacrolimus (an immunosuppressive drug) on cell viability and behavior modification in vitro (Tsuji et al.,
2015). Thus, the mesenchymal stem cell platform usefulness is multi-faceted; however, our understanding
and knowledge are still incomplete and far away from unlocking the biggest potential and benefits that these
platforms could provide.

2.8 Hematopoietic Stem Cells (Adult Stem Cells)

Hematopoietic cells (MHCs), are considered to be multipotent stem cells, having the ability to differentiate
into special circulating cells such as erythroid cells, granulocytes, macrophages, megakaryocytic, and lym-
phoid blood cells (Valeri et al., 2010). The use of this population of cells in research began approximately half
a century ago, with bone marrow (BM) initially deployed to achieve donor-specific transplantation tolerance.
This cell population was used in several animal models and was addressed extensively by a high number of
authors. Importantly, early studies on embryonic mice and chickens demonstrated that acquisition of immu-
nological tolerance is induced by cell/tissue graft transplants at embryonic stages (Billingham et al., 1953).
These studies showed a cellular chimerism-induced tolerance response and resulted in a donor-specific
transplantation tolerance. Furthermore, using adult animal models, total reconstitution of the hematopoietic
system was achieved by combining BM transplant (BMT) following the preconditioning of the host by
different regimens, including total body irradiation (Ildstad and Sachs, 1984), total lymphoid irradiation
(Slavin et al., 1977), and anti-lymphocyte globulin (Caridis et al., 1973; Monaco et al., 1976).

Recent studies using hematopoietic cell lines show that HSCs present a high differentiation capacity and
indicate that culture-expanded BMSCs are capable of differentiating into neural precursors, chondrogenic
(Skreti et al., 2014), osteogenic, and adipogenic (Sayed et al., 2014) lineages, cardiomyocytes (Fukata et al.,
2013; Hou et al., 2013), as well as hepatocytes (Briickner et al., 2013).

The high capacity of differentiation shown by this cellular line makes it a desirable new alternative in
bioengineering and tissue regeneration. Indeed, the use of HSCs in oncology has shown that daunomycin, a
known potent antitumor agent, induces dysregulation in the expression of certain histones, in addition to the
modification of histone methylation patterns in a time-dose dependent manner, thus affecting chromatin
condensation (Aramvash et al., 2012). Additionally, HSCs have recently been described as an alternative in
toxicology as well.

Alternatively, a new and innovating technology has emerged known as “bone marrow-on-a-chip.”
With applications in pharmacology and toxicology, this methodology provides scientists with a new tool
to test the effects of drugs, chemicals, or toxic agents on the whole bone marrow, albeit in a much
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smaller scale (Torisawa et al., 2014). The model is described to support immunogenicity and immuno-
toxicity testing and long-term cultivation with repeated antigen stimulation. Recently, another variant of
the mentioned methodology described as “organ-on-chip device” reconstitutes and sustains an intact,
functional, living bone marrow. However, the implementation of these technologies in a large scale is
still under revision, and the potential that these devices could offer to replace tests of acute systemic
toxicity in animals is still under discussion. Nevertheless, these technologies are bringing us closer to
the notion of in vitro recapitulation of human physiology, such as the simulation of the human immune
system (Kim et al., 2015).

In order to implement these current methodologies fully, important parameters must be considered, such
as tissue environment and tissue homeostasis. The response of a specific cell line in a tissue upon drug
treatment, and even the influence after treatment by the cell lines adjacent to it, is described to follow a hier-
archical organization, including cell-cell communication, signaling responses to external stimuli, and so on
(Khetani and Bhatia, 2008; Tay et al., 2011). Bone-marrow-on-a-chip, a recent addition to the “organ-on-a-
chip” field, is expected to bring forth a new breakthrough in research by offering a more controlled environ-
ment to study the tissue’s physiological response; however, this is still a work in progress (Torisawa et al.,
2014). Although the system appears as a revolutionary alternative in toxicology, currently, poor predictability
of in vitro drug toxicity in terms of pharmacokinetic and pharmacodynamics (PK/PD) is a major weaknesses
and a challenge to overcome. Pharmacokinetic refers to a time-dependent concentration of a substance in
plasma, whereas pharmacodynamics refers to pharmacological effect of a drug in the system (Derendorf and
Meibohm, 1999). By combining PK/PD results with mathematical modeling multiple studies are geared
towards multiple-organ-on a-chip (MOC) devices to mimic in vivo physiological complexities and test, for
example, for drug side effects. Indeed, Sung and colleagues have shown the efficacy of a model-on-a-chip
by testing the lethality of the metabolism of Tegafur, an oral cancer prodrug, to 5-Fluorouracil, the lethal
metabolite, on isolated tumor cells seeded on a hydrogel platform (Sung and Shuler, 2009). Thus, tissue/
organ simulation combined with PK/PD studies may bring alternative approaches to procedures of drug
development and biosafety.

2.9 Cardiotoxicity

During the process of drug development, one of the major concerns is the secondary cardiac toxicity and it
is imperative that clinical treatments are tested exhaustively for early adverse effects. Currently, safety
pharmacology studies, for the evaluation of new drug entities for potential cardiac liability, remain a critical
component of drug development process. Predicting the side effects of drugs, remains one of the industry’s
greatest challenges, with a large percentage of new drugs failing in clinical studies due their cardiotoxic
effect. The overall successful result rate from Clinical Phase 1 studies is only 11%, and 30% of these fail
for safety reasons (Kola and Landis, 2004). Cardiotoxicity includes any one of several adverse events, such
as arrhythmia, myocardial ischemia, myocardial necrosis, or hypotension. Moreover, drug-induced cardiac
safety concerns might develop with different timing, acutely (during or shortly after treatment), chronically
(weeks to months after treatment), or years later as a consequence of treatment (Doherty et al., 2015). There
is rising interest in assessing cardiotoxicity in the early stages of drug discovery, eliminating potentially
toxic compounds before further time and money is spent. The development of highly predictive in vitro
assays suitable for high-throughput screening (HTS) is critical to fulfill this request. In the 1990s, eight
non-cardiovascular drugs were withdrawn from clinical use because they prolonged the QT interval in the
heart’s electrical cycle resulting in ventricular arrhythmias and potentially unexpected death (Fermini and
Fossa, 2003). Drug-induced cardiotoxicity may emerge not only as a functional change in electrophysiol-
ogy, but also as a change in the structural integrity of cardiac tissue. In fact, direct structural damage and
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cardiomyocyte death can contribute to develop several heart diseases as cardiomyopathy, myocardial
infarction, and heart failure. Structural damages can often result in effects that take longer to manifest
(e.g., usage of anthracyclines in pediatric patients) (Lipshultz et al., 1991) and/or are enhanced with com-
bined treatment (e.g., Herceptin plus anthracyclines) (Seidman et al., 2002) making it difficult to assess
them with currently available models. Due to cardiac liability issues, significant numbers of drugs under
development are dismissed in the late preclinical and early clinical stages, increasing significantly the over-
all cost of the candidate drug brought to market (Valentin, 2010). Moreover, the limited availability of
relevant cardiomyocyte models has hindered the development of rational toxicity tests. Force and Kolaja
recently reviewed the limitations of the commonly used model species in the field (e.g., rodent vs. human).
Morphology, metabolism, or electrophysiology cascades can confuse the translation of in vitro cardiotoxic-
ity findings to humans (Force and Kolaja, 2011). However, the recent advances in stem cell technology and
particularly in differentiating embryonic or induced-pluripotent stem cells have created a unique opportunity
for providing physiologically/disease relevant models for preclinical safety assessment of compounds
(Kamp and Lyons, 2009).

Thus, SC/iPSCs exposed to a defined culture and pre-conditioned culture media is currently utilized to
obtain a desired cell’s lineage by selective differentiation (such as cardiomyocytes). Further, SCs/iPS cells
might be enriched and selected as pure populations. Additionally, these cells might be obtained from geneti-
cally engineered sources. All of these properties make SC/iPSCs a powerful approach for pharmacology and
toxicity studies (Abassi et al., 2012; Denning and Anderson, 2008; Freund and Mummery, 2009; Kamp and
Lyons, 2009; Kettenhofen and Bohlen, 2008). Indeed, recent research supports the idea of the valuable use of
SC or iPSCs as a tool for both; structural (Pointon et al., 2013) and electrophysiological (Abassi et al., 2012;
Guo et al., 2013) drug-induced toxicity assessment.

There are two main approaches to produce human pluripotent stem cell-derived cardiomyocytes (hPS-CM)
detailed next:

1. From human embryonic stem cells (hES-CM).
2. From human induced pluripotent (hiPS-CM) stem cells.

The latter is most laborious but offers the advantages of being patient-specific or patient-cohort-specific.
hPS-CMs derived from either of these approaches (Streckfuss-Bomeke et al., 2013) have the potential
to replace animal ventricular CM’s used to screen new compounds’ cardiotoxic effects during the preclinical
drug development process. Currently, the screening for drug cardiotoxic effects uses neonatal and adult
ventricular CMs from many different animals like rat, mouse, and guinea pig. Although the outcomes of
these screens do not fully predict human responses as the species responses differ, the use of hES-CMs or
hiPS-CMs for cardiac toxicity screening presents some advantages:

1. Studies suggest that there are significant differences between species in drug-induced toxicity (Baillie
and Rettie, 2011). Different species express different types of cardiac ion channel proteins, and relative
levels of each channel type change from species to species. Therefore, the use of a human cell model will
provide a clearer statement early in drug development on defining whether the drug will be cardiotoxic
in humans or not, helping in compound selection and substantially reducing drug decline.

2. Higher cost efficiency. The usage of laboratory-produced hPS-CMs for cardiac toxicity screenings may
reduce these costs by up to 50%.

In order to recruit the potential of stem cell-derived cardiomyocytes for in vitro preclinical safety screening
and assessment, Abassi and colleagues in 2012 developed a microelectronic sensor-based system with the
potential to determine the dynamic and rhythmic beating process of cardiomyocytes (Abassi et al., 2012).
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On the other hand, fast kinetic fluorescence imaging systems, can estimate the effect of pharmacological
compounds on the beating rate of stem cell derived cardiomyocytes. Thus, iPSC-derived human cardiomyocytes
are demonstrated to be useful as a model system to measure the impact of pharmacological compounds on
the beat rate of spontaneously contracting cardiomyocytes. Therefore, developing and promoting assays
based on human cardiomyocytes derived from stem cell sources greatly accelerate the progress of new
chemical entities and improve drug safety by offering more biologically relevant cell-based models than
currently available.

Stem cell-derived cardiomyocytes expression of specific ion channel proteins leads to a demonstrated
spontaneous mechanical and electrical activity analogous to native cardiac cells, which ultimately results in
a physiological change in intracellular Ca**, a common and useful read-out for cardiomyocyte contractility.
iPSc-CMs cellular assays employing calcium sensitive dyes to monitor variations in Ca** concentration help
to determine specific parameters, such as beat rate and amplitude, which are useful for the estimation of
drug candidate efficacy and safety prior to clinical studies in humans. Recently, cardiomyocyte contraction
rate documentation by using automated microscopy to monitor changes in concentration of Ca** has been
utilized to assess the effect of positive and negative chronotropic agents and cardiotoxic compounds on
cardiomyocyte beating rate (Sirenko et al., 2013). The ultimate goal is therefore, to estimate cardiotoxicity
earlier in the drug discovery process, which allows researchers to identify potentially toxic compounds and
either eliminate or modify them to improve their safety profile. Eventually, these types of assays may detect
ion channel blockers, adrenergic receptor antagonists, kinase inhibitors, anthracycline drugs, and other
compounds capable of compromising the cell metabolic activity or viability or yet unidentified mechanisms
of cardiac toxicity.

Recent results have demonstrated that cardiac cells are also responsive to other types of toxicities related
to small molecule inhibitor activity (Chu et al., 2007). Indeed, hPSC-CMs responses are promptly amenable
to evaluate additional or alternative toxic endpoints such as apoptosis, cell viability, ATP metabolism, and
mitochondrial dysfunction through readily available test kits. Similarly, lethal arrhythmia is caused by the
increase of an uncertain response by single cardiomyocytes (temporal aspect) (Jonsson et al., 2010) as a trig-
gering agent and of cell-to-cell conductivity (spatial aspect) as an amplification/suppression agent
(Antzelevitch, 2008; Bass et al., 2008). Increase of vague electrophysiological response produced by single
cells could be the principal and essential origin to generate a lethal arrhythmia, and hence, the evaluation of
fluctuation potential of single cells is crucial and should be the earliest index to predict lethal arrhythmia.
However, the spatial location of cardiomyocytes should also be taken into consideration, such that lethal
arrhythmia occurs in a tissue where each single cell presents a slightly different heterogeneity of responses,
even under the same circumstances. Thus, cell-to-cell conduction is significant to estimate non-synchronized
signal propagation in heart tissue.

A second origin of arrhythmia related to the community effects of cardiomyocytes leading to a temporal
fluctuation of repolarization time of single cells after depolarization. This second origin could pose either
enhancing or silencing roles for a lethal arrhythmia phenomenon. The heterogeneity of cardiomyocyte func-
tional characteristics could augment the occurrence of lethal arrhythmia because of the divergent responses
of neighboring cells from the first origin. In contrast, the community effect of cardiomyocytes also has the
ability to suppress the occurrence of lethal arrhythmia by the enhancement of synchronization tendencies
with suppression of fluctuation in cell groups (Kaneko et al., 2014). Kaneko and colleagues also described a
promising way for predicting ventricular arrhythmia at the in vitro level by measuring the first origin of
arrhythmia with temporal fluctuation of repolarization time on a single cell, and then measuring the second
origin of spatial fluctuation of conductivity of neighboring cardiomyocytes by using spatially arranged hCMs.
Kaneko and colleagues developed an on-chip cell network cultivation system, in which extracellular signals
(field potentials: FP) of hCMs can be measured using a multi electrode array (MEA), and spatial arrangement
control of cells can be performed using agarose microstructures designed on MEA chip. The drugs were



Application of Stem Cells and iPS Cells in Toxicology 15

applied to the medium in the MEA chip, and the FPs were measured for 10 min at each drug’s concentration.
This cell-network-based in vitro assay has some potential advantages:

1. Using a set of standard hCMs prepared from human pluripotent stem cells of different race, gender, and
from various diseased patients may provide an ideal testing panel platform.

2. To predict lethal arrhythmia evaluating the temporal fluctuation of ion channels kinetics and evaluating
spatial cell-to-cell conduction using the on-chip cell network (Kaneko et al., 2014).

2.10 Hepatotoxicity

The liver exhibits diverse functions ranging from glycogen storage to the decomposition of heme from dead
red blood cells. Of note, it also plays an essential role in clearing xenobiotics from the bloodstream, and
therefore is highly susceptible to various types of toxic injury, which in some cases and through repeated
exposure can lead to malignant transformation (Szkolnicka et al., 2013). Because the liver plays a major role
in metabolism, mutations, or polymorphisms that affect metabolic activity can have profound effects on liver
function and therefore susceptibility to injury (Szkolnicka et al., 2013). Drug safety is one of the primary
concerns in drug development and liver toxicity is among the top organs for adverse drug reactions. In fact,
drug-induced liver injury has been associated with over a third of acute liver failures in the United States and
more than 1000 drugs are considered potentially toxic to the liver (Stine and Lewis, 2011). Indeed drug-
induced liver injury is one of the major causes of drug candidate failure in preclinical and clinical testing
(Corsini et al., 2012) and is also the most frequently cited reason for removal of approved drugs (Lee, 2003).
While in vivo animal studies remain the standard for toxicity testing, they are time consuming and expensive,
and more importantly, are rather poor predictors of human toxicity (Hartung and Daston, 2009). A number of
in vitro models have been established for hepatotoxicity testing (Soldatow et al., 2013). For example,
precision-cut liver slices (Elferink et al., 2011) contain all cell types of the liver in their natural architecture
and have xenobiotic metabolism capacity. This model, however, is arguably not well suited for high-throughput
studies. Immortalized cell lines, such as HepG2, and more recently HepaRG, are also widely employed
(Gémez-Lechon et al., 2010). Cultures of primary (e.g., freshly isolated or cryopreserved) human, rodent, or
canine hepatocytes have also been widely used for in vitro testing (Rodrigues et al., 2013). However, high
inter-individual variability, limited availability, high cost, changes in cell morphology, and rapid de-differen-
tiation of the hepatocyte phenotype in culture, particularly in the loss of cytochrome P450 (CYP) enzyme
expression, are significant limitations. Human induced pluripotent stem cell (iPSC)-derived hepatocytes
show great promise with respect to having a primary tissue-like phenotype, consistent and unlimited availa-
bility, and the potential to establish genotype-specific cells from different individuals (Anson et al., 2011).
Therefore, there is still a clear need to improve current hepatocyte models, and to adopt new advances in
experimental techniques to develop new models that will enable better prediction and understanding of the
mechanisms causing drug-induced liver injury. With the rapidly advancing technology in stem cell research,
it is envisioned that progress will be made in bridging this gap in toxicology research through the utilization
of human embryonic stem cells (hESCs). Directed differentiation of hESCs to somatic cells with mature
phenotypes in the laboratory could potentially provide a readily available source of metabolically competent
cells such as mature hepatocytes with comparable functional status to freshly isolated hepatocytes for use in
safety pharmacology and toxicology applications (Greenhough and Hay, 2012; Harris et al., 2013; Medine
et al., 2013). More recently, pluripotent stem cells (PSCs) have been produced by the reprogramming of
mature somatic cells, and are termed induced pluripotent stem cells (iPSCs) (Takahashi et al., 2007; Takahashi
and Yamanaka, 2006). This approach negates the controversies surrounding the use of embryonic tissue and
potentially allows for in vitro modelling of normal and variant phenotypes for safety pharmacology and
toxicology evaluations. As a result, iPSC-derived cell models are being adopted by the pharmaceutical industry
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for preclinical toxicity studies (Kia et al., 2013; Rana et al., 2012; Reynolds et al., 2012). To realize the full
potential of iPSC-derived cell models, it is necessary to develop predictive in vitro assays that can be per-
formed in a high-throughput manner. Many different groups have attempted to ameliorate the differentiation
of hESCs to HLCs (human liver cells) in vitro by mimicking the developmental pathway of the liver during
embryogenesis. The aim is to derive mature hepatocytes from pluripotent hESCs using differentiation proto-
cols encompassing the three main stages of hepatic development: definitive endoderm differentiation, hepat-
ocyte progenitor specification, and hepatocyte maturation. To date, however, the perfect differentiation
protocol has remained elusive. This is also compounded by the fact that currently there is no standardization
of the methods used to characterize these HLCs and in assessing their differentiation potential. Comparisons
between the various differentiation protocols could then be addressed, with the aim of developing one that is
efficient, reproducible, and sufficiently robust for drug safety and toxicology screening. Human embryonic
stem cells (hESCs) and induced PSCs (hiPSCs) may provide new opportunities for improving cell-based
models owing to their renewable nature, plasticity, and isolation from a known genetic background. Although
there are advantages in using hiPSCs compared with using hESCs as a starting cell source for differentiation
into HLCs (Table 2.1), there are still limitations in efficient generation of hiPSCs. A new technique with the
hope to improve the reprogramming efficiency works by the expression of defined microRNAs (miRNAs) to
induce pluripotency in mature human somatic cells (Anokye-Danso et al., 2011). miRNAs play important
post transcriptional regulatory roles in cellular and developmental events, they act as principal regulators by
binding to a specific sequence motif of a target messenger RNA to induce their degradation or translational
repression (Hobert, 2008). The use of specific miRNA clusters has been shown to induce pluripotency in
human fibroblasts with a two order of magnitude increase in efficiency when compared with “classical” tran-
scription factor-based cellular reprogramming (Anokye-Danso et al., 2011; Lin et al., 2011). Whilst these
results demonstrated huge improvements in reprogramming efficiency and may allow for high throughput
generation of hiPSCs, this technique still uses viral vectors for delivery of the miRNA cluster.

Table 2.1 Advantage and Disadvantages for the use of hPS cells

Advantages Disadvantages

hESC-derived  » More knowledge on the functional characteristics ¢ Limited genotypic variation with

hepatocyte- of hESC-derived HLCs multi-stage differentiation all the available hESC lines.
like cells protocols developed. * Aviable human embryo is required
(HLCs) and destroyed. The use of hESCs is

subjected to ethical debate.
e Limited number of cells isolated
from each embryo.

hiPSC-derived ® Possible in vitro model of drug-induced liver * Low reprogramming efficiency to
hepatocyte- injury for mechanistic studies. hiPSCs from parental somatic cells.
like cells ¢ Somatic cells are more readily available. Human e Concerns with regards to the
(HLCs) embryos not required. impact of genomic insertions from
e iPSC can be propagated indefinitely in vitro viral vectors used in the majority of
providing a renewable source of cells. methods for reprogramming
* Potential to encapsulate the phenotypic variation parental cells.
of phase | and Il enzymes present in the ¢ iPSC may acquire genetic mutations
population by establishing a library of HLCs during reprograming or in vitro
derived from different individuals representing culture.

the global and ethnic genotypic variation.
* Prospective application in robust high throughput
screening for drug-induced liver injury.
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Finally, it is now possible to produce functional HLC’s from the desired human genotype. This holds great
promise for modern medicine, not least the detection of human drug toxicity. The next step in the develop-
ment of stem cell-derived toxicity assays will require an extensive validation period of retrospective studies.
Drugs that have failed in animal studies or clinical trials as a result of safety issues will need to be screened
with any new technologies developed, to establish whether toxicity could have been detected earlier on in the
drug development pipeline using stem cell-derived HLCs. Taken alongside current approaches, stem cell-
derived toxicity assays have the potential to improve the robustness of the drug development process and
reduce the occurrence of late-stage attrition.

2.11 Epigenetic Profile

Susceptibility to disease in adulthood is associated with environmental factors during early development, and
differential nutritional and occupational exposure. iPSC and SC can be used to study how the epigenetic
profile may change during early development in response to environmental factors.

First, two concepts in the epigenetic profile have to be defined: (1) epigenetics and (2) toxicogenomics.

1. Epigenetics refers to the induction of stable changes in gene expression and chromatin organization
that are independent of changes in the DNA sequence and can propagate through cell division
(Herceg et al., 2013).

2. Toxigenomics refers to the molecular mechanisms that underlie adverse responses to a toxic agent, and
measures the modifications in transcription levels of certain messenger RNA (mRNA). Such changes in
transcript levels could lead to a modification in protein expression, and consequently the down- or upregulation
of relevant pathways, which may interfere with normal cellular metabolism (Thomson et al., 2014).

Environmental factors can affect the epigenetic profile in primarily two ways: by changing the methylation
pattern in the DNA, and/or by affecting the covalent binding of histone tails in the genomic DNA. Additionally,
recent evidence has shown changes in microRNA expression may also affect the epigenetic profile. When this
occurs in the embryo or fetus, these effects can lead to the development of disease in adulthood. Thus, under-
standing how the regulatory machinery in early development is affected by exposure to drugs, environmental
pollutants, or chemical and biological stressors is essential for understanding adulthood disease (Thomson
etal., 2014).

Residence adult stem cells in each tissue rely on specific transcription and epigenetic factors charged to
maintain their own particular state of differentiation (Chen et al., 2012) and stem cells play an important role
in regenerative process after tissue-damaging events as well (Iglesias-Bartolome and Gutkind, 2011).
Exposure to chemicals may lead to changes in the epigenetic profile that may affect the capacity of self-
renewal, differentiation, senescence, and homeostasis from the resident cells. Those changes could affect to
the regenerative capacity of the tissue. Thus, the use of SCs or iPSCs as toxicological tools could obtain
information about how changes in the epigenetic profile might affect homeostasis self-renewal, differentia-
tion, and tissue senescence that could lead to disease development later on.

As was discussed previously, the stem cell population is particularly useful to assess processes such as cell
self-renewal, differentiation, and tissue senescence (Gifford et al., 2013; Hemberger et al., 2009; Paige et al.;
Raveh-Amit et al., 2013; Xie et al., 2014). Each of these processes contributes to the regenerative capacity of
some tissues. Additionally, resident adult stem cells in each tissue rely on specific transcription, epigenetic
factors and their epigenetic landscape to maintain their own particular state of differentiation (Boland et al.,
2014; Chen et al., 2012). In addition, Iglesias-Bartolome and Gutkind found that stem cells play an important
role in tissue homeostasis, during the regenerative process after tissue-damaging events (Iglesias-Bartolome
and Gutkind, 2011).
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Although the modulation of epigenetic targets on adult stem cell function can be modeled in vitro, at the
moment it is not fully described and it is not feasible to develop assays that would comprehensively cover
multiple adult tissues. Therefore, a more general screen based on human (or other animal models) embryonic
or induced pluripotent stem cells (hESC/hiPSC) may serve as a surrogate for adult progenitor stem cells.

In conclusion, the use of iPSC or SC in the future could elucidate epigenetic profiles in individuals prior to
the appearance of disease. Studying the patterns in the epigenetic profile of patients may allow for assessing
their potential for future pathologies. Therefore, SC and iPSC could prove to be an effective tool for prophylaxis
in the future, and hold tremendous potential for individualized health care.

2.12 Use of SC and iPSC in Drug Safety

Regenerative medicine is an important and growing field of research, which deals with replacing, engineering
or re-generating tissues or organs using human cells in order to restore their normal function. A variant, which
has been particularly fruitful, is tissue engineering, which refers to the use of organ-specific cells for seeding
a scaffold ex vivo to treat disease.

In the last few years, stem cells and iPSCs have gained importance in regenerative medicine. Currently,
various clinical trials make use of stem cell injection and report an improvement in the quality of life of
patients, suggesting stem cell treatment is a new viable alternative to cure diseases. In particular, diseases
such as heart stroke, diabetes mellitus type II, hematological deficiencies, and other malignancies, are cur-
rently being tested in clinical trials using a variety of stem populations, including embryonic (totipotent or
pluripotent stem cells), mesenchymal or hematopoietic stem cells, or even these cells in combination.
Although stem cells and iPSCs applicability is mainly in regenerative medicine, this is not their sole
application.

Special attention has been directed to embryonic stem cells (ESCs) and induced pluripotent stem cells
(iPSC’s) and their applications. For example, ESCs and iPSCs have been proposed for assessing developmen-
tal toxicology, as well as an in vitro model for cardio- and hepatotoxicology assays. Other fields including
medicine, pharmacology, tissue engineering, toxicology, and pharmaco-vigilance, could particularly benefit
from the use of these stem cells (Wobus and Loser, 2011).

2.12.1 Potential Benefits of Stem Cell Use in Other Areas

Before much more progress is achieved, it is necessary to first develop new methods and strategies for stem
cells culture and differentiation and manipulation in respect to their regulatory base. These new strategies and
improvements should minimize the number of animals used, in time required for, and other costs associated
with evaluating drugs, which are important limitations to the industry.

2.12.2 Methodologies

The use of stem cells may improve the methodologies used to evaluate and ensure biosafety. In veteri-
nary medicine, for example, food ingredients may have differential effects across different species.
Therefore, species-specific cell lines are required to evaluate their toxicological effects. For example,
the evaluation of the biosafety of canine products is limited due to the absence of dog cell lines in the
market. Consequently, mixture or drugs administered in veterinary medicine have to be assessed using
alternative nonspecific cell lines. Thus, to improve in vitro screening, the use of canine bone marrow-
derived mesenchymal stem cells (BMSC), could provide better information on canine ingredient safety
(Ortega et al., 2015).
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2.12.3 Economic Benefits of Stem Cell Use

The use of animals is essential to ensuring product safety. Manufacturers of drugs, vaccines, food additives,
chemicals, water, air pollutants are studies, typically required to prove the safety of their products on animals.
However, the relatively high costs and labor-intensive nature of drug discovery using rodent or other superior
animals limits their usefulness as test organisms. Also, because experimentation requires a large number of
animals, it can be quite costly.

Standardized protocols using iPSC or SC could reduce the number of animals required in experimentation
and the time frame of drug discovery. These cells have therefore emerged as a powerful system for small
molecules and for novel biological and therapeutic discoveries.

Finally, several animal models, focusing on different diseases have reported therapeutic effects of human
ESC- and iPSC-derived progeny, (Keirstead et al., 2005; Laflamme et al., 2007; Lamba et al., 2009; Yang
et al., 2008a, 2008b). These features together suggest that iPSC or SC are an excellent and emerging alternative
for drug safety and risk assessment, to be applied in pharmacotoxicology, drug assessment, and biosafety.

2.13 Conclusions and Future Applications

There are optimistic expectations related to stem and iPSC applications in modern medicine, toxicology, and
other areas. Strong efforts are being undertaken by pharmaceutical companies, universities, and government
laboratories to uncover knowledge of iPSCs or SCs related to morphology, genetics, and physiology, to per-
form better toxicological assays to evaluate risk assessments and consequently significantly reduce time,
animal use, and costs. SCs or iPSCs could increase safety studies and potentially could ensure human safety
fulfilling regulatory requirements. In this regard, the concept of personalized medicine on stem cells isolated
from patients for therapeutic reasons is particularly attractive. However, SC and iPSC applications are not
limited to personalized medicine. The study of biosafety using specific stem cells or reprogrammed cells in
industry, to evaluate pharmacodynamics and pharmacokinetic parameters, could bring important new data,
and as noted previously, a reduction in the use of animals, a reduction in costs, and a considerable reduction
in study time. Moreover, the inconsistent results derived from animal models related to physiology can be
ameliorated with SCs or iPSCs as well. Thus, the extended knowledge of iPSC or SC can yield new data to
ensure a safer and accurate study, changing modern toxicology and medicine, improving biosafety, and
revolutionizing personalized medicine for those diseases difficult to treat by conventional means.
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3.1 Introduction

The field of science that evaluates the influence of external substances on living organisms is ‘Toxicology’.
From the 1950s, animals were used as experiments to predict the toxic levels of drugs and chemicals.
Estimation of ocular toxicity, dermal toxicity, oral toxicity, immunotoxicity, genotoxicity, reproductive and
developmental toxicity were done using animal models [1]. However, it was difficult to analyse the results
from animal models and relate them to human systems. Additionally, the overwhelming dependency of
pharmaceutical and biotech companies on safety screening has caused disastrous losses to companies, due to
which the attrition rate of drugs into clinics still remains 40-50% [2]. Thus, there is immediate need for
improvement in the toxicological assays to enhance the predictiveness of toxicity prior to animal testing.
The Ames test was the first in vitro toxicology screening test to be designed and implemented. Additionally,
acute cytotoxicity, chromosomal aberration and micronucleus test were designed and executed [3, 4].
However, these assays were low and inferior for long term as well as large scale screening.

Large scale screening of drugs and chemicals has been carried out by High Throughput Screening (HTS)
assays, which were designed for screening genotoxicity, molecular toxicity, cellular metabolic activation
processes, cytochrome P450 competition, embryotoxicity and endocrine disruption [5]. However, standardi-
zation, validation and recommendation from toxicologists was still a challenging task. Registration,
Evaluation, Authorization and restriction of chemicals (REACH), a European community on regulation for
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safe use of drugs and chemicals was established, which demanded HTS assays help to classify the compounds
based on the toxicity levels before entering animal testing [6—8]. Several strategies were implemented to
measure the extent of toxicity at genome level by screening toxicity at nucleotide level, chromosomal level
and nucleus levels [9]. Major strategies focused on the sources of cells that can represent human physiologi-
cal conditions. In vitro testing platforms have been improvised for reducing and replacing the animal usage
[10]. Primary cells and immortalized cells are used for testing and screening of chemicals and drugs. However,
due to the irrelevance/lack of sufficient cell numbers and loss in functional property in long term experiments
have demanded an alternative cell source for toxicity studies and HTS [1]. Stem cells with potential features
have gained increasing scientific interest in biomedical industries. The undifferentiated state and self-renewal
properties have allowed stem cell approaches in regenerative medicine to investigate an array of diseases.
Predictive toxicology as well as drug discovery programs and other platforms that rely on differentiation
capacity of stem cells to develop into 3D engineered tissue equivalents for toxicity assessment are also
representing the new horizon of alternative models replacing animal models in testing and screening of drugs
[11, 12]. In this chapter, we focus on the importance of stem cells in HTS assays for evaluation of toxicity and
testing of chemicals/drugs for safety and efficacy.

3.2 Stem Cells

Stem cells show the remarkable property of self-renewal and the capability to divide an unlimited number of
times as well as differentiate into various cell types. A stem cell upon division has the potential to become
either a stem cell or a progenitor of any specific cell type. Stem cell renewal is a regular process in some
organs like gut and bone marrow, which helps to replenish the old worn out cells; on the other hand, stem cells
can divide under specific conditions in organs like the heart, pancreas and so on. Stem cells can be considered
as the cell reservoir system to repair, regenerate and replace the damaged tissue/organ of the body tissues/
organs [13]. Stem cells reflect the potential immune response against diseases, repair system, cell therapy and
tissue regeneration; these salient features have meant that stem cells gained a major frontier in the scientific
world of biology and medicine.

Stem cells have been classified into many cell types that differ in the degree of differentiation and self-
renewal ability. Gametes (eggs and sperms) are stem cells that are able to transform themselves into a whole
body consisting tissues after fertilizing. Stem cells derived from blastocyst stage of embryo development are
called embryonic stem cells, which show the ability to differentiate in to any cell types. Adult stem cells are
found in tissues or organs and have partial differentiation ability. Based on their degree of plasticity, versatil-
ity and tissue origin, stem cells have been classified into diverse specialized cell types. A brief description of
stem cell diversity and classification has been listed in Table 3.1. The advent of technology and applications
of stem cells in medical fields such as cancer, leukaemia and blood/bone cancer has showed promising
success. Thus, stem cells are proving to be the most potential, multi-purpose and cost effective cell source
among those existing.

3.2.1 Embryonic Stem Cells (ESCs)

In 1981, culturing of mouse embryos in uterus and isolation of embryonic stem cells from embryos was
demonstrated for the first time [14]. In the same year, in vitro culturing of embryos and embryonic stem cell
isolation from the blastula stage of embryos was performed [15]. In the late 1990s, James Thomson and team
reported the first successful isolation and propagation of human embryonic stem cells (ESCs) under in vitro
conditions [16]. Mammalian embryos have 50-200 cells during the blastocyst stage, 45 days after fertiliza-
tion in humans. Inner cell mass of blastocyst consists of ESCs, from where they are isolated and cultured for
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Table 3.1 A brief description of various stem cells is discussed

Cell Type Characteristics

Embryonic stem Pluripotent in nature. Derived during the early embryo stage from inner cell mass of

cells blastocyst.

Adult stem cells Stem cells found from the specific tissue/organ type, e.g. epidermal stem cells (skin),
neural stem cells (brain), etc.

Cancer stem cells Found at cancer/tumour site with abnormal dividing capacity.

Induced pluripotent Somatic cells that are synthetically stimulated to ‘induce’ pluripotency.

stem cells

Totipotent cells Cells having ability to give rise to all cell types of an organism and develop into
functional organism.

Pluripotent cells Cells that can give rise to all tissues/organs but not able to form whole organism.

Multipotent cells Cells that can give rise to only limited number of cell types, e.g. hematopoietic stem cells.

Unipotent cells Precursor cells.

further propagation. Embryonic stem cells (ESCs) show remarkable properties such as the ability to differentiate
into all cell types of three germ layers, capable of self-renewing for an unlimited number of times, under
defined media conditions [17].

Identification of several proteins have marked the ‘stemness’ phenotype of ESCs through expression of
specific genes such as Nanog, Oct4, Alkaline Phosphatase/ALPL, E-cadherin, SOX2, SSEA-1, TRA-1-60
and many others have been used for evidencing the pluripotency stage of ESCs. Landmark genes are useful
in designing protocols of ESC-differentiation into specific cell types. Thus ESCs under in vitro conditions can
offer access to unlimited cell source for differentiation protocols. ESCs could be used for regenerative medi-
cine, studying genetic disease, signalling pathways and also for in vitro toxicology studies [18]. Discovery of
human ESCs took the lead in understanding human embryology and also in differentiation of multipotent
progenitors for neural, cardiovascular and hematopoietic lineages, as well as for differentiation protocols of
various cell types for efficient generation of cardiomyocytes, dopamine neurons, immature pancreatic [3-cells
and so on [19]. Although, ESCs show up the advantageous features, it is challenging to standardize and opti-
mize efficient differentiation protocols to conserve functional features on the in vitro and pre-clinical levels.
For example, designed protocols should not only focus on efficiency but also on regulation of functional
features too, namely albumin secretion, indocyanine green uptake and release, glycogen storage and p450
metabolism [20]. However, due to difficulty in controlling the efficiency of a cell’s function and ethical
concerns, implementation of human ESCs and human ESC-derived cells are still in the early stages of reaching
clinics for human use.

The first step towards human ESC applications for human use was recently updated by Food and Drug
Administration (FDA). The FDA approved the world’s first application of human ESCs in human clinical
trials and this represents an exponential development in technology for improving human life, Phase I clinical
trials for spinal-cord treatment were done for transplanting oligodendrocytes derived from human ESCs [21].
Along with the rapid development of biomedical application of ESCs, ethical concerns and safety concerns
are issues to be worried about. More importantly, side effects of ESCs in their possibility of forming tumours,
such as teratoma [15]. Strategy to enhance the safe application of ESCs in clinical trials is to use the differ-
entiated ESCs in to specific progenies, additional precautions should be taken by (Fluorescence Assisted
Cell Sorting) FACS sorting the cells for further purification. ESCs are inherently much safer than induced
pluripotent stem cells (iPSCs), since ESCs are not induced at gene level to modify genes such as c-Myc,
which is linked to cancer [22]. However, strategies have been implemented to improve the safe elimination of
Myc expression and to retain the ‘stemness’.
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During the early 1990s, scientists commenced research on ESCs for in vitro toxicity prediction [23].
European Centre for Validation of Alternative Methods (ECVAM) has developed advanced versions of in
vitro toxicity tests for evaluation of sensitization, photo-toxicity and embryo-toxicity [24, 25]. Strategies
were implemented to consider ESCs for toxicity studies. Stem Cell Research & Toxicology (SCR & TOX), a
European consortium, aimed to make use of human ESCs to establish assays for screening toxicity of materi-
als, pharmaceuticals and cosmetics [26, 27]. ECVAM validated the Embryo-toxicity Stem cell Test (EST) for
predicting embryo toxic compounds. The significance of EST was confirmed with screening and categoriza-
tion of certain chemicals based on their extent of toxicity as well as in vivo consequences on animal and/or
humans [28]. Since then, EST has been considered as the standard test for embryo-toxicity assessment
[29, 30]. Additionally, ESCs have proven to be useful in the field of dental science in creating the awareness
of toxic effects stimulated by dental/oral materials [31]. Various reports have been documented highlighting
the importance of human ESC-derived cells as an alternative platform for toxicology screening.

3.2.2 Foetal Stem Cells

Primitive cell types are found in the organs of foetus and called foetal stem cells. Foetal blood, bone marrow
and foetal tissues has abundant number of foetal stem cells. Hematopoietic stem cells are one among the
foetal stem cells found in the placenta and umbilical cord. Additionally, liver, kidney, neural stem cells and
pancreatic islets progenitors can be also isolated from foetal tissues/organs [32]. Hematopoietic stem cells
have shown to be an effective treatment in blood diseases such as leukaemia, anaemia and various applications
in biomedical research. However, for long term investigations, storage of foetal stem cells was challenging
until advancements in storing and banking cells was implemented by cryopreservation. Cryopreserved cells
can be utilized for further studies for liver toxicity, developmental toxicity, leukaemia, anaemia and other
medical applications in the future [33]. Foetal stem cells have been used as a platform for studying and under-
standing most devastating diseases. Foetal stem cells have shown promising source also for investigating
developmental toxicity. Foetal stem cells are more studied in female populations, since toxicity can hinder
female reproduction and foetal development, thus deserves special attention [34, 35]. In addition to this, toxic
effects on foetal stem cells might hamper development, organogenesis, morphology, foetal reproductive func-
tion and impairment in the foetus. However, investigations on toxic effects on foetal stem cells carried out on
different animal models should be conducted for multiple generations to confirm the genotoxic levels. Since
it is unrealistic to rely on animal models due to differences in endocrine systems of human and animals,
results gained from such investigations are unacceptable for human studies [36-38]. Implementation of foetal
stem cells for toxicity studies and drug discovery projects as well as to scale up via high throughput screening
will be an efficient approach to commercialize technology.

3.2.3 Adult Stem Cells

Adult stem cells are isolated from mature tissues/organs. Adult stem cells are undifferentiated cells found all
over the body, which helps in maintaining tissue homeostasis by regenerating and replacing damaged cells/
tissues. Adult stem cells are self-renewing and multipotent in nature. Adult stem cells undergo symmetric
division (gives to identical daughter stem cells) and asymmetric division (gives to one stem cell and other
progenitor cell with limited self-renewal capability). During differentiation, adult stem cells undergo various
signalling pathways, such as notch pathway, Sonic HedgeHog signalling and Wnt pathways [39]. Development
stage of adult stem cells restricts their potential in comparison to embryonic and foetal stem cells [40]. Adult
stem cells are lineage restricted and tissue-oriented cells, such as adipose-derived stem cells, bone marrow
stem cells, neural stem cells and so on. Adult stem cells show vital roles in the tissue repair and regeneration
of their respective loci [41]. However, isolation of adult stem cells doesn’t involve destruction of the embryo
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as ESCs do. Thus, implementing an adult stem cell is not as controversial as embryonic stem cells. Adult stem
cells can also be isolated from recipient (autograft) to overcome tissue rejection issues.

Bone marrow stem cells (BMSCs), hepatic stem cells, cardiac stem cells as well as skin stem cells are the
most frequently used adult stem cells for toxicity studies and drug discovery. Two precursor cell populations
are found in adult BMSCs, hematopoietic stem cells (HSCs) and marrow stromal cells (MSCs) [42].
Multipotent HSCs are found in circulating blood and umbilical cord blood (UCB) and regulate the production
of blood cells throughout life. MSCs are also multipotent in nature. MSCs can be isolated from adipose tis-
sue, placenta and amniotic fluid. MSCs have potential to differentiate themselves into osteocytes, adipocytes,
chondrocytes, smooth muscle cells and hematopoietic supportive stroma [43]. Human HSCs have been char-
acterized with staining of Lin, CD34, CD38, CD43, CD45RO, CD45RA, CD90 and many more antibodies
[44]. In addition to surface markers, metabolic markers such as rhodamine123, Haoechst3342, Pyronin-Y
have been used to screen HSCs. For MSC characterization, CD106, CD105, CD73, CD29, CD44 are com-
monly used [45]. BMSCs have issues with clinical applications since there is the concern about transplanta-
tion due to immune rejection. However, chemotherapy and radiation therapy have overcome the existing
clinical problems of transplantation of bone marrow and peripheral blood stem cell transplantations. Novel
and promising technologies of tissue engineering, regenerative medicine and cell therapy are implementing
the application of isolated HSCs and MSCs. The growing field of molecular medicine has highlighted impor-
tant need and application of cell sources/bio-specimens that simulate the human in vivo niche and provide an
efficient platform for researchers to make predictive assessments of new compounds for safety and efficacy
[46, 47]. In the scenario of drug induced toxicity, bone marrow is the prime target to be affected. Thus, bone
marrow and its derived cells have become an important tool to contribute for toxicity predictive platforms in
the field toxicology and drug discovery [48, 49]. However, the traumatic procedure of BM extraction and
limited amount of cells brings up challenges and allows us to explore other cell sources as well as isolation
procedures.

3.2.4 Adult Stem Cells in Other Tissues

Adult stem cells are known to be present in the mammalian tissues of adult bodies and play a role in the repair
and regeneration of tissues. Loss of functional efficiency of adult stem cells highlights ageing [50]. Adult
stem cells that are known for their vital functions have been discussed. Neural Stem Cells are one of the most
sensitive cells of the body. Neural stem cells vary from species to species in representing the development
pattern of brain. Development of mammalian brain highlights seven major areas: olfactory bulb, ependymal
(ventricular) zone of lateral ventricles, sub-ventricular zone, hippocampus, spinal cord, cerebellum and cer-
ebral cortex. During normal development of the brain, along with proliferation and differentiation of neural
stem cells, even genetically programmed events also hold responsible reasons. Neural stem cells have been
proved to be a potential platform for studying developmental neurotoxicity as well as for investigating long
lasting neuronal impairments [S1-53]. In addition, the previously mentioned adult stem cells, there are some
challenging tasks to distinguish between adult and embryonic category, cells such as endothelial progenitor
cells that cover the inner lining of blood vessels have proved to be originated from the hemangioblasts of the
mesoderm. The process of blood vessel formation in an embryo is called vasculogenesis. However, in adults,
the process of blood vessel formation from pre-existing blood vessels is termed angiogenesis [54]. Endothelial
cells have proven to be an acceptable and reliable model for tumour modelling, drug screening, anti-angiogeneic
studies and drug discovery applications.

Biomedical and tissue engineering research have gained high levels of interest in studying regeneration
capabilities of adult hepatocytes, liver progenitors and stem cells. During liver tissue homeostasis, adult
hepatocytes undergo a reduced rate of cell division through which matured hepatic cells go through the cell
cycle as well as regaining damaged tissue [55, 56]. There is potential to use isolated adult hepatocytes for
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suitable treatment of liver diseases in both animal and human livers. Liver transplantation is one of major
solutions of critical hepatic diseases. Liver replacement treatments are generally restricted by number of
donors, immune reactions and tissue/organ rejection [57]. Hepatic stem cells have been shown to play an
important role in understanding the liver development, regeneration, investigation of liver toxicity and also
aiming towards reliable transplantation. Various in vitro systems have been developed to investigate the
adverse effects of drugs and chemicals on liver. Extensive use of liver slices, perfused liver setup, immortal-
ized cell lines and primary cells are involved in existing platforms [58]. However, due to several limitations,
an alternative source of hepatic cells is needed for predicting toxicity. Advancements in the field of in vitro
hepatotoxicity, including three-dimensional tissue engineered equivalents, artificial livers, co-cultures sys-
tems and differentiation protocols of stem cells into hepatic lineage-like cells, have attempted to provide a
more physiological environment for cultured liver cells by incorporating fluid flow, micro-circulation and
other forms of organotypic microenvironments [59]. Stem cells, both embryonic- and adult tissue-derived,
may provide a limitless supply of hepatocytes to improve reproducibility and enable testing of the patient-
specific toxicity [60]. In addition, an unlimited source of stem cells provides a platform to scale up the
technology via high throughput screening for drug testing and discovery applications.

Due to excessive use of animal models by research institutes, academies have created awareness to
reduce animal usage and simultaneously encourage alternative research tools that can solve biological
equations in a far more promising way. Stem cell technologies are one among the alternative approaches.
Salient features of stem cells provide platforms to generate different cell types and opens doors to design-
ing possible stem cell-based platforms, protocols for large scale productions, high throughput screening
and mass production.

3.3 High Throughput Screening (HTS)

In the last two decades, High-Throughput Screening (HTS) has obtained popularity in teh drug discovery
field. HTS is an approach to scaling up the screening process of drug discovery, drug testing, toxicity screen-
ing of libraries of chemicals and drugs. HTS includes various steps like identification of targets, reagent
preparation, compound development, assay development and high-throughput screening [61]. HTS has
gained popularity not only in industry but also in academic research institutes. Productivity challenges faced
by drug discovery industries have created financial pressures, a rise in the ratio of cost to commercialization,
short-term profits and negative effects on the scientific field; the post-genome era heralded a significant
increase in therapeutic interests for screening small molecules. Along with these, regulatory authorities have
made strict regulations for the safety of drugs and pharmaceuticals, which led to an increase in substantial
stress in research and development of pharmaceutical industries. Additionally, drug discovery strategies rely
on mass screening the libraries of biochemical and biomedical drugs against various extra and intra-cellular
molecular targets to match the desired functionality of compounds [62]. These enormous amount of evidence
highlights the potential advantages and importance of HTS in toxicology and drug discovery. Over the last
two decades, the concept of combinatorial and multi-parallel chemical synthesis, automation techniques for
the isolation of natural products and availability of large compound libraries have diversified the compound
collections of biomedical and pharmaceutical companies [63, 64]. In parallel, human genome sequencing, as
well as sequencing the genomes of various pathogens such as viruses, bacteria and microbes showing the
potential impact of high-throughput screening in understanding molecular functions to pursue drug discov-
ery, has come into existence [65]. There has been a transformation of screening procedures from using test
tubes and cuvettes for measuring high-density, low-volume assay and screening assays. This transformation
has showed rapid changes in screening, identification and validation of biomolecular as well as biochemical
targets [66]. HTS has provided increased reliability and reduced personnel workload with great facilitation of
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data analysis tools and standardizing assays, thus making biomolecular and biochemical screening faster and
more efficient than before. HTS has become a rapidly growing field by rewarding the great demands in pro-
ductivity of drug discovery and development with highly efficient quality drugs. HTS gains new opportuni-
ties for the biomedical field in predictive toxicology and drug discovery [67]. During the early and mid-1990s,
the evolution of HTS advancement showed the importance of microplates with 96 wells per plate that became
the standard plate format being used for chemical and drug screening in major pharmaceutical and biotech
companies. However, over the past decade there was need for improvement in plate format to scale up screen-
ing procedures and to meet the rate of production of drugs. Introduction of microplates with 384 wells per
plate can accommodate four times more samples than 96-well microplates, thus reducing working volume
range [68]. For all the major assays based on cell biology, biochemical aspects were adapted using the 384-
well microplate without any compensation made by the results [69]. Several companies were able to minia-
turize and inculcated 1536- and 3456-well microplates. Irrespective of variations in results, these plate
formats face hurdles in managing minute working areas and volume, thus high expertise is needed [70].
Scaling up features as well as the cost effective approach of HTS show numerous applications in toxicology,
drug discovery, predictive biology and pharmaceutical industries.

3.3.1 Current Strategies and Types of High Throughput Screening

Emerging trends of miniaturization and automation in bioanalytical techniques have gained demand in the
pharmaceutical industries as well as in academic research institutes. Reducing the costs with increase in the
ease of handling with minimal space consumption is the advantageous part. The process of automation in
HTS done with multiple layered computers, several operating systems, a central robot and a scheduling soft-
ware. The central robot helps to pick and place the microplates around the platform. Runtime varies from
assay type during which plates are processed. Around 400-1000 microplates can be processed during a
scheduled runtime. Loading of reagents in microplates and transfer of microplates to processor can be regu-
lated by robotic programs. Thus, robotic pick and processing of microplates allows a one-step assay for
screening library of chemicals and drugs [71]. However, it should be noted there has been a significant
decrease in readout timings, actual screening process and large degree of automation as well as fast readout
technologies that have compensated with overall turnaround time of the project. Thus, validation, standardi-
zation, development, implementation, adaptation, data analysis and interpretation as well as follow up of
secondary assays have become major time consuming steps. Additionally, HTS efforts have direct and indirect
effects on costs of screening programs since instruments, reagents and other consumables are needed for
shorter and longer time periods. The major cost driver for screening is not only technical instruments, even
typical reagents like biological test samples, antibodies, proteins, cells substrates and so on, as well as con-
sumables such as tips, microplates, vials and so on are also valid reasons for increasing cost. Very sensitive
assays, expensive assays, assays with highly readout technologies (e.g. time-resolved fluorescence resonance
energy transfer [TR-FRET]) can be uneconomical in terms of cost effective assays [69]. The quality of pro-
cess is also an important criterion to be considered for drug discovery using HTS technology. Screening of
large data sets should be done properly, since only high statistical quality data sets can be approved for data
analysis. For appropriate statistically significant and reliable results, the number of false positives and num-
ber of false negatives should be considered. However, overall quality of assays should not only be expressed
due to statistical significance but also by the biochemical or biological sensitivity of a specific assay setup for
detecting compounds with inhibitors or weak affinity molecules [72, 73]. During optimization and stand-
ardization, one should consider the interdigitated link between time, cost and quality of HTS assays. HTS
assays are broadly categorized into two major assay types: in vitro bio-chemical assays and cell-based assays.
There is further classification of biochemical assays into molecular binding (affinity) and in vitro functional
assays (e.g. enzymatic reactions).
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3.3.2 InVitro Biochemical Assays

In advanced HTS, in vitro biochemical assays play a vital role in dealing with extensive targets against
various enzymes, receptors, ligands, proteins and so on. In vitro biochemical assays are also useful in under-
standing interactions between ligand-protein, protein-protein and receptor-protein. This approach of HTS
assays facilitates understanding molecular mechanisms, delineating metabolic pathways and signalling
mechanisms as well as various biological, biochemical and genetics studies that are involved in diseases
[74, 75]. Optimization of the approach offers the advantage of specific target-drug interactions and clear
structure-activity relationships (SAR). In drug discovery, molecular binding interactions to understand
biological processes and enzymatic events are the key elements of HTS assays. Various enzymes were being
implemented in therapeutic processes to read in HTS for miniaturizing the experiments using microplates and
automated screening of compounds and mutant enzymes [76].

3.3.2.1 Fluorescent Based Assays

Commonly used HTS detection methods are fluorescence based. Sensitive readouts provide homogenous
results even at each single molecule level and also allows us to miniaturize the process. Fluorescent based
detection involves methods such as fluorescent intensity (FI), FP, fluorescent resonance energy transfer
(FRET), TR-FRET and also single molecule detection techniques like fluorescence intensity lifetime and
fluorescent correlation spectroscopy (FCS) [77, 78]. Assays measure the change in intensity of fluorescence
using fluorogenic substrates/internally quenched substrates. Detection of fluorescence signal from enzymatic
reaction or quenching secretion helps in analysis of assays. Hydrolase detection assays such as protease
assays are the common types of assays in which fluorescent intensity is mainly used as detector [79].
Measurement of FRET is done based on the intensity of quenching donor fluorescence by an acceptor or by
emission of sensitive fluorescence of an acceptor. FRET assays helps in assessment of different types of
target such as proteases, kinases [80]. The principle of TR-FRET assays is similar to FRET assays, includ-
ing the basis of fluorescent resonance energy transfer between the donor and acceptor molecules. TR-FRET
assays have the advantage of long-term fluorescence properties and allows a relatively large barrier
compared to FRET moiety pairs for energy transfers [§1]. FRET and TR-FRET assays are widely used in
detecting cell metabolites [82]. Some assays are designed to determine molecular interactions in solution.
Based on the excitation of polarized light by the fluorescent molecules, the degree of emitted light retained
is directly proportional to molecule’s rotational relaxation time. In a solution, small molecules rotate faster
giving a lower polarization value whereas large molecules rotate slower and give higher polarization value.
Polarization and anisotropy are used for detecting molecular interactions. During binding or enzymatic
reactions, change in mass of fluorescent labelled molecules can be detected by fluorescence polarization
assays [83]. Various fluorescence based assays have been designed for screening applications, namely
fluorescent correlation spectroscopy [84], one- and two-dimensional Fluorescence Intensity Distribution
Analysis (FIDA) [85] and Fluorescence Micro-volume Assay Technology (FMAT) [86]. Additionally,
Luminex assays and Heterogeneous fluorescent assays have also been inculcated with HTS technology.
The principle of Luminex and Heterogeneous assays is based on the mechanisms of flow cytometry and
ELISA, respectively [87, 88].

3.3.2.2 Luminescence-Based Assays

Luminescence is highly sensitive and shows negligible background signals compared to fluorescence tech-
nologies. Luminescence includes bioluminescence, chemiluminescence and electrochemiluminescence.
Similar to TR-FRET assays, another versatile and nonseparation screening technology called the AlphaScreen
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Assay was developed based on the luminescence principle. More particularly, chemiluminescence of beads
is measured when a donor bead with photosensitizer absorbs light and converts oxygen to its singlet state at
680nm. Acceptor beads containing thioxene derivatives react with singlet oxygen to release chemlumines-
cence signals at 370 nm. Emission of light at 520-620nm was shown by excitation of fluorophores of the
beads. A significant feature placing AlphaScreen assays over the TR-FRET assay format is that the ampli-
fication capability of signals is huge and brings with it a more sensitive assay [89]. However, variations in
results is greater in AlphaScreen assays than TR-FRET assays. The AlphaScreen assay format can be used
for in vitro screening, binding, enzymatic assays, probe detection in cell lysates and also in specific pro-
teins [90]. Electrochemiluminescence (ECL) uses bead-based technology in which ruthenium acts as a
chelating agent that conjugates with an antibody for tracing the signals. Upon reacting with tripropylamine
(TPA) luminescence signals are emitted after applying low voltage. Alignment of beads is done by
magnetism; these assays are used only in HTS diagnostic bio-assays. Several luminescence based assays
are coming up with novel concepts including well known enzymes like horse peroxidase and ELISA
assays. Novel approaches have been implemented for advanced utilization of luminescence in biomedical
research. Some new assays like Caspase Glo, Kinase Glo for detection of ATP, cytochrome P450s have
been designed [91, 92].

3.3.2.3 Colorimetric and Chromogenic Assays

Colometric detection is less sensitive than the fluorimetric approach. Chromogenic assays are based on the
readout paths of light passed through a liquid sample, this mechanism is based on the Beer—Lambert Law.
Thus, miniaturization of this technique cannot be taken to a lower volume of liquid sample. Screening
artefacts were also encountered from Colometric assays, since coloured compounds present in the
compound libraries can interfere the detection efficiency and accuracy [93, 94]. For the detection of a vari-
ety of enzymatic reactions, coupled assays were designed. Coupled assays are based on the reactions of
enzymatic reactions with reactive chemicals or products or substrates of a particular reaction initiated by a
second enzyme. Coupled assays are advantageous in monitoring activity of enzyme libraries by using a
single and common analyte. HTS assays for in vitro analysis has increased the applications of enzyme
complementation [95, 96].

3.3.2.4 Mass Spectroscopy (MS) Based Detection Assays

Mass spectroscopy (MS) is new tool for detecting analytes. MS is usually combined with liquid chromatog-
raphy (LC) for developing a label free method for detecting analytes, substrates, products and so on. Analysing
the ratio of mass to charge (m/z) has provide to be a successful approach in HTS assays using MS/LC setups.
Screening of metabolic enzymes in large scale at industrial sites have been conducted. Efficiency was
improved by multiplexing the LC columns by running them in two parallel screens; meaning more com-
pounds in a short span of time. Over 6—8 weeks’ duration, nearly a million compounds can be screened using
the MS/LC approach in HTS [97, 98]. Thus, MS/LC in HTS shows a very reliable and promising platform
for large scale screening in near future.

3.3.2.5 Chromatography-Based Assays

Separation of bound and unbound molecules by use of the chromatography technique is one of simplest
methods to detect unbound ligands. This method was initially used for detecting small molecules bound to
serum albumin [99]. The chromatography approach has been improvised by including size exclusion chro-
matography (SEC) for large scale screening, which can be used for HTS to separate bound and unbound
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molecules from the pool of small molecules. Later, bound compounds were subjected to LC/MS for ana-
lysing based on their mass. The approach has been inculcated with SEC and automated to increase the
throughput process. Alternative to SEC, a new modified approach, size exclusion ultrafiltration, in which the
protein-ligand complex is trapped into the filters preventing it from flowing through, has implemented
[100]. However, the SEC method is more efficient in single sample processing than multiple parallel
sample processing.

3.3.2.6 Immobilization and Label-Free Detection Assays

Immobilization and label-free detection systems are the techniques for detection of a target that is either
bound with a specific antibody or for detecting the surface changes of an immobilized target. ELISA and
ELISA-based assays can be categorized into immobilized detection methods, in which there is requirement
of selectively labelled binding molecules like antibodies, oligonucleotides and so on for a desired protein
[101]. Among the many surface treated or surface modification detection systems, Surface Plasmon Resonance
(SPR) technology is one of the best change in surface detection system to understand interactions between
molecules with an immobilized target. In recent years, label-free, surface change detection and immobiliza-
tion systems have gained a demand in cell culture based assays, in vitro systems and also in HTS systems to
scale up and improve the efficiency of screening. With advancing technology, s few systems like Resonance
Acoustic Profiling (RAP) and Wave-length interrogated optical Sensing (WIOS) have come up. Strategies
like change in surface chemistry and size of ligands interacting to immobilized substrate have already been
implemented into a 384-wells plate format for HTS applications [102]. Frontal Affinity Chromatography
(FAC) is also an example of an immobilized detecting system. FAC combined with MS (FAC-MS) can be
used in monitoring the effect of small molecules bound to proteins. In this method, a chromatography column
matrix consists of an immobilized protein or target of interest. Ligands or small molecules are flushed
through the column in presence of running buffer. Compounds having affinity will bind to the immobilized
protein and tend to be retained on the column, thus delaying the elution time. The longer the elution time, the
higher the affinity and higher binding. Eluted compounds can be analysed by MS [103, 104]. This approach
is useful to screen mixtures of two or more compounds and also helps in separation of compounds. However,
this technique has some flaws, such as immobilization of protein should be done in sufficient amounts
because once the protein molecule interacts with the target molecule, the protein won’t be able to bind with
another molecule.

3.3.3 Cell-Based Assays

Since the last decade, the application of cell culture platforms of screening drugs, pharmaceuticals has
increased in drug discovery by HTS assays. Screening of natural products and plant extracts for antimicrobial
activity have been done using cell-based assays [105]. Additionally, cell-based assays have been used to
monitor cellular mechanisms in the presence of specific molecules and the advent of molecular biology tech-
niques has also increased the importance of cell-based assays, which can be used in drug discovery, toxicity
testing and HTS. Cell-based assays have also played a vital role in understanding biochemical mechanisms
of target based-chemicals to assess the toxicity and compatibility in cellular micro-environments. Thus,
assays can also be used to tune chemical molecules to match biological relevance and quality of analysis can
also be improved. Screening and drug discovery can be performed by cell-based assays such as reporter gene
assays, secondary messenger assays, cell-based ELISA and pathway screening assays for extensive use of
cell sources. Several assays have also been designed to evaluate the nature, locality and reaction of cell orga-
nelles and cell secretions by using binding property specific proteins as well as peptides or indirect assays to
monitor nonspecific cellular reactions.
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3.3.3.1 Reporter Gene Assays

Reporter gene assays are designed specially to track down the changes at gene level in both intra and extra
cellular compartment. Reporter gene assays shows specificity among enzymes or fluorescent protein expres-
sion levels, which links to the expression of RNA or promoter that regulates the gene of interest. The same
strategy has been used in bacterial systems for selecting antibiotic resistant reporter systems such as f-galac-
tosidase or chloramphenicol acetyl transferase. Reporter gene systems are also useful in drug discovery stud-
ies as well as in understanding mechanisms involved in chemical compound reactions [106]. In spite of
improvements in technology, reporter gene assays couldn’t satisfy bacterial systems for long term use in
HTS. However, mammalian cell systems have been implemented these assays to improvise HTS technology.
Several systems have been developed based on the Reporter Gene assays that are used in HTS technology,
especially with mammalian cells. The f-Lactamase (bla), which is available for mammalian cellular assays.
CCF2-AM dye (fluorescent based dye) is commonly used in the f-Lactamase system. Dye is based on a set
of an acetate ester group that actually reacts with intracellular esterase and accumulates in the intracellular
spaces. Screening of effectors, peptides which are associated with translation and translocation process can
be done using the Secreted Alkaline Phosphatase (SEAP) assay. The assay is basically the chemilumines-
cence of intercellular located proteins that allows monitoring of gene expression [107-109]. The luciferase
system is one of the most commonly used reporter gene assays that shows sensitive signals, a large range of
samples and ability to use photon multiplier tube (PMT) readers to detect biological activity in cellular
systems. Sequential detection of two different promoters can be done. Normalization, correction of errors and
standardization can be done using a control gene. Luciferase activity can be used in detecting the close
protein-protein interactions using bioluminescence resonance energy transfer (BRET) [110, 111]. Enzyme
complementation assays were developed to monitor intracellular locations of specific proteins or receptors.
Translocation events were used as landmarks for assessment of enzyme activity in cellular assays. For more
sensitive assays, green fluorescent protein (GFP) was used for fluorescent signals to detect protein-protein
interactions, whose mechanism is similar to the Luciferase assay [112, 113]. Among several fluorescent or
bioluminescence proteins, Green Fluorescent Protein (GFP) is a widely used fluorescent tracking protein for
cellular imaging, especially in high content screening. In BRET assays, GFP and GFP derivatives fluorescent
proteins are also used for imaging and high throughput screening [114]. Improvements have been made to
standardize ELISA assays; horse redox peroxidase enzymes were used for chemiluminescence approaches to
implement the cell-based western blot assay, also called CytoBlot assays [114, 115]. These standard assays
are useful in scaling up the screening of analytes from whole cells.

3.3.3.2 Cell-Based Label Free Readouts

Screening technologies have enabled detailed pharmacological evaluation of cells, surface receptors and even
nuclear receptors. Advanced systems like the CellKey system work based on electro-impedance using cellu-
lar dielectric spectroscopy (CDS) or Real Time Cell Electronic Sensing (RT-CES). Non-invasive electroim-
pedance can detect the presence, absence or changes in properties cells or molecules affected by electronic
and ionic properties of sensors present on the cell surface, thus allowing real time label free-kinase measure-
ment of several receptors. Similarly, evanescent wave technology was used in detecting cell changes in
micro-titre plates [116, 117]. Cells grown in individual wells with sensor-containing micro-titre plates have
not showed any changes in their biological activities. These assays were implemented in 96- and 384-well
plate formats to HTS of various chemicals and drugs. Simplest label free cell-based assays are to monitoring
growth cycles, population doubling and proliferation rate of cells [118]. Majority of screening assays use
inhibitory effect of cells to access the antimicrobial as well as anticancer activity [119]. Improvement in the
conventional assays were done to monitor multi-target screening and to develop similar systems that use
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several model organisms, co-culture systems for identifying mechanisms behind interaction of compounds
with bacterial system and pathogenesis of bacterial systems, thus mimicking in vivo milieu [120, 121].
In addition to cell-based label free assays, few of the Ion channel assays are being developed. lon channel
assays are based on the principle of conventional patch clamp experiments and coupled with a fluorescence
plate reader. Ion channel assays can detect changes in calcium concentration, membrane potential. The latest
breakthroughs such as automated electrophysiology, IonWorks Quattro and others have improved the ion
channel research field [122, 123]. However, this type of assay requires highly skilled man power and other
challenges in interpreting the true signals by masking false positive ones. Thus, the ion channel assay system
is still in its infancy and has yet to create an impact in HTS technology.

3.4 Need for a Stem Cell Approach in High Throughput Toxicity Studies

A decade ago, the importance of cell-based assays increased in the field of drug discovery, toxicity testing and
screening of chemical libraries. In the current era, the majority of the assays used either target-based analysis
or molecule validation including cell-based approaches. A wide variety of assays were being designed for
highly sensitive detection techniques and miniaturized protocols were also included. Cell-based assays were
also used for addressing G protein coupled receptors (GPCRs), kinases, nuclear hormone receptors, ion chan-
nels and many more useful studies are possible [124]. A widely used approach for cell-based assays employs
the use of immortalized cells for HTS. Immortalized cells are engineered recombinant cells that are capable of
expressing a specific molecular target, whose functionality can be assayed for detecting and quantifying using
automated detection systems. HTS assays with a cellular approach is a potentially reliable system for detecting
specific molecules. For example, in a specific case of GPCRs measurement of functional responses of recep-
tor-compound interaction, complex cell responses, protein translocations, kinase pathway activation can be
done with HTS technology [125, 126]. Immortalized cells were generally used to screen library of chemicals,
small molecules, drugs and so on, and also for multiple screening of drug molecules for identification, stand-
ardization and validation, which helps in establishing a compound’s potency, specificity and reliability.
Immortalized cells were also used to study the pharmacokinetics of drugs [127]. Immortalized cells are trans-
fected with molecular targets, which aids in an unlimited number of cell divisions to grow for unlimited quanti-
ties; thus providing a robust platform for HTS studies. In addition to cloning, expression systems were used for
investigating expression of drug based targets, engineering protein expressions, reporter proteins and so on
[126, 128]. However, some of the major limitations of immortalized cells, such as an immortalized cellular
system, is not a reliable platform with regard to reflecting the human in vivo physiological system. The major
reason for this is due to genetic modifications, which vary the morphology, molecular and phenotypic charac-
teristics of immortalized cells in comparison to human native cells [129]. This investigation was confirmed in
GPCR studies; due to the use of transfected immortalized cells, expression levels of GPCRs were frequently
elevated much higher than physiologically healthy cells. Overexpression of GPCRs has changed the ratio of
GPCRs to G protein, consequently affecting the efficacy of receptor activation. G protein activation also affects
the pharmacological feature of GPCR. Overall, cellular microenvironments effects of G protein properties
influences the signalling pathways in HTS assays [127]. Thus an artificial micro-environment from immortal-
ized cells increases the abnormal expression of receptors, cellular effects, cellular signalling systems and these
drug screening data obtained from immortalized cellular systems clearly show several issues that hinder the
reliability of drug candidates to be considered for human testing and subsequent therapeutic applications.

Due to the complications of recombinant immortalized cells, primary mammalian cells have gained inter-
est in HTS assays. Primary cells show better relevance with human physiological systems in understanding
scenario of diseases, cell-cell interactions and signalling. Additionally, a library of novel drugs could be
characterized and screened using primary cell systems that can predict functional activity and provide more
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reliable results than immortalized cells [130]. Primary cells consist of cells derived from embryonic tissues
including neuronal cultures and cells from adult tissues such as hepatocytes. Primary cells are used to evaluate
the activity of chemicals, screening pharmaceutical drug discovery studies in recombinant studies to study the
expression of desired gene using vector systems and implementation in transgenic animals. In comparison with
immortalized cells, primary cells are a reliable platform to perform functional studies such as intracellular
calcium levels, migration of proteins, cell-cell interactions, signalling pathways as well as electrophysiological
changes that measure membrane functionality [131, 132]. Procurement, propagation and long-term functional-
ity are the major challenges faced in primary mammalian cell culture system. Due to limited donors, procure-
ment of a sufficient number primary cells is a challenging task. Primary cells are very sensitive and fragile in
handling when compared to immortalized cells; they cannot be propagated for an unlimited number of pas-
sages. When primary cells are cultured for higher passages, there are chances of losing the functional proper-
ties. Thus, compensated qualities of primary cells restrict them to be employed in highly sensitive assays and
scaling up of technology for mass production for HTS. Collective assay data points from the primary cell-based
assays might show false positive results due to the changes in molecular or functional features. Primary cells
are not suitable for HTS applications for several reasons. Primary cells cultured from adult tissues result in
terminal differentiation or senescence, ultimately the functional stability. For optimal and reliable results use
of embryonic tissue originated primary cells are recommended for HTS and drug discovery studies.

3.5 Role of Stem Cells in High Throughput Screening for Toxicity Prediction

The introduction of new screening technologies has led to the advancement of stem cell biology and their
application in screening toxic chemical drugs in large scale via HTS. Prior to investing in the formulation of
compounds and commercialization for human use, screening of drug chemicals for risk-free applications in
drug discovery and drug development is very important. Cell-based high-throughput screening (HTS) tech-
nologies are being implemented for validation of molecular as well as cellular targets. Stem cells clearly pro-
vide unlimited source of reproducible cells from a very wide range of tissues, additionally they are accurate in
simulating human in vivo physiological conditions. Ultimately, providing a realistic platform with more clini-
cally relevant phenotypes than those currently available for predicting and screening toxicity [133]. Stem cells
from adult tissue/embryonic origin/induced pluripotent stem cells (iPSCs)-derived cells have shown reliable
results in comparison with any other cell source. More specifically, embryonic stem cells have shown remark-
able applications in drug development and toxicity screening [134—136]. A study highlighted the ability of
human embryonic stem cells derived fibroblasts for assessing cytotoxic and genotoxic levels of drugs when
compared with immortalized cells [137-139]. Drugs and chemicals primarily enter the body after exposing to
skin’s epithelial barrier. Reactivity of drugs with skin cells is one of vital steps in development of risk-free
drugs. Studies have been reported hESC derived keratinocytes being implemented for validating the toxic part
of biomaterials and chemicals. Furthermore, hESC-derived progenies such as pericytes, neurons, cardiomyo-
cytes and hepatocytes have proved to be a potential platform for evaluation of toxicity of drugs [140]. Thus, use
of stem cells in drug discovery is now exponentially progressing from a nascent level of development to a point
where the cells may begin to be widely employed in HTS, lead optimization and profiling. HTS technology can
be used in industry as well as in academic research to scale up the process of screening and testing of drugs.

3.5.1 Applications of Stem Cells in Cardiotoxicity HTS

An exponential increase in adverse effects of drugs and pharmaceutical products has resulted in an
increase in the cost pressure on consumers. Valid reasons for failure in optimal drug synthesis is lack of
appropriate platform to test/validate the drug efficacy, thus leading to poor preclinical assessment [141].
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Cardiotoxicity is an important assay to consider for screening the adverse side effects and detrimental
effects of new drugs on cardiac tissue. A realistic and reliable platform that can reflect the human milieu
would be beneficial for screening drugs with animal-free assays. The in vitro production of human
cardiomyocytes from stem cells will be a potential approach for drug screening and discovery [142].
Among stem cell, pluripotent stem cells show up self-renewal features for unlimited divisions, thus can
be valuable cell source for scaling up assays by HTS [143]. Unfortunately, existing differentiation proto-
cols of cardiomyocytes from human pluripotent stem cells needs optimization and characterization in
terms of protein expression as well as in functional aspects. The in vitro rthythmic cardiac contractions are
measured by using patch clamp assay or multi-electrode arrays, thus representing promising results in
predicting cardiotoxicity [144]. However, some aspects of existing differentiation protocols still remain
challenging. Variations in purity of cardiomyocytes derived from pluripotent cells is one of the major
limitations [145]. Regardless of limitations, stem cells have gained high interest and demand in the field
of regenerative medicine, drug discovery, development, toxicity screening for long-term goal and mass
production.

3.5.2 Applications of Stem Cells in Hepatotoxicity HTS

In pharmaceutical and drug industries, adverse effects of drug on liver functioning are pressing issues for a
patient’s safety and drug’s commercial value. Several detrimental side effects of drugs and chemicals have
reduced the market value as well as represented as a major reason for liver toxicity. Hepatotoxic drugs
cause liver injury and in most cases hepatic failure after long-term exposure [146]. Development in predic-
tive toxicology to understand safety risk and mechanisms still remains a challenging task. Various factors,
such as lack of an appropriate cell source in models, are restricting improvisation in establishing novel
model for screening hepatotoxicity [147, 148]. HepaRG cells derived from liver carcinoma are the only
source of cells that are able to differentiate into hepatocyte-like cells and biliary cells. Functionally and
morphologically HepaRG cells are comparable to normal primary hepatocytes. Surprisingly, 85% of the
genes expressed in primary human hepatocytes are comparable with differentiated HepaRG cells and also
show stability of several weeks under confluency. Thus proves, HepaRG also as an efficient platform for
drug metabolism, toxicity studies and drug discovery. [149]. In addition to primary hepatocytes and trans-
formed cell lines, stem cells either from embryo/reprogrammed or from adult tissues have proved to be
promising source for supplying an unlimited number of hepatocytes. Implementing hepatocyte-like cells
derived from stem cells for assessing toxicity implies the metabolically competency and expression of
xenobiotic metabolic enzymes at consistent levels in comparison with liver or in primary hepatocyte cul-
tures. Functional analysis has been proven by only a few studies, whereas most studies are restricted to a
few cytochromes P450 [150]. Among stem cell sources, embryonic stem cell-derived hepatocyte-like cells
have represented the highest activity [151, 152]. The degree of in vitro differentiation of embryonic stem
cells or the occurrence of genetic and epigenetic abnormalities during serial passages was improvised by
FACS differentiated hepatocytes-like cells for specific expressed markers and studies were performed to
investigate the functional stability and possible transdifferentiation [20, 153]. Regulation of cytokines,
growth factors, micro-supplements in the form of cocktails or sequential treatments have also been consid-
ered during differentiation process. However, obtaining matured functional hepatocytes from stem cells
remains a challenging task. For a decade, active stem cell research has demonstrated differentiation poten-
tial of adult-stem cells, embryonic stem cell and induce pluripotent stem cells in obtaining functional
hepatocytes under in vitro milieu [154]. Scaling up of differentiation technology is also a major challenge,
which could be overcome by high expertise in handling cells and regulated growth conditions in mass
production. Application of stem cell derived-hepatocyte like cells in HTS can be in high demand for screening
suspected drugs for hepatotoxicity.
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3.5.3 Applications of Stem Cells in Neurotoxicity HTS

The nervous system consists of two sub-systems; central nervous system (CNS) and peripheral nervous
system (PNS). The CNS is composed of the brain and spinal cord, PNS composed of ganglia and peripheral
nerves. Neurons and neuroglial cells are two main types of cells found in nervous system. Neurons are very
sensitive and specialized cells found in the body. Neurons are responsible for reception, integration, transmis-
sion and storage of information [155]. Neurobiology field has provided an in vitro cell culture platform to
understand mechanism and pathways involved in functional aspects of neurons. Investigation of toxic effects
of chemical, biological and physical agents on the nervous system and/or behaviour during development and
maturation is termed neurotoxicology. For evaluating potential neurotoxic substances, various in vitro models
have been established including primary cells, cell lines and cloned/immortalized cells [156]. However, existing
cell sources highlight the lack of appropriateness and reliability, thus existing cell sources are not efficient
enough to simulate human in vivo physiological system and lead to unacceptable outcomes.

Discovery of stem cells and implementing in the field of toxicology for developing in vitro platforms has
been improvised and solved. It is important to establish an efficient platform for screening toxicity and
efficacy of drug candidates. Among stem cells, pluripotent stem cells either from embryo or chemically induced
cells have shown the unlimited supply of neurons without compromising the functionality of mature neurons.
Human stem cell-derived neurons can be a potential source for investigating neurotoxic compounds and also
provides a powerful tool for understanding the neurobiology pathways, mechanisms and cellular events
[157, 158]. In addition to drug screening and toxicity testing, stem cell derived-neurons represent a pre-
clinical model for reducing/replacing animal experiments and making a cost effective pre-clinical model
[159-161]. However, a major challenging aspect of stem cell approach is mass production of stem cell derived
neurons with consistent functional stability. Particularly in the case of reprogrammed cells, protocols need to
be standardized and optimized to regulate the yield of reprogrammed cells with minimal inter-batch variability.
Scaling up the technology and bringing towards HTS for drug discovery, disease models such as Parkinson’s
disease and also neurotoxic assessment of chemicals will be beneficial steps in the field of toxicology
[162, 163]. Strategies of HTS, HTS importance in toxicology and improvements in cellular and non-cellular
studies with involvement of stem cell sources can increase the impact and reliability of results, ultimately
raising commercial value and attrition rate of drugs developed. The HTS model of neurotoxicity will be a
valuable tool in pharmaceutical and biomedical industries.

3.6 Conclusion

Social and ethical concerns have made scientists (toxicologists and chemists) achieve new bioassay profiling
data with relevance to toxicology studies. Upcoming novel methods show a significant impact in accessing
toxicity profile of new chemicals. Nowadays, scientists are looking for high-throughput pre-clinical safety
assessment for new biochemical and biomedical compounds [164]. High-throughput assays show reliability
and are more promising than conventional methods. HTS assays were analysed by the means of high content
screening and bio-imaging techniques. Functional HTS are able to measure a compound’s functionality and
specificity with a target molecule/protein, such as flow of ions through potassium ion channels. On the other
hand, non-functional HTS assays are more focused on measuring the accuracy in binding a target protein,
measuring fluorescence activity and other analytical methods. However, major drawbacks of existing HTS
assays are cell source, lack of human relevance and loss in cell functionality, thus making the screening plat-
form unreliable. The stem cell approach for HTS toxicity has the potential to overcome the existing backlogs
as well as improve standards to gain good commercial value for drugs to benefit industries and companies.
Scientists are also aiming to miniaturize specific organ/tissue systems of human body in a chip by introducing
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the concept of lab-on-a-chip for HTS [165, 166]. Additionally, HTS toxicology research augmented with
stem cell research will establish a new horizon to the field of medicine to understand human patho-
physiological conditions as well as diagnose diseases. The supreme goal of augmenting stem cells with HTS
toxicity will be guided by humane innovation towards validation, regulatory acceptance and implementation
of non-animal test methods to construct a patient-concerned preclinical platform on a large scale within a
short time span.
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4.1 Introduction

The development of xenobiotics, driven by the demand for therapeutic, domestic, and industrial uses continues
to grow. However, along with this increasing demand is the risk of xenobiotic-induced toxicity. During their
whole life, human beings are exposed to xenobiotics, such as diverse chemical substances, pharmaceutical
drugs, and other potentially hazardous chemical and physical environmental factors. The toxicology tests of
these xenobiotics are concerned with human health. At present, many in vitro and in vivo models are used to
analyze the potential toxic effects of pharmaceutical drugs and chemicals (Stummann et al. 2009; Vojnits and
Bremer 2010).

For quite a long period of time, whole animal models in vivo (in vivo tests) have been used as the main
prediction methods to judge sample damages on human health. However, these in vivo tests are problematic,
because toxicity tests using animals are not representative for human beings due to species-specific pharmaco-
toxicological effects. Sometimes, the benefits demonstrated in the animal models do not come out to be
beneficial in humans, for example, the SOD (superoxidase dimutase) gene associated with ALS (Amyotrophic
Lateral Sclerosis) allowed the identification of Vitamin E and Creatine to be relievers of the diseased pheno-
type which failed to cause any improvements in humans (Shefner et al. 2004). Another aspect is the high
number of animals that are required for toxicology testing (Gilbert 2010). In addition, animal tests are not
adequately standardized. So these in vivo tests are time-consuming, laborious, expensive, and, specifically,
require the use of high numbers of laboratory animals.
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Therefore, alternative in vitro screening methods have been developed to detect potential hazardous effects
of chemicals or drugs on embryonic development. In vitro cellular models that accurately reflect human
physiology have the potential to improve the prediction of drug toxicity early in the development pipeline
(Fabre et al. 2014) and would provide a cost-effective approach for testing other sources of xenobiotics expo-
sure, including food additives, cosmetics, pesticides, and industrial chemicals (Crofton et al. 2011; Judson
et al. 2014). While human cellular test systems would overcome the problem of species specificity, in vitro-
cultured human immortalized cell lines do not represent normal cell types, and human primary cells cultured
in vitro usually lose their tissue-specific functions. And the short life cycle of primary human cell culture
in vitro limits their application in tissue formation, regeneration, and toxicology tests.

Human pluripotent stem cells (hPSCs), including human embryonic stem cells (hESCs) and human
induced pluripotent stem cells (hiPSCs), provide invaluable resources for regenerative medicine. The distinct
advantages that these cells have over adult stem cells are their unlimited proliferative capacity and much more
extensive differentiation potential. As such, cardiac, hepatic, and neural differentiation of hPSCs could provide
a promising cell source for regenerative medicine and cell therapy applications. The recent applications of
pluripotent stem cells and their derivatives in toxicology and drug research provide new alternatives to the
standard routine tests performed by the industry and offer new strategies for chemical safety assessment
(Laustriat et al. 2010; Trosko and Chang 2010).

This review will give a brief overview of the unique properties of different types of pluripotent stem cells
for toxicological studies with special consideration of hPSCs and their use in developmental as well as in
cardiac, hepatic, and neural toxicology and introduce the current development of biomarkers or methods in
embryotoxic and developmental toxicity tests using hPSC.

4.2 The Biological Characteristics of hPSCs

4.2.1 The Biological Characteristics of hESCs

hESCs were isolated from pre-implantation embryos and cultured in an undifferentiated status (Thomson
et al. 1998). hESCs possess the capacity to differentiate in vitro into cells that encompass all three embryonic
germlines (Jones and Thomson 2000). Therefore, their biological characteristics of ES cell determines its
broad application prospects. While initial hopes raised by hESCs were directed towards their potential use in
replacement therapies, the focus of research has now shifted to the development of pluripotent cell-based
models for drug research, toxicological test systems and disease modeling in vitro. hESCs are believed to
provide a more closely associated analogue for toxicity assessments pertaining to early human embryonic
development (West et al., 2010). However, utilization of hESCs is ethically controversial because it involves
the destruction of human embryos. The use of hESCs in research is laden with ethical issues regarding
personhood, justice toward human kind and human dignity that are associated with the use of human life in
its earliest form, the embryo.

4.2.2 The Biological Characteristics of hiPSCs

Recently developed induced pluripotent stem cells (iPSCs) are increasingly attracting wide interest in toxi-
cology test. The iPS cells are generated from the induction of expression of transcription factors associated
with pluripotency, allowing a differentiated somatic cell to reverse its condition to the embryonic stage.
Currently, it is generally accepted in the scientific community that hiPSCs are highly similar if not virtually
identical to hESCs in terms of their morphology, surface marker expression, feeder dependence, and in vivo
teratoma formation capacity (Yu et al. 2007).
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hiPSCs offer various advantages as compared with hESCs (Kazuki et al. 2010). Firstly, the iPS technology
avoids the embryo destruction or manipulation to generate pluripotent cells, therefore, are exempt from ethi-
cal implication surrounding embryonic stem cell use. Secondly, iPSCs are generated from the somatic cells
of one’s own body and hence there is no risk of immunorejection of these autologous cells (Guha et al. 2013).
Thirdly, it is feasible to throughput screen for predicting toxicity/therapeutic responses of newly developed
drugs. The concept of using iPSCs to predict toxicology and therapeutic responses of drugs in based on the
property of iPSCs to continuously self-renew, which make it possible to generate libraries, and their ability
to give rise to all types of body cells make them suitable to be used for prediction of toxicity and possible side
effects of newly developed drugs in different body cells (Wobus and Loser 2011). Lastly, a personalized
approach for administration of drugs can be developed using iPSCs. As hiPSCs are derived from individual
patients, these offer scientists an opportunity for modeling diseases on a patient-by-patient basis. This enables
screening the genomic differences between individuals that may help in the progression of disease, and the
screening of pharmacological agents to find the ideal one for each individual (Chun et al. 2011).

4.3 Screening of Embryotoxic Effects using hPSCs

4.3.1 Screening of Embryotoxic Effects using hESCs

In the past, primarily mouse embryonic stem cells (mESC) were used for the stem cell test which provided
ground work for development of the Embryonic Stem Cell Test (EST) (Scholz et al. 1999). The EST was
designated more recently as one of the most promising validated in vitro tests for developmental toxicity
prediction (Adler et al. 2008a). The development of hESC-based in vitro systems for testing embryotoxicity
of chemical compounds would be a significant progress. The use of hRESCs would enhance the predictivity of
in vitro assays and avoid problems associated with the interpretation of results from animal-based assays in a
human context. For example, species-specific differences between mouse and human preimplantation devel-
opment, such as in DNA methylation, and DNA repair and expression of genes involved in drug metabolism
may hamper the correct interpretation of animal studies for human beings (Krtolica et al. 2009). The use of
hESC-based test systems could avoid incorrect classification of chemicals due to inter-species variations and,
consequently, would increase the safety of consumers and patients.

Several proof-of-concept studies show that hESCs would be a suitable model for analyzing developmental
toxicity (Adler et al. 2008a, 2008b; Zdravkovic et al. 2008; Krishnamoorthy et al. 2010). In some of these
studies, potential toxic effects of agents and noxes (such as certain chemical compounds, radiation, ethanol,
or cigarette smoke) on the viability and integrity of hESCs were investigated (Cao et al. 2008; Mehta et al.
2008; Bueno et al. 2009; Flora and Mehta 2009). This kind of study may allow conclusions on the effects of
certain hazards on the preimplantation embryo in vivo.

The novel methods and biomarkers to screen toxic chemicals during the developmental process using
undifferentiated human embryonic stem cells were developed in recent years (Table 4.1).

Jung and co-workers assessed the developmental toxicity of embryotoxic chemicals, 5-fluorouracil, indo-
methacin, and non-embryotoxic penicillin G using an Affymetrix GeneChips (Jung et al. 2015). After treat-
ment with 5-fluorouracil, indomethacin, and penicillin G, they observed a remarkable convergence in the
degree of upregulation of development, cell cycle, and apoptosis-related genes by gene expression profiles
using an Affymetrix GeneChips. Taken together, these results suggest that embryotoxic chemicals have
cytotoxic effects, and modulate the expression of ES cell markers as well as development-, cell cycle-, and
apoptosis-related genes that have pivotal roles in undifferentiated hES cells.

In another study, a metabolic biomarker-based in vitro assay utilizing human embryonic stem cells was
developed to identify the concentration of test compounds that perturbs cellular metabolism in a manner



Human Pluripotent Stem Cells for Toxicological Screening 53

Table 4.1 Summary of current development of biomarkers or methods in embryotoxic test using hPSCs

Xenobiotics Cell lines Biomarkers or method Key references
5-fluorouracil hES pluripotent ES cell markers (Jung et al. 2015)
indomethacin gene expression profiles using an
Affymetrix GeneChips
46 compounds WAQ9 hES line metabolite biomarkers (ornithine and (Palmer et al.
cystine) 2013)
Mitomycin C chHES-3, chHES-8, chromosomal aberrations; (Zhou et al. 2015)
chHES-22 and copy number variation using
chHES-254 Affymetrix SNP 6.0 arrays
BDE-209 FY-hES-10 and pluripotent genes expression; (Du et al. 2015)
FY-hES-26 DNA methylation and microRNA
expression
71 drug-like H9 and LSJ-1 nuclear translocation of the (Kameoka et al.
compounds transcription factor SOX17 2014)
Sodium valproate hiPSCs the inhibition of cardiac differentiation (Aikawa et al.
Ascorbic acid the cytotoxicity to hiPSCs 2014)
Thalidomide the cytotoxicity to human dermal
fibroblasts
Cr(VI); hiPSCs DNA damage responses (Luetal.2013)

hydrogen peroxide;
doxorubicin

indicative of teratogenicity (Palmer et al. 2013). Metabolomic data from hES cells culture media were used
to assess potential biomarkers for development of a rapid in vitro teratogenicity assay. Two metabolite bio-
markers (ornithine and cystine) were identified as indicators of developmental toxicity. The predictivity of the
new assay was evaluated using a separate set of test compounds. The new assay identified the potential devel-
opmental toxicants in the test set with 77% accuracy (57% sensitivity, 100% specificity). The assay had a
high concordance (275%) with existing in vivo models, demonstrating that the new assay can predict the
developmental toxicity potential of new compounds as part of discovery phase testing and provide a signal as
to the likely outcome of required in vivo tests.

In addition to the gene expression and metabolism index, genetic stability and epigenetic indicators also
were used in toxicity evaluation with hPSC. In a recent study, the copy number variation changes of the hES
cells were investigated. Mitomycin C (MMC), a DNA damage agent, is widely used for preparation of feeder
cells in many laboratories (Zhou et al. 2015). In this study, it was found that the copy number variation
changes of the hES cells maintained on MMC-inactivated feeders (MMC-feeder) were significantly more
than those cultured on gamma-inactivated feeder (IR-feeder) cells using Affymetrix SNP 6.0 arrays.
Furthermore, DNA damage response (DDR) genes were down-regulated during long-term culture in the
MMC-containing system, leading to DDR defect and shortened telomeres of hES cells, a sign of genomic
instability. Therefore, MMC-feeder and MMC-induced genomic variation present an important safety problem
that could limit such hES from being applied for future clinic use and drug screening.

Environment factors have varying effects on DNA methylation depending on the nature of the exposure,
such as during prenatal life or adulthood, with environmental toxicants capable of modifying DNA methy-
lation (Terry et al. 2011). DNA methylation regulates pluripotent gene expression during embryonic devel-
opment and differentiation in hESCs (Yeo et al. 2007). In another study, Du and colleagues found
decabromodiphenyl ether (BDE-209) exposure could decrease pluripotent genes expression via epigenetic
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regulation in hESCs (Du et al. 2015). They found an increased methylation of the OCT4 promoter
and increased miR-145/miR-335 levels ponded to decreased OCT4 levels in BDE-209-treated hESCs.
These findings suggest that BDE-209 inhibits OCT4 expression via epigenetic regulation in hESCs.

While the detection of individual compounds toxicity, hESCs also can be used for high throughput screen-
ing of drugs toxicity. Kameoka et al. examined 71 drug-like compounds with known in vivo effects, including
thalidomide using Human ES cell lines H9 and LSJ-1 (Kameoka et al. 2014). A threshold of 5 muM demon-
strated 94% accuracy (97% sensitivity and 92% specificity). Furthermore, 15 environmental toxicants with
physicochemical properties distinct from small molecule pharmaceutical agents were examined and a simi-
larly strong concordance with teratogenicity outcomes from in vivo studies was observed. Finally, to assess
the suitability of the hEST for high-throughput screens, a small library of 300 kinase inhibitors was tested,
demonstrating the hEST platform’s utility for interrogating teratogenic mechanisms and drug safety predic-
tion. Thus, the hEST assay is a robust predictor of teratogenicity and appears to be an improvement over
existing in vitro models. Together, these studies suggest that hES cells may be useful for testing the toxic
effects of chemicals that could impact the embryonic developmental stage.

4.3.2 Screening of Embryotoxic Effects using hiPSCs

iPSCs also possess unique properties of self-renewal and differentiation to many types of cell lineage. Hence,
they could replace the use of embryonic stem cells and may overcome the various ethical issues regarding the
use of embryos in research and clinics. Several publications have reviewed studies where iPSCs have been
used to evaluate for toxicity and effects of many toxic compounds (different chemical compounds, pharma-
ceutical drugs, other hazardous chemicals, or environmental conditions), which are encountered by humans
and newly designed drugs (Heng et al. 2009; Sison-Young et al. 2012; Scott et al. 2013; Singh et al. 2015).

In a recent study, the predictive abilities of hiPSCs and mouse embryonic stem cells in toxicity test were
compared (Aikawa et al. 2014). Three endpoints: the inhibition of cardiac differentiation, the cytotoxicity to
hiPSCs, and the cytotoxicity to human dermal fibroblasts, according to the mEST were assessed. It was found
that thalidomide was classified as a Class 2 agent, with weak embryotoxicity, by the mEST criteria, and was
classified as Category 3 embryotoxic based on hiPSC criteria. Ascorbic acid was classified as a Class 1/
Category 1, non-embryotoxic agent, based on both criteria. This test system is thus considered to have a much
greater predictive ability than the mEST. In this present study, the true extent of developmental toxicity of
thalidomide in humans was detected by using in vitro test system based on the hiPSCs for the first time. This
humanized test system may be able to more accurately predict the developmental toxicity of drug candidates
at an early stage in drug development by combining the mEST criteria with the hiPSCs criteria.

Lu et al. characterized the effect of Cr(VI), a well-known genotoxic agent and environmental carcinogen,
on major molecular components of DNA damage response pathways in human iPS cells (Lu et al. 2013).
They compared the effect of Cr(VI) on human iPS cells with two established cell lines, Tera-1 (teratoma
origin) and BEAS-2B (lung epithelial origin). They also studied the effect of hydrogen peroxide and doxoru-
bicin on modulating DNA damage responses in these cell types. They demonstrated that ATM and p53
phosphorylation is differentially regulated in human iPS cells compared with Tera-1 and BEAS-2B cells after
exposure to various genotoxic agents. Their data reveal some unique features of DNA damage responses in
human iPS cells.

In vitro organogenesis is now becoming a realistic goal of stem cell biology, as one can obtain an unlimited
number of pluripotent stem cells through reprogramming technology. One practical challenge is to develop a
four-dimensional (4-D) stem cell culture system whereby multiple progenitors communicate in a spatiotem-
poral manner, as observed during in vivo organogenesis. Takebe and Taniguchi summarize the potential for
emerging culture platforms in the future application of induced pluripotent stem cell (iPSC)-derived miniature
organs by recapitulating early embryogenesis (Takebe and Taniguchi 2014).
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4.4 The Potential of hPSC-Derived Neural Lineages in Neurotoxicology

A large number of potential neurotoxic compounds pose serious health hazards to the human nervous system,
yet little is known about how exposure to compounds will impact human neural function and development.
The developing human brain is particularly susceptible to environmental toxicants, and the damage induced
by neurotoxins can range from onset of neurodevelopment disorders to long-lasting neurological impair-
ments (Tofighi et al. 2011). With growing awareness and concern regarding the potential neurotoxicity of
environmental contaminants, prescription drugs, and industrial chemicals, much attention and effort has been
directed towards neurotoxicology.

Establishment of efficient stepwise differentiation protocols for directing hPSCs into specific cell lineages
is an essential prerequisite for both therapeutic and basic research applications. There are many methods
to initiate neural differentiation of hPSCs including conventional techniques such as embryoid body (EB)
formation (from dissociated suspension culture) and cocultivation with stromal cell lines (Denham and
Dottori 2011). More recently, studies on small molecule inducers of neuronal differentiation have focused on
directing hPSCs into each of the four major specific neuronal sublineages, that is, dopaminergic, serotonergic,
GABAergic, and cholinergic/motor neurons (summarized in Yap et al. (2015).

Hence, there is much interest in developing small-molecule based differentiation protocols for deriving
specific neuronal sublineages from hPSCs, for in vitro modeling of neurodegenerative diseases, as well as for
pharmacological screening of new drugs to treat these diseases.

4.4.1 The Challenge of hPSCs-Derived Neural Lineages in Neurotoxicology Applications

In order to demonstrate that human iPSC and their differentiated derivatives is critical for properly under-
standing the human nervous system biology including neurotoxicity and development neurotoxicology.
Schulpen et al. compared mouse and human neural ESTn assays for neurodevelopmental toxicity as to regu-
lation of gene expression during cell differentiation in both assays (Schulpen et al. 2015). They found that
both systems nicely illustrated successful neural differentiation of ESC in vitro, with both commonalities and
unique gene expression changes occurring in response to time and VPA exposure. The mESTn assay clearly
shows a more specific neurodevelopmental differentiation pattern, whereas the hESTn also showed differen-
tiation of cell types originating from other germ layers as well. Both these assays have their advantages, for
instance as to specificity and species of origin. With further optimization of the human assay, for example
removal of the need for a feeder layer for undifferentiated hES cells and opening the possibility for subculture
from controlled cell suspensions, the assay may become technically easier.

The another challenge is to demonstrate the reliability of these in vitro methods by correlating the in vitro
produced results to the available in vivo data. Pei et al. report on the comparative cytotoxicity of 80 com-
pounds (neurotoxicants, developmental neurotoxicants, and environmental compounds) in iPSC as well as
isogenic iPSC-derived neural stem cells (NSC), neurons, and astrocytes. All compounds were tested over a
24-h period at 10 and 100 pM, in duplicate, with cytotoxicity measured using the MTT assay. Of the 80 com-
pounds tested, 50 induced significant cytotoxicity in at least one cell type; per cell type, 32, 38, 46, and 41
induced significant cytotoxicity in iPSC, NSC, neurons, and astrocytes, respectively. Four compounds (valin-
omycin, 3,3’,5,5’-tetrabromobisphenol, deltamethrin, and triphenyl phosphate) were cytotoxic in all four cell
types. Retesting these compounds at 1, 10, and 100 uM using the same exposure protocol yielded consistent
results as compared with the primary screen. Using rotenone, we extended the testing to seven additional
iPSC lines of both genders; no substantial difference in the extent of cytotoxicity was detected among the cell
lines. Finally, the cytotoxicity assay was simplified by measuring luciferase activity using lineage-specific
luciferase reporter iPSC lines, which were generated from the parental iPSC line. This article is part of a
journal Special Issue entitled SI: PSC and the brain (Pei et al. 2015).
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Table 4.2 Summary of current development of biomarkers or methods in neurotoxicology using hPSCs-derived
neural lineages

Xenobiotics Cell lines Biomarkers or method Key references
valproic acid hESC (WA09-DL11) Gene expression by Affymetrix (Schulpen et al.
carbamazepine mESC (ES-D3) microarray 2015)
VPA hESCs from Kyoto expressions of the taget genes by (Ehashi et al. 2014)
university quantitative real-time PCR
valproic acid hESCs lines (HUEST microarray transcriptomic data (Colleoni et al. 2014)
and H9)
Lead WAO09 hESC line DNA methylation by (Senut et al. 2014)
HumanMethylation450 BeadChip
Propofol H1 hESCs line microRNAs, including miR-21 (Twaroski et al. 2014)
Valproate H9 hESCs line Histone acetylation (Balmer et al. 2014)
trichostatin A Histone H3 lysine methylation
ketamine iPSC line mitochondrial membrane potential (Ito et al. 2015)
ATP
36 compounds hN2™ hESCs line High Content Analysis (Wilson et al. 2014)
6 Chemicals iPSC Multiparametric Live-Cell Toxicity Assay (Sirenko et al. 2015)
12 chemicals hNP1 cells from multiplexed assay suitable for high- (Druwe et al. 2015)
WAOQ9 hESC throughput screening
Nanoparticles WAOQ9 hESC a 3-D neurosphere system (Hoelting et al. 2013)
60 chemicals H1 hESCs line h-derived neural tissue constructs with (Schwartz et al.
vascular networks and microglia 2015)

4.4.2 The New Biomarkers in Neurotoxicology usinghPSC -Derived Neural Lineages

There are many indicators to evaluate neurodevelopmental toxicity using the pluripotent stem cell neural
differentiation model. The new biomarkers used in neurotoxicitology in recent two years are reviewed here
(Table 4.2).

4.4.2.1 Gene Expression Regulation

Schulpen and co-workers studied gene expression regulation after valproic acid and carbamazepine exposure
in a human embryonic stem cell-based neurodevelopmental toxicity assay (Schulpen et al. 2015). During
neural differentiation the cells were exposed, for either 1 or 7 days, to noncytotoxic concentration ranges
of valproic acid (VPA) or carbamazepine (CBZ), antiepileptic drugs known to cause neurodevelopmental
toxicity. The effects observed on gene expression and correlated processes and pathways were in line with
processes associated with neural development and pharmaceutical mode of action. They found that VPA
showed a higher number of genes and molecular pathways affected than CBZ. The response kinetics differed
between both compounds, with CBZ showing higher response magnitudes at day 1, versus VPA at day 7.
In another study, they found that valproic acid (VPA) and carbamazepine (CBZ) exposure during hESTn
differentiation led to concentration-dependent reduced expression of betalll-tubulin, Neuroginl and Reelin.
In parallel VPA caused an increased gene expression of Map2 and Mapt, which is possibly related to the
neural protective effect of VPA (Schulpen et al. 2015). They demonstrated the potential and biological relevance
of the application of this hESC-based differentiation assay in combination with transcriptomics.

Ehashi et al. also investigated expressions of the taget genes by quantitative real-time PCR and compared
during differentiation of human ESCs into neurons with or without VPA (Ehashi et al. 2014). They observed
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that neural development-related genes such as DCX, ARX, MAP2, and NNAT showed a more than two-fold
expression in VPA exposure group. They suggested that the neural development-related genes may help to
elucidate the teratogenic effects of VPA and might be a useful tool to analyze embryotoxic potential of
chemicals in humans.

Recently, transcriptomic approaches associated to toxicogenomic database analysis have given the possi-
bility to screen, annotate, and cluster high numbers of genes and to identify the molecular changes that univo-
cally mark the toxicity induced processes or are indicative of the early initiating events that lead to cellular
toxicity. Colleoni et al. compared microarray transcriptomic data derived from two different hESCs lines
(HUES1 and H9) exposed to valproic acid while applying the same differentiation protocol (Colleoni et al.
2014). The results showed that molecular changes in the processes of neural development, neural crest migra-
tion, apoptosis, and regulation of transcription, indicated a good correspondence with the available in vivo
data. They also described common toxicological signatures and provided an interpretation of the observed
qualitative differences referring to known biological features of the two hESC lines.

4.4.2.2 Epigenetic Markers

Several recent studies investigated developmental neurotoxicity using epigenetic techniques. Senut et al.
investigated the effects of physiologically relevant concentrations of Pb (from 0.4 to 1.9 uM) on the capacity
of human embryonic stem cells (hESCs) to progress to a neuronal fate (Senut et al. 2014). They found that
neither acute nor chronic exposure to Pb prevented hESCs from generating neural progenitor cells (NPCs).
NPCs derived from hESCs chronically exposed to 1.9 uM Pb throughout the neural differentiation process
generated 2.5 times more TUJ1-positive neurons than those derived from control hESCs. Pb exposure of
hESCs during the stage of neural rosette formation resulted in a significant decrease in the expression levels
of the neural marker genes PAX6 and MSI1. DNA methylation studies of control, acutely treated hESCs
and NPCs derived from chronically exposed hESCs using the Illumina HumanMethylation450 BeadChip
demonstrated that Pb exposure induced changes in the methylation status of genes involved in neurogenetic
signaling pathways. Their data shows that exposure to Pb subtly alters the neuronal differentiation of exposed
hESCs and that these changes could be partly mediated by modifications in the DNA methylation status of
genes crucial to brain development.

MicroRNAs (miRs) are endogenous, non-coding RNA molecules that act to regulate nearly every cellular
process through inhibition of target messenger RNA expression. MicroRNAs have been implicated to play
important roles in many different disease processes, including neurological diseases (Hebert et al. 2008;
Johnson et al. 2008). However, the role of microRNAs in anesthetic-induced neurotoxicity has yet to be stud-
ied. Twaroski et al. found propofol dose and exposure time dependently induced significant cell death in the
human embryonic stem cell-derived neurons and downregulated several microRNAs, including miR-21
(Twaroski et al. 2014). Overexpression of miR-21 and knockdown of Sprouty 2 attenuated the increase in
terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate in sifu nick end labeling-positive
cells following propofol exposure. In addition, miR-21 knockdown increased the number of terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphosphate in situ nick end labeling-positive cells by 30%.
This is the first time that a role for microRNAs in the mechanism of anesthetic-induced neurotoxicity has
been established. These data suggest that human embryonic stem cell-derived neurons represent a promising
in vitro human model for studying anesthetic-induced neurotoxicity and the propofol-induced cell death may
occur via a signal transducer and activator of transcription 3/miR-21/Sprouty 2-dependent mechanism.

Alteration of histone deacetylase (HDAC) activity has been associated with several long-term health
consequences, ranging from Alzheimer’s disease (Graff et al. 2012). Balmer detected the role of histone
acetylation and methylation as epigenetic switch between reversible and irreversible drug effects in the neural
developmental toxicity of valproate and trichostatin A (Balmer et al. 2014). They found that Histone acetylation
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(primary MoA) increased quickly and returned to baseline after 48h. Histone H3 lysine methylation at the
promoter of the neurodevelopmental regulators PAX6 or OTX2 was increasingly altered over time.
Methylation changes remained persistent and correlated with neurodevelopmental defects and with effects
on PAX6 gene expression, also when the drug was washed out after 3—4 days. They suggested that drug
exposures altering only acetylation would lead to reversible transcriptome changes (indicating MoA), and
challenges that altered methylation would lead to irreversible developmental disturbances.

4.4.2.3 Mitochondrial Function

Ito et al. reported an in vitro model for assessing the neurotoxicity of ketamine in iPSC-derived neurons with
mitochondrial membrane potential and ATP as indicators (Ito et al. 2015). Twenty-four-hour exposure of
iPSC-derived neurons to 500 pM ketamine resulted in a 40% increase in caspase 3/7 activity (P<0.01), 14%
increase in ROS production (P<0.01), and 81% reduction in mitochondrial membrane potential (P<0.01),
compared with untreated cells. Lower concentration of ketamine (100 pM) decreased the ATP level (22%,
P<0.01) and increased the NADH/NAD+ ratio (46%, P<0.05) without caspase activation. Transmission
electron microscopy showed enhanced mitochondrial fission and autophagocytosis at the 100 uM ketamine
concentration, which suggests that mitochondrial dysfunction preceded ROS generation and caspase
activation. Their data indicated that the initial mitochondrial dysfunction and autophagy may be related to
its inhibitory effect on the mitochondrial electron transport system, which underlies ketamine-induced
neural toxicity.

4.4.3 The New Methods in Neurotoxicology using hPSC -Derived Neural Lineages

4.4.3.1 High-Throughput Methods

High-throughput methods are useful for rapidly screening large numbers of chemicals for biological activity,
including the perturbation of pathways that may lead to adverse cellular effects. High Content Analysis
(HCA) technology has emerged as a technology well-suited for high-throughput assessment of neuron-specific
endpoints (Culbreth et al. 2012). Wilson et al. developed a multiplexed HCA-based neurotoxicity screening
assay using a combination of four detection reagents per well — antibodies against fIII-Tubulin and the phos-
phorylated form of the neurofilament subunit NF-H (pNF-H), the DNA-binding Hoechst 33342 nuclear dye,
and Mitotracker® Red CMXRos (Wilson et al. 2014). This assay was run using a test set of 36 chemicals in
differentiated SH-SYSY, PC-12, and hN2™ cells, and results were compared with those obtained under the
same conditions with the MTT and LDH assays. Data showed that multiparametric High Content Analysis of
differentiated neuronal cells is feasible and represents a highly effective method for obtaining large quantities
of robust data on the neurotoxic effects of compounds compared with cytotoxicity assays like MTT and LDH.
Significant differences were observed between the responses to compounds across the three cellular models
tested, illustrating the heterogeneity in responses to neurotoxicants across different cell types. This study
provides data strongly supporting the use of cellular imaging as a tool for neurotoxicity assessment in
differentiated neuronal cells, and provides novel insights into the neurotoxic effects of a test set of compounds
upon differentiated neuronal cell lines and human embryonic stem cell-derived neurons.

Another group reported high-content imaging and analysis methods to assess multiple phenotypes in
human iPSC-derived neuronal cells (Sirenko et al. 2015). Specifically, they optimized cell culture, staining,
and imaging protocols in a 384-well assay format and improved laboratory workflow by designing a one-step
procedure to reduce assay time and minimize cell disturbance. Phenotypic readouts include quantitative char-
acterization of neurite outgrowth and branching, cell number and viability, as well as measures of adverse
effects on mitochondrial integrity and membrane potential. They reported concentration-response effects of
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selected test compounds on human iPSC-derived neuronal cells and illustrate how the proposed methods may
be used for high-content high-throughput compound toxicity screening and safety evaluation of drugs and
environmental chemicals.

Druwe and colleagues examined the utility of a high-throughput assay to detect chemical-induced apopto-
sis in mouse or human neuroprogenitor cells, as well as differentiated human neurons derived from induced
pluripotent stem cells (Druwe et al. 2015). Apoptosis was assessed using an assay that measures enzymatic
activity of caspase-3/7 in a rapid and cost efficient manner. The results show that all three commercially avail-
able models generated a robust source of proliferating neuroprogenitor cells, and that the assay was sensitive
and reproducible when used in a multi-well plate format. There were differences in the response of rodent
and human neuroprogenitor cells to a set of chemicals previously shown to induce apoptosis in vitro.
Neuroprogenitor cells were more sensitive to chemical-induced apoptosis than differentiated neurons,
suggesting that neuroprogenitor cells are one of the cell models that should be considered for use in a
developmental neurotoxicity screening battery.

4.4.3.2 Three-Dimensional (3-D) Culture

The 3D model was characterized for neural marker expression revealing robust differentiation toward neu-
ronal precursor cells, and gene expression profiling suggested a predominantly forebrain-like development.
Hoelting and coworkers developed a human embryonic stem cell (hESC)-derived three-dimensional (3D)
in vitro model that allows for testing of potential developmental neurotoxicants (Hoelting et al. 2013). Altered
neural gene expression due to exposure to non-cytotoxic concentrations of the known developmental neuro-
toxicant, methylmercury, indicated that the 3D model could detect developmental neurotoxicity. To test for
specific toxicity of nanoparticles (NPs), chemically inert polyethylene NPs (PE-NPs) were chosen. They
penetrated deep into the 3D structures and impacted gene expression at non-cytotoxic concentrations.
NOTCH pathway genes such as HES5 and NOTCHI1 were reduced in expression, as well as downstream
neuronal precursor genes such as NEURODI1 and ASCL1. FOXG1, a patterning marker, was also reduced.
They showed that their 3D neurosphere model detected the known developmental neurotoxicity compound,
methylmercury, with good sensitivity and that expression of neurodevelopmental genes was affected upon
NP exposure.

Differentiating pluripotent stem cells in vitro have proven useful for the study of developmental toxicity.
Schwartz et al. reported human pluripotent stem cell-derived neural constructs to predict neural toxicity
(Schwartz et al. 2015). Human embryonic stem (ES) cell-derived neural progenitor cells, endothelial cells,
mesenchymal stem cells, and microglia/macrophage precursors were combined on chemically defined poly-
ethylene glycol hydrogels and cultured in serum-free medium to model cellular interactions within the devel-
oping brain. The precursors self-assembled into 3D neural constructs with diverse neuronal and glial
populations, interconnected vascular networks, and ramified microglia. Replicate constructs were reproduc-
ible by RNA sequencing (RNA-Seq) and expressed neurogenesis, vasculature development, and microglia
genes. Linear support vector machines were used to construct a predictive model from RNA-Seq data for 240
neural constructs treated with 34 toxic and 26 nontoxic chemicals. This predictive model was evaluated using
two standard hold-out testing methods: a nearly unbiased leave-one-out cross-validation for the 60 training
compounds and an unbiased blinded trial using a single hold-out set of 10 additional chemicals. The linear
support vector produced an estimate for future data of 0.91 in the cross-validation experiment and correctly
classified 9 out of 10 chemicals in the blinded trial. Pairing such actively perfused devices with the vascular-
ized 3D neural constructs described here may promote more advanced differentiation and growth, whereas
the incorporation of blood—brain barrier function would be beneficial for investigating the delivery of thera-
peutic agents and could improve the predictive accuracy of our model by delivering toxic chemicals in a more
physiologically relevant manner.
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4.5 The Potential of hPSC -Derived Cardiomyocytes in Cardiotoxicity

Human induced pluripotent stem cells (hiPSCs) have emerged as a novel tool for drug discovery and therapy in
cardiovascular medicine. Cardiac lineage- and tissue-specific human pluripotent stem cell (hPSC) reporter lines
have been valuable for the identification, selection, and expansion of cardiac progenitor cells and their deriva-
tives, and for our current understanding of the underlying molecular mechanisms. The potential usefulness of
iPSC-derived cardiomyocytes (iPSC-CMs) in drug development as well as in drug toxicity testing is discussed
in several reviews (Mercola et al. 2013; Mordwinkin et al. 2013; Sharma et al. 2013; Sinnecker et al. 2014).

4.5.1 The Challenge of hPSC -Derived Cardiomyocytes in Cardiotoxicology Applications

Scott evaluated both human induced pluripotent stem cell-derived CMs (hiPSC-CMs) and rat neonatal CMs
(rat CMs) on the xCELLigence Cardio system which uses impedance technology to quantify CM beating
properties in a 96-well format (Scott et al. 2014). Forty-nine compounds were tested in concentration-
response mode to determine potency for modulation of CM beating, a surrogate biomarker for contractility.
In comparison with in vivo contractility effects, hiPSC-CM impedance had assay sensitivity, specificity, and
accuracy values of 90, 74, and 82, respectively. These values compared favorably to values reported for the
dog CM optical assay (83, 84, and 82%) and were slightly better than impedance using rat CMs (77, 74,
and 74%). The potency values from the hiPSC-CM and rat CM assays spanned four orders of magnitude and
correlated with values from the dog CM optical assay (1(2)=0.76 and 0.70, respectively). The Cardio system
assay has >5x higher throughput than the optical assay. Thus, hiPSC-CM impedance testing can help detect
the human cardiotoxic potential of novel therapeutics early in drug discovery, and if a hazard is identified, has
sufficient throughput to support the design-make-test-analyze cycle to mitigate this liability.

4.5.2 The New Biomarkers in Cardiotoxicology using hPSC -Derived Cardiomyocytes

The currently available techniques for the safety evaluation of candidate drugs are usually cost intensive and
time consuming and are often insufficient to predict human relevant cardiotoxicity (Table 4.3).

Table 4.3 Summary of current development of biomarkers or methods in cardiotoxicity test using
hPSCs-derived CMs

Xenobiotics Cell lines Biomarkers or method Key references
doxorubicin Cellartis® cardiac specific troponin T (cTnT) (Holmgren
Pure hES-CM  gene expression of GDF15 etal. 2015)
24 drugs hiPSC-CM Structural and functional screening (Doherty et al.
2015)
Ponatinib hiPSC-CM Structural and functional screening (Talbert et al.
2015)
Doxorubicin hiPSC-CM Global gene expression using microarrays and (Chaudhari
Daunorubicin bioinformatics tools etal. 2015)
mitoxantrone
12 drugs hiPSC-CM Multiple parameters using multi-electrode array (Qu and
Vargas 2015)
TAB, aflatoxin B1, hiPSC-CM multiparametric screening format including calcium  (Grimm et al.
miodarone, menadione, flux, high-content cell imaging of mitochondrial 2015)

sunitinib, crizotinib integrity, and reactive oxygen species (ROS)
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4.5.2.1 Gene Expression

Holmgren and coworkers investigated the toxic effects of doxorubicin exposure in cardiomyocytes derived
from human embryonic stem cells (hESC). They identified novel biomarkers for doxorubicin-induced toxic-
ity in human cardiomyocytes derived from hESCs (Holmgren et al. 2015). A dose-dependent pattern was
observed for the release of cardiac specific troponin T (cTnT) after 1 day and 2 days of treatment with doxo-
rubicin. Except global transcriptional profiles in the cells, the cTnT release was used as a measurement of
acute cardiotoxicity due to doxorubicin. However, for the late onset of doxorubicin-induced cardiomyopathy,
cTnT release might not be the most optimal biomarker. On the other hand, the gene expression of GDF15 is
a more sensitive marker compared to cTnT measurement and, as such, might be a more predictive biomarker
than the conventional biomarkers used for anthracycline-mediated cardiovascular events.

Another group reported a multi-parameter in vitro screen in human stem cell-derived cardiomyocytes to
identify ponatinib or multiple drug class-induced structural and functional cardiac toxicity (Doherty et al.
2015; Talbert et al. 2015). Multi-parameter including structural cardiac (as shown by actin cytoskeleton
damage, mitochondrial stress, cell death, and troponin secretion), and cardiac cell beating were used as
cardiac toxicity biomarkers. Their studies show that a multi-parameter approach examining both cardiac
cell health and function in hiPS-CM provides a comprehensive and robust assessment that can aid in the
determination of potential cardiac liability.

Chaudbhari et al. developed an in vitro repeated exposure toxicity methodology allowing the identification
of predictive genomics biomarkers of functional relevance for drug-induced cardiotoxicity in human induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) (Chaudhari et al. 2015). Global gene expression
changes were studied using microarrays and bioinformatics tools. Analysis of the transcriptomic data revealed
early expression signatures of genes involved in formation of sarcomeric structures, regulation of ion homeo-
stasis, and induction of apoptosis. Eighty-four significantly deregulated genes related to cardiac functions,
stress, and apoptosis were validated using real-time PCR. The expression of the 84 genes was further studied
by real-time PCR in hiPSC-CMs incubated with daunorubicin and mitoxantrone, further anthracycline family
members that are also known to induce cardiotoxicity. A panel of 35 genes was deregulated by all three
anthracycline family members and can therefore be expected to predict the cardiotoxicity of compounds
acting by similar mechanisms as doxorubicin, daunorubicin, or mitoxantrone. The identified gene panel can
be applied in the safety assessment of novel drug candidates as well as available therapeutics to identify
compounds that may cause cardiotoxicity.

4.5.2.2 Multi-Electrode Array

Evaluation of stem cell-derived cardiomyocytes (SC-CM) using multi-electrode array (MEA) has attracted
attention as a novel model to detect drug-induced arrhythmia. Qu et al. evaluated proarrhythmia risk in human
induced pluripotent stem cell-derived cardiomyocytes using the Maestro MEA Platform (Qu and Vargas 2015).
Multiple parameters, including field potential duration (FPD), Na(+) slope, Na(+) amplitude, beat rate (BR),
and early after-depolarization (EAD) were recorded. Minimum effective concentrations (MEC) that elicited a
significant change were calculated. They found that FPD and EAD were unable to distinguish torsadogenic
from benign compounds, Na(+) slope and amplitude could not differentiate Na(+) channel blockade from
hERG blockade, BR had an inconsistent response to pharmacological treatment, and that hiPSC-CM were, in
general, insensitive to IKs inhibition. A ratio was calculated that relates MEC for evoking FPD prolongation,
or triggering EAD, to the human therapeutic unbound Cmax (MEC/Cmax). The key finding was that the ratio
was sensitive, but specificity was low. Consistently, the ratio had high positive predictive value and low nega-
tive predictive value. Their datas showed that MEA recordings of hiPSC-CM were sensitive for FPD and EAD
detection, but unable to distinguish agents with low- and high-risk for TdPs. Although some published reports
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suggested great potential for MEA recordings in hSC-CM to assess preclinical cardiac toxicity, their data
implies that this model would have a high false-positive rate in regard to proarrhythmic risk.

4.5.3 High-Throughput Methods

Cell-based high-content screening (HCS) assays have become an increasingly attractive alternative to tradi-
tional in vitro and in vivo testing in pharmaceutical drug development and toxicological safety assessment.
The time- and cost-effectiveness of HCS assays, combined with the organotypic nature of human induced
pluripotent stem cell (iPSC)-derived cells, open new opportunities to employ physiologically relevant in vitro
model systems to improve screening for potential chemical hazards.

Grimm and coworkers used two human iPSC types, cardiomyocytes and hepatocytes, to test various high-
content and molecular assay combinations for their applicability in a multiparametric screening format
(Grimm et al. 2015). Effects on cardiomyocyte beat frequency were characterized by calcium flux measure-
ments for up to 90 min. Subsequent correlation with intracellular cAMP levels was used to determine if the
effects on cardiac physiology were G-protein-coupled receptor dependent. In addition, they utilized high-
content cell imaging to simultaneously determine cell viability, mitochondrial integrity, and reactive oxygen
species (ROS) formation in both cell types. Kinetic analysis indicated that ROS formation is best detectable
30min following initial treatment, whereas cytotoxic effects were most stable after 24 h. For hepatocytes,
high-content imaging was also used to evaluate cytotoxicity and cytoskeletal integrity, as well as mitochon-
drial integrity and the potential for lipid accumulation. Lipid accumulation, a marker for hepatic steatosis, was
most reliably detected 48 h following treatment with test compounds. Overall, their results demonstrate how
acompendium of assays can be utilized for quantitative screening of chemical effects in iPSC cardiomyocytes
and hepatocytes, and enable rapid and cost-efficient multidimensional biological profiling of toxicity.

These results are promising and suggest that hiPSC-CMs may be a faithful model for predicting drug
serving as a test bed for discovering new drug treatments for cardiotoxicity.

4.6 The Potential of hPSC-Derived Hepatocytes in Hepatotoxicity

Primary human hepatocytes (PHHs) are a limited resource for drug screening, their quality for in vitro use
can vary considerably across different lots, and a lack of available donor diversity restricts our understanding
of how human genetics affect drug-induced liver injury. Induced pluripotent stem cell-derived human hepato-
cyte-like cells (iPSC-HHs) could provide a complementary tool to PHHs for high-throughput drug screening,
and ultimately enable personalized medicine. Potential applications of induced pluripotent stem cells (iPSCs)
in hepatology research were reviewed in several publications (Subba Rao et al. 2013; Sun et al. 2015).

4.6.1 The Challenge of hPSCs-Derived Hepatocytes in Hepatotoxicology Application

Human-induced pluripotent stem cell-derived hepatocytes (hiPSC-Hep) hold great potential as an unlimited
cell source for toxicity testing in drug discovery research. However, little is known about mechanisms of
compound toxicity in hiPSC-Hep. Sjogren compared the toxic responses of Human-induced pluripotent stem
cell-derived hepatocytes (hiPSC-Hep) primary cryopreserved human hepatocytes (cryo-hHep) and the
hepatic cell lines HepaRG and Huh7 when treated with staurosporine and acetaminophen (Sjogren et al.
2014). They found that for studying compounds initiating apoptosis directly hiPSC-Hep may be a good alter-
native to cryo-hHep. Furthermore, for compounds with more complex mechanisms of toxicity involving
metabolic activation, such as acetaminophen, our data suggest that the cause of cell death depends on a
balance between factors controlling death signals and the drug-metabolizing capacity.
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Ulvestad and coworkers compared the expression and function of important drug metabolizing cytochrome
P450 (CYP) enzymes and transporter proteins in human embryonic and induced pluripotent stem cell-derived
hepatocytes (hRESC-Hep and hiPSC-Hep) with cryopreserved human primary hepatocytes (hphep) and HepG2
cells (Ulvestad et al. 2013). They found that the stable expression and function of CYPs and transporters in
hESC-Hep and hiPSC-Hep for at least 1 week opens up the possibility to reproducibly perform long term and
extensive studies; for example chronic toxicity testing, in a stem cell-derived hepatic system.

Drug-induced liver injury (DILI) remains a great challenge and a major concern during late-stage drug
development. Induced pluripotent stem cells (iPSC) represent an exciting alternative in vitro model system to
explore the role of genetic diversity in DILI, especially when derived from patients who have experienced
drug-induced hepatotoxicity. The development and validation of the iPSC-derived hepatocytes as an in vitro
cell-based model of DILI is an essential first step in creating more predictive tools for understanding patient-
specific hepatotoxic responses to drug treatment. Lu performed extensive morphological and functional
analyses on iPSC-derived hepatocytes from a commercial source (Lu et al. 2015). They found that iPSC-
derived hepatocytes exhibit many of the key morphological and functional features of primary hepatocytes,
including membrane polarity and production of glycogen, lipids, and key hepatic proteins, such as albumin,
asialoglycoprotein receptor and alphal-antitrypsin. They maintain functional activity for many drug-metabolizing
enzyme pathways and possess active efflux capacity of marker substrates into bile canalicular compartments.
Whole genome-wide array analysis of multiple batches of iPSC-derived cells showed that their transcrip-
tional profiles are more similar to those from neonatal and adult hepatocytes than those from fetal liver.
Results from experiments using prototype DILI compounds, such as acetaminophen and trovafloxacin,
indicate that these cells are able to reproduce key characteristic metabolic and adaptive responses attributed
to the drug-induced hepatotoxic effects in vivo. Overall, this novel system represents a promising new tool
for understanding the underlying mechanisms of idiosyncratic DILI and for screening new compounds for
DILI-related liabilities.

4.6.2 The New Biomarkers in Hepatotoxicology using hPSC -Derived Hepatocytes

Emerging hepatic models for the study of drug-induced toxicity include pluripotent stem cell-derived
hepatocyte-like cells and complex hepatocyte-non-parenchymal cellular coculture to mimic the complex
multicellular interactions that recapitulate the niche environment in the human liver. However, a specific
marker of hepatocyte perturbation, required to discriminate hepatocyte damage from non-specific cellular
toxicity contributed by non-hepatocyte cell types or immature differentiated cells is currently lacking, as the
cytotoxicity assays routinely used in in vitro toxicology research depend on intracellular molecules which are
ubiquitously present in all eukaryotic cell types (Table 4.4).

Kia and coworkers demonstrate that microRNA-122 (miR-122) detection in cell culture media can be used
as a hepatocyte-enriched in vitro marker of drug-induced toxicity in homogeneous cultures of hepatic cells,
and a cell-specific marker of toxicity of hepatic cells in heterogeneous cultures such as HLCs generated from
various differentiation protocols and pluripotent stem cell lines, where conventional cytotoxicity assays using
generic cellular markers may not be appropriate (Kia et al. 2015). They found that the sensitivity of the
miR-122 cytotoxicity assay is similar to conventional assays that measure lactate dehydrogenase activity and
intracellular adenosine triphosphate when applied in hepatic models with high levels of intracellular miR-122,
and can be multiplexed with other assays. MiR-122 as a biomarker also has the potential to bridge results
in in vitro experiments to in vivo animal models and human samples using the same assay, and to link find-
ings from clinical studies in determining the relevance of in vitro models being developed for the study of
drug-induced liver injury.

Alpers-Huttenlocher syndrome (AHS), a neurometabolic disorder caused by mutations in mitochondrial DNA
polymerase gamma (POLG), is associated with an increased risk of developing fatal VPA hepatotoxicity.
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Table 4.4 Summary of current development of biomarkers or methods in hepatotoxicity test using hPSCs-derived
hepatocytes

Xenobiotics Cell lines Biomarkers or method Key references

Acetaminophen ~ HUES7 hESC line  MiR-122 (Kia et al. 2015)

diclofenac Shef-3 hESC line

VPA AHS iPSCs-Hep mitochondrial-dependent apoptotic pathway  (Li et al. 2015)

47 drug iPSC-HH multiple functional endpoints (Ware et al. 2015)
micropatterned co-cultures (iMPCCs)

omeprazole ES cell-derived metabolic function (Sengupta et al. 2014)

rifampicin hepatocytes in aggregate culture

Amiodarone hiPS-HEP long-term exposure to toxic drugs (Holmgren et al. 2014)

aflatoxin B1

troglitazone
Ximelagatran

However, the mechanistic link of this clinical mystery remains unknown. Li et al. used the hepatocyte-like derived
from AHS iPSCs (AHS iPSCs-Hep) to evaluate the hepotoxicity of VPA (Li et al. 2015). AHS iPSCs-Heps were
more sensitive to VPA-induced mitochondrial-dependent apoptosis than controls, showing more activated
caspase-9 and cytochrome c release. Strikingly, levels of both soluble and oligomeric optic atrophy 1, which together
keep cristae junctions tight, were reduced in AHS iPSCs-Hep. Furthermore, POLG mutation cells showed reduced
POLG expression, mitochondrial DNA (mtDNA) amount, mitochondrial adenosine triphosphate production, as
well as abnormal mitochondrial ultrastructure after differentiation to hepatocyte-like cells. Superoxide flashes,
spontaneous bursts of superoxide generation, caused by opening of the mitochondrial permeability transition pore
(mPTP), occurred more frequently in AHS iPSCs-Hep. Moreover, the mPTP inhibitor, cyclosporine A, rescued
VPA-induced apoptotic sensitivity in AHS iPSCs-Hep. This result suggested that targeting mPTP opening could
be an effective method to prevent hepatotoxicity by VPA in AHS patients. AHS iPSCs-Hep are more sensitive to
the VPA-induced mitochondrial-dependent apoptotic pathway, and this effect is mediated by mPTP opening.

4.6.3 The New Methods in Hepatotoxicology using hPSC -Derived Hepatocytes

4.6.3.1 iPSC-HH -Based Micropatterned Co-Cultures (iMPCC's) with Murine
Embryonic Fibroblasts

Primary human hepatocytes (PHHs) are a limited resource for drug screening, their quality for in vitro use
can vary considerably across different lots, and a lack of available donor diversity restricts our understanding
of how human genetics affect drug-induced liver injury (DILI). Induced pluripotent stem cell-derived human
hepatocyte-like cells (iPSC-HHs) could provide a complementary tool to PHHs for high-throughput drug
screening, and ultimately enable personalized medicine. Ware reported that previously developed iPSC-HH-
based micropatterned cocultures (iMPCCs) with murine embryonic fibroblasts could be amenable to long-
term drug toxicity assessment (Ware et al. 2015). iMPCCs, created in industry-standard 96-well plates, were
treated for 6 days with a set of 47 drugs, and multiple functional endpoints (albumin, urea, ATP) were evalu-
ated in dosed cultures against vehicle-only controls to enable binary toxicity decisions. They found that
iMPCC:s correctly classified 24 of 37 hepatotoxic drugs (65% sensitivity), while all 10 non-toxic drugs tested
were classified as such in iMPCCs (100% specificity). On the other hand, conventional confluent cultures of
iPSC-HHs failed to detect several liver toxins that were picked up in iMPCCs. Results for DILI detection in
iMPCCs were remarkably similar to published data in PHH-MPCCs (65% vs 70% sensitivity) that were
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dosed with the same drugs. Furthermore, iMPCCs detected the relative hepatotoxicity of structural drug
analogs and recapitulated known mechanisms of acetaminophen toxicity in vitro. In conclusion, their data
showed that iMPCCs could provide a robust tool to screen for DILI potential of large compound libraries in
early stages of drug development using an abundant supply of commercially available iPSC-HHs.

4.6.3.2 Suspension Culture of Aggregates of ES Cell-Derived Hepatocytes

Early phase drug development relies on primary human hepatocytes for studies of drug metabolism, cyto-
toxicity, and drug-drug interactions. However, primary human hepatocytes rapidly lose metabolic functions
ex vivo and are refractory to expansion in culture and thus are limited in quantity. Hepatocytes derived from
human pluripotent stem cells (either embryonic stem (ES) or induced pluripotent stem (iPS) cells), have the
potential to overcome many of the limitations of primary human hepatocytes, but to date the use of human
pluripotent stem cell-derived hepatocytes has been limited by poor enzyme inducibility and immature
metabolic function. Sengupta and coworkers presented a simple suspension culture of aggregates of ES cell-
derived hepatocytes that compared to conventional monolayer adherent culture significantly increases
induction of CYP 1A2 by omeprazole and 3A4 by rifampicin (Sengupta et al. 2014). Using liquid chroma-
tography-tandem mass spectrometry, they further showed that ES cell-derived hepatocytes in aggregate
culture convert omeprazole and rifampicin to their human-specific metabolites. They also showed that these
cells convert acetaminophen (APAP) to its cytotoxic metabolite (N-acetyl-p-benzoquinone imine (NAPQI)),
although they fail to perform APAP glucuronidation. In summary, they showed that human pluripotent stem
cell-derived hepatocytes in aggregate culture display improved enzymatic inducibility and metabolic function
and is a promising step toward a simple, scalable system, but nonetheless will require further improvements
to completely replace primary human hepatocytes in drug development.

4.6.3.3 Long-Term Exposure to Toxic Drugs

Late-stage attrition in the pharmaceutical industry is to a large extent caused by selection of drug candidates
using nonpredictive preclinical models that are not clinically relevant. The current hepatic in vivo and in vitro
models show clear limitations, especially for studies of chronic hepatotoxicity. Holmgren evaluated the
potential of using hPSC-derived hepatocytes for long-term exposure to toxic drugs (Holmgren et al. 2014).
The differentiated hepatocytes were incubated with hepatotoxic compounds for up to 14 days, using a
repeated-dose approach. The hPSC-derived hepatocytes became more sensitive to the toxic compounds after
extended exposures and, in addition to conventional cytotoxicity, evidence of phospholipidosis and steatosis
was also observed in the cells. This was the first report of a long-term toxicity study using hPSC-derived
hepatocytes, and the observations support further development and validation of hPSC-based toxicity models
for evaluating novel drugs, chemicals, and cosmetics.

4.7 Future Challenges and Perspectives for Embryotoxicity and Developmental Toxicity
Studies using hPSCs

As discussed previously, hiPSCs and hESCs have advanced as cell sources when applied in embryotoxicity
and developmental toxicology studies. In particular, some progress has been made in the determination of
endpoints suitable for determination of embryotoxicity in differentiating hPSCs, and proof-of-concept was
provided that hPSC-based in vitro systems may be useful to predict human-specific developmental toxicity.
However, there are numerous problems to be solved before hPSC-based assays can be implemented into
routine procedures for developmental toxicity testing of drugs and chemicals. Firstly, the generation of iPSCS
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itself has many issues associated it like incorporation of vectors into host genomes, and the dependence on
the various factors like usage of small molecules, single or multiple vectors, source of cells, which make the
generation of iPSCs a risky task and hence, more about iPSCs needs to be explored to make it easier to gener-
ate them and to be able to apply them to various other important and attractive areas of medical sciences for
their proper utilization to achieve the advantages that use of iPSCs can have. In particularly, the reprogram-
ming efficiency remains low until now. Secondly, the predictivity, sensitivity, and specificity of the respective
test systems have still to be shown for a wider panel of drugs and chemicals. So far, only few substances have
been tested in the different approaches. Thirdly, the low efficiency of specific differentiative cells generation
was one of the issues arising when it comes to toxicity test. The establishment of reliable and reproducible
differentiation procedures that can be performed in a high-throughput format is necessary. Fourthly, the
differentiated cells from hPSCs are not a homogenous group of cells. For example, even fully differentiated
hiPSC-CMs display heterogeneity in terms of being at various stages of development and maturity. Single
cell transcriptional profiling confirms heterogeneity between individual hiPSCs (Narsinh et al. 2011).
Twenty-eight pluripotency related transcripts and 14 differentiated state related transcripts were measured in
hiPSCs and hESCs. In aggregate, they had the same mean levels of transcript expression, but the frequency
distribution in hiPSCs was much broader, suggesting greater inter-cell line variability (Narsinh et al. 2011).
This heterogeneity impacts on the generation of reproducible results from these cells. In addition, the limita-
tion of hPSCs derived cells is that they retain certain stem-cell and fetal characteristics. For example, com-
mercially available hiPSC-CMs (iCells), after being thawed and cultured for 3—5 days, were compared with
human fetal and human adult cardiomyocytes (Guo et al. 2011). The expression levels of genes for sarcom-
eric proteins in hiPSC-CMs more closely resembled those in fetal cardiomyocytes. Specifically, expression
of MYL2, MYH?7, TNNI3, SCN5A, and KCNH2 more closely resembled fetal levels; whereas expression of
MYHS6 resembled adult levels. The expression of MYL7, MYH7 and TNNI3 was less than that seen in both
fetal and adult cardiomyocytes (Guo et al. 2011). Last but not least, there are differences in the epigenetic
regulation in hPS-derived cells and somatic cells. hESC-Hep have a limited drug metabolism ability, which
restricts their use for in vitro hepatotoxicity testing. This is because the majority of CYP genes involved in
drug metabolism, including CYP1A2, CYP2C9, CYP2C19, CYP3A4, CYP2D6, and CYP2EI, are lowly
expressed in hECS-Hep. Park et al. investigated their epigenetic regulation in terms of DNA methylation and
histone modifications in hESC-Hep and hPH (Park et al. 2015). They found that DNA methylation and
histone modifications of regulatory regions of CYP genes differed between hPH and hESC-Hep. These dif-
ferences were associated with inhibitory regulation of CYP genes in hESC-Hep. Inhibition of DNMTs and
HDACS increased the transcription of CYP genes in hESC-Hep, but these increased transcripts were not
comparable with that in hPH. Further studies are required to improve the expression and activity of CYP
enzymes by epigenetic regulations. These findings showed that expression of CYP genes is modulated by
controlling epigenetic modification enzymes, such as DNMTs and HDACs.

Here, we have summarized recent developments regarding the application of hiPSCs and hESCs in embry-
otoxicity and developmental toxicity research. Although several problems exist before hPSC-based assays
can be implemented into routine procedures for developmental toxicity testing of drugs and chemicals, hPSCs
are likely the most appropriate in vitro model for embryonic development toxicity screening.
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5.1 Introduction

Toxicology and safety concerns are the primary reasons that clinical entities either fail to complete the drug
development phase or are withdrawn from the market after approval. Cardiovascular toxicity has been
reported to occur more often than other types of drug-induced toxicities (Laverty et al., 2011) with life-threatening
cardiac arrhythmias being the most commonly reported form. The Food and Drug Administration (FDA)
currently recommends that all new drug candidates be evaluated for their ability to induce QT prolongation
and Torsades de Pointes, a rare but possibly fatal ventricular arrhythmia. The International Conference on
Harmonization (ICH) S7B Guidance, “The Non-Clinical Evaluation of the Potential for Delayed Ventricular
Repolarization (QT Interval Prolongation) by Human Pharmaceuticals” was approved in 2005 (www.ich.org/
fileadmin/Public_Web_Site/ICH_Products/Guidelines/Safety/S7B/Step4/S7B_Guideline.pdf). This guidance
includes electrocardiogram (ECG) in an in vivo animal model as well as in vitro screening for effects on the
voltage gated eag related subfamily H, member 2 potassium channel (KCNH2), more commonly known as
HERG. The guidance has been very successful at eliminating drugs that might induce Torsades de Pointes
before they are marketed; however, a number of limitations have been noted (Darpo et al., 2014). QT pro-
longation may be induced by methods other than blocking the KCNH2 encoded potassium channel, and
some compounds may block the channel at therapeutic concentrations but do not cause arrhythmias.
Additionally, due to the sensitivity of the assay, many promising drug candidates may be abandoned early in
the development process.

Recognizing these problems, a think tank that was sponsored by the FDA, Cardiac Safety Research
Consortium, and Health and Environmental Sciences Institute met in 2013 to assess the current safety testing
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protocol. The outcome of the meeting was the proposal for a Comprehensive in vitro Proarrhythmia Assay
(CiPA) testing paradigm. This paradigm has three components; the first is the evaluation of drug effects on mul-
tiple cardiac ionic currents in heterologous expression systems. In silico models are then used to determine the
potential for drug-induced repolarization instability, and lastly the models are tested in an in vitro system such
as cardiomyocytes derived from human induced pluripotent stem cells (hiPSCs; Sager et al., 2014).

The differentiation of cardiomyocytes from hiPSCs is a fairly new technology, and a thorough understand-
ing of the technology, as well as its advantages and limitations are necessary prior to its use in regulatory
applications. Currently, there are a few commercial sources for hiPSC-derived cardiomyocytes, and there
may be variability in the responses of the cells to various drugs. Additionally, the cells that are available com-
mercially at present include only limited types of disease models which could be useful in examining efficacy
of new entities in treating cardiovascular diseases. To date, studies have used a variety of protocols to induce
differentiation of hiPSCs or human embryonic stem cells (hESCs) to cardiomyocytes. These methods often
yield a mixture of cardiomyocytes and other cells types. Some of the protocols result in cardiomyocytes that
appear more atrial-like while other protocols result in cardiomyocytes that are more ventricle-like or even
nodal-like. Additionally, optimization of the differentiation protocols for individual cell lines is required in
order to produce the highest yield of cardiomyocytes.

However, a more significant feature of the cardiomyocytes differentiated via these various protocols is that
their phenotype is more similar to that of an immature, or fetal, cardiomyocyte than to the phenotype of an adult
cardiomyocyte. For examination of many cardiac diseases as well as for application of cardiomyocytes for regen-
erative medicine, it is necessary that the cardiomyocytes have a more mature phenotype. Ebert et al. (2015) have
suggested that defining culture conditions that produce more mature cardiomyocytes is a “most immediate need.”
However, it is not yet known if more mature cardiomyocytes are needed for safety evaluation of drug candidates.

Characteristics of fetal and mature cardiomyocytes have been compared (van den Heuvel et al., 2014; Yang
et al., 2014; Karakikes et al., 2015). Briefly, fetal cardiomyocytes are small, rounded cells that do not display
organized sarcomeres. Gap junction protein, alpha 1, 43kDa (GJA1; Table 5.1), more commonly known as
connexin 43, is distributed around the periphery of the cell rather than near the ends of the cells as in the gap
junctions connecting adjacent mature cardiomyocytes. Fetal cells are generally more proliferative and have
only a single nucleus. These cells also contain few mitochondria that do not have very well developed cristae
on their inner membranes. The fetal cells generally rely on glycolysis for energy production and express
different ion channels than those that are present in mature cardiomyocytes. This leads to spontaneous
contractions and a decreased upstroke velocity and a higher resting membrane potential in action potential
measurements (van den Heuvel et al., 2014; Yang et al., 2014; Karakikes et al., 2015). Mature cardiomyocytes,
in contrast, are rod shaped elongated cells with organized and aligned sarcomeres. Their proliferative capacity
is diminished, and the cells are multinucleated. Gap junctions are located primarily at the short ends of the cells
where they connect to neighboring cells. Mitochondria increase in number, and metabolism switches primarily
to beta oxidation of fatty acids. Electrophysiology and calcium handling are also different due to differential
expression of ion channels and Ca?* handling proteins (Yang et al., 2014; Karakikes et al, 2015).

The transcriptomes of human fetal hearts have been compared to those of cardiomyocytes differentiated
from hiPSCs (van den Berg et al., 2015; Synnergren et al., 2012). Both studies found that the gene expression
profiles of the hiPSC-derived cardiomyocytes were similar to those of hearts from human fetuses. van den
Berg et al. (2015) also observed that the gene expression profile of hiPSC-derived cardiomyocytes that had
been induced to undergo a more enhanced maturation in culture resembled hearts from second trimester
fetuses; less mature cardiomyocytes appeared to be more similar to hearts from first trimester fetuses.

Recent reviews have discussed the methods that have been used in attempts to produce a more mature
hiPSC-derived cardiomyocyte (Yang et al., 2014; Veerman et al., 2015). These methods include lengthening
the culture time, providing electrical stimulation, or mechanical stress, altering the culture substrate either by
changing the stiffness of the substrate or providing physical cues by patterns in or on the substrate, co-culturing



Effects of Culture Conditions on Maturation of Cardiomyocytes 73

Table 5.1 Current human gene names and their associated synonyms*

Gene Name Synonyms

ACTA2 Alpha-Cardiac Actin, Alpha-Actin 2, ACTSA,
Actin, Alpha 2, Smooth Muscle, Aorta MYMY5, AAT6, ACTVS

ACTC1 ACTC, Alpha-Cardiac Actin, CMD1R, LVNC4,
Actin, Alpha, Cardiac Muscle 1 CMH11

ACTNT Alpha-Actinin-1, Actinin 1 Smooth Muscle,
Actinin, Alpha 1 Non-Muscle Alpha-Actinin-1, BDPLT15
ATP2A2 SERCA2, ATP2B, DAR, Cardiac Ca2+ ATPase

ATPase, Ca++ Transporting, Cardiac Muscle, Slow
Twitch 2

CACNAIC

Calcium Channel, Voltage-Dependent, L Type, Alpha
1C Subunit

CASQ2

Calsequestrin 2 (Cardiac Muscle)

GATA4

GATA Binding Protein 4

GJAT

Gap Junction Protein, Alpha 1, 43 kDa

ITGA7

Integrin, Alpha 7

ITGB1

Integrin, Beta 1 (Fibronectin Receptor, Beta
Polypeptide, Antigen CD29 includes MDF2, MSK12)
KCNH2

Potassium Channel, Voltage Gated Eag Related
Subfamily H, Member 2

KCNJ12

Potassium Channel, Inwardly Rectifying Subfamily J,
Member 12

MYH6

Myosin, Heavy Chain 6, Cardiac Muscle, Alpha
MYH7

Myosin, Heavy Chain 7, Cardiac Muscle, Beta
MYL2

Myosin, Light Chain 2, Regulatory, Cardiac, Slow
MYL7

Myosin, Light Chain 7, Regulatory

NPPA

Natriuretic Peptide A

RYR2

Ryanodine Receptor 2 (Cardiac)

TNNIT

Troponin | Type 1 (Skeletal, Slow)
TNNI3

Troponin | Type 3 (Cardiac)

CCHL1AT, CACNL1AT, CACH2

Calsequestrin 2 Fast-Twitch Cardiac Muscle, PDIB2
TACHD, ASD2, VSD1, Transcription Factor GATA-4

Connexin 43, CX43, GJAL, ODDD, AVSD3, HLHS1

FNRB, MSK12, MDF2, CD29 Antigen, VLA-4
Subunit Beta, Fibronectin Receptor Subunit Beta,
GPIIA

HERG, Ether-A-Go-Go-Related Gene Potassium
Channel, Eag-Related Protein 1, ERG1, LQT2

KCNJN1, Inward Rectifier K(+) Channel Kir2.2v,
IRK2, ATP-Sensitive Inward Rectifier Potassium
Channel 12, Kir2.2v, HIRK1

Alpha-Myosin Heavy Chain, Myosin Heavy Chain
6, MYHCA, MYHC, Alpha-MHC

Beta-Myosin Heavy Chain, MYHCB, CMH1,
MPD1, Myosin Heavy Chain Slow Isoform
Cardiac Ventricular Myosin Light Chain 2, MLC-2v,
MLC2

Myosin Regulatory Light Chain 2 Atrial Isoform,
Myosin Light Chain 2a, MYLC2A, MLC-2a, MYL2A
ANP, PND, ATFB6, CDP, Natriuretic Peptide
Precursor A, Cardiodilatin-Related Peptide
ARVD2, Cardia Muscle Ryanodine Receptor-
Calcium Release Channel, Type 2 Ryanodine
Receptor, RYR, VTSIP

Troponin | Slow-Twitch Isoform, SSTNI, TNNT

CMD2A, CTnl, Cardiac Troponin I, TNNCI,
CMDIFF

(Continued)
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Table 5.1 (Continued)

Gene Name Synonyms

TNNT2 CMH2, CMD1D, Cardiac Troponin T2, TnTC, cTnT
Troponin T Type 2 (Cardiac)

TTIN CMD1G, Connectin, TMD, LGMD2J, EOMFC,
Titin MYLK5, MPRM

VCL Metavinculin, CMD1W, CMH 15, MVCL

Vinculin

*Current human gene symbols and associated synonyms/alias from the www.genecards.org database. Note: the list of synonyms is not
comprehensive, but lists only a sampling of alternate gene names.
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Figure 5.1 (Plate 1) Examples of substrate patterns that have been used in an attempt to develop more mature
cardiomyocytes. Various patterns in the substrate have been used alone or in conjunction with conditions listed
on the right to produce a cardiomyocyte with a phenotype that is more similar to that of an adult cardiomyocyte.
(See insert for color representation of the figure.)

with additional cell types or including biochemical cues (Fig. 5.1/Plate 1; Yang et al., 2014; Veerman et al.,
2015). Culture systems have either been two-dimensional (2D) or three-dimensional (3D), and some authors
have developed tissue engineered “heart-on-a-chip” models (Heidi Au et al., 2009; Agarwal et al., 2013).
The current review will focus primarily on alterations in the substrate that have been reported to affect the
phenotype of the cultured cardiomyocytes. Much of the work to this point has been performed using neonatal
rat cardiomyocytes, but studies using human cells will also be reviewed.
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5.2 Lengthening Culture Time

Several laboratories have investigated whether increasing the length of time in culture could influence the
maturation status of hiPSC- and hESC-derived cardiomyocytes. Kamakura et al. (2013) using a hiPSC line
differentiated and maintained cells for up one year on fibronectin-coated culture dishes. After 2 years in
culture, they observed a more mature sarcomeric structure, larger cells, a lower beating rate, enhanced expres-
sion of cardiac specific genes, and an increased number of cells that expressed the ventricular form of the
myosin light chain 2 isoform (MYL2; Table 5.1) but reduced levels of the atrial isoform (MYL7). All of these
are characteristic features of a more mature cardiomyocyte phenotype; however, the extended culture period
diminishes the utility of this method.

Polyethyleneimine-gelatin coated coverslips were used to culture hESC-derived cardiomyocytes for 20—40
days or 80-120 days to compare maturation status (Lundy et al., 2013). The later stage cells structurally
appeared to be more mature with about 33% of the cells having multiple nuclei, and all were longer with
organized sarcomeres. These cells also contained a greater number of mitochondria, and the mitochondria
contained more prominent cristae. The hESC-derived cardiomyocytes cultured for the longer time period also
had an increased upstroke velocity, slower beating rate, and more mature calcium handling kinetics.

In a more recent study, Zhang et al. (2015) compared 2D and 3D formats for culture and maturation of
cardiomyocytes differentiated from various hiPSC lines. For 2D culture, cells were cultured in a monolayer
on Matrigel-coated plates. Three-dimensional cultures were initiated through the formation of embryoid
bodies (EBs) in V-bottomed plates overnight; the EBs were transferred the next day to ultra-low attachment
U-bottomed plates for continued maturation. Both culture formats gave rise to beating cells by six days of
culture. Fluorescence activated cell sorting of various differentiated hiPSC lines indicated about 50-75% of
the cells were cardiomyocytes in 3D culture; this was increased to 80-95% cardiomyocytes in 2D culture.
Global gene expression indicated more variability in cell types present in the 3D cultures which helped to
confirm the decreased purity of the cardiomyocytes in the 3D culture system. The 3D system did result in an
overall greater number of cardiomyocytes; however, methods to remove non-cardiac cells would be needed
in order to use this system in future applications. The transcriptome of cells cultured under both conditions
became more stable after 4 weeks of culture. With time in culture, expression of pluripotent genes, cell cycle
and proliferation genes decreased, and later developing cardiac genes were expressed. The authors concluded
that their differentiation protocol could benefit from future developments in cell culture media that could
enhance or accelerate development of more mature cardiomyocytes.

In another recent study, cardiomyocytes from both hESC and hiPSC lines were differentiated as EBs for
10 days prior to culture as a monolayer on 0.1% gelatin (Ribeiro et al., 2015). On day 13, some of the cells
were transferred to cardiomyocyte media. After another 10 days of culture, some cells were transferred to
polyacrylamide hydrogels that had been micro-contact printed with 20 pm wide 1% gelatin lines that were
20 pm apart. The hydrogels had a Young’s modulus of 5.8 kPa. A group of cells continued in the cardiomyo-
cyte media until day 33, while another group was transferred at day 20 to myocyte maturation media which
contained the triiodothyronine (T3) thyroid hormone. Both the cardiomyocyte and myocyte maturation media
were commercially available, serum-free and nutrient rich media. Thyroid hormone is known to be important
for several facets of cardiac development including conversion of the myosin heavy chain, a form (MYH6)
to the myosin heavy chain, f isoform (MYH7) and the conversion of titin (TTN)from the fetal to the adult
form as well as several structural aspects of cardiac maturation (Veerman et al., 2015). Ribeiro et al. (2015)
compared the contraction force of the cultured cells to that of cardiomyocytes obtained from 14, 17, and
19 week old fetuses that had undergone an elective abortion. The contraction force of the fetal heart cells was
similar to each other suggesting little change in this feature between 14 and 19 weeks of gestation. The
authors also observed that the contraction force of cardiomyocytes derived from hESCs and from hiPSCs
were similar and significantly less than that of the fetal heart cells at culture day 23. Continued culture of the



76  Stem Cells in Toxicology and Medicine

hESCs and hiPSCs in cardiomyocyte media increased the contraction force and the surface area of the cells;
the contraction force at day 33 in cells grown in cardiomyocyte medium was similar to that of the fetal cells.
The cells grown in cardiomyocyte media also demonstrated a more mature electrophysiological phenotype
with longer action potential duration and increased action potential amplitude when compared to hESCs and
hiPSCs cultured in the standard differentiation media; however, there was no difference in resting membrane
potential or upstroke velocity. The cells grown in the cardiomyocyte media were larger and also demonstrated
a greater level of sarcomere organization. Continued culture in the myocyte maturation media led to a greater
contraction force, further increases in sarcomere organization, action potential amplitude, and upstroke
velocity with a decrease in resting membrane potential. Increased expression of several cardiac specific genes
such as MYH6, KCNJ12 that encodes the inwardly rectifying subfamily J member 12 potassium channel, as
well as the cardiac ryanodine receptor 2 (RYR?2) and the calcium-ATPase transporter, ATP2A2. Taken together,
increases in contraction force, electrophysiological parameters, sarcomere structure, and gene expression all
demonstrate a more mature cardiomyocyte phenotype in cells cultured in myocyte maturation medium indi-
cating that in conjunction with the length of time the environment/media also influences the maturation status
of hESC- and hiPSC-derived cardiomyocytes.

5.3 Substrate Stiffness

Several publications have examined the stiffness of the substrate as a physical cue to enhance cardiomyocyte
differentiation. To allow comparison to the in vivo condition, the rigidity of the neonatal rat heart was found
to be 4.0-11.4 kPa, while the adult rat myocardium was 11.9-46.2 kPa (Bhana et al., 2010). Other estimates
of rigidity include approximately 70 kPa (Boublik et al., 2005) for adult rat heart, 54 +8 kPa for the right
ventricle (Engelmayr et al., 2008) and 18 +2 kPa for the left ventricle (Berry et al., 2006). Jacot et al. (2010)
measured the elasticity of left ventricles from embryonic and postnatal mice using atomic force microscopy
indentation; they found that embryonic ventricles had elastic modulus of 12 +4 kPa, which increased to 39 +7
kPa after birth.

Polyacrylamide-based hydrogels have been used as substrates to induce the differentiation of mouse
induced pluripotent stem cells (Macri-Pellizzeri et al., 2015). Hydrogels of various stiffnesses were coated
with either collagen I or plasma fibronectin prior to placing an EB on the substrate. Polystyrene tissue culture
plates coated with either collagen I or plasma fibronectin were used as controls. Three levels of stiffness were
developed; these were approximately 0.6, 14, and 50 kPa. Gene expression markers were used to determine
differentiation. Four cardiac markers were evaluated, Myh6, cardiac troponin T type 2 (Tnnt2), cardiac muscle
1 o actub (Actcl), and the calcium channel voltage-dependent L-type a1C subunit (Cacnalc); expression of
the four markers was increased on all hydrogel stiffnesses and with either fibronectin or collagen I coating.
Expression was slightly increased on the soft hydrogel coated with fibronectin when compared to collagen I
coating, but expression of all markers was greater on hydrogels than on tissue culture plates. Morphologically,
70-80% of the clusters contained spontaneously beating cells, and transmission electron microscopy
confirmed the formation of sarcomeres with visible Z-lines as well as the presence of abundant large mito-
chondria in the cells on 0.6 kPa hydrogel compared to the coated tissue culture plates. Also where cardio-
myocytes were adjacent to one another, intercalated discs with desmosomes were present, suggesting cell-cell
communication networks were established. The authors concluded that there was little difference in cardiac
differentiation between the three stiffnesses of hydrogels, but most of their results compared only the softest
hydrogel to cells cultured on tissue culture plates.

Ventricular myocytes isolated from postnatal day (PND) 1-3 rats have also been cultured on hydrogel with
varying degrees of stiffness to determine if substrates contribute to cardiomyocyte maturation. Jacot et al.
(2008) cultured isolated ventricular myocytes for seven days on collagen coated hydrogel coverslips; hydrogel
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strengths included 1, 5, 10, 25, and 50 kPa. Cells on the stiffest substrate had a disorganized cytoskeleton with
unaligned striations and no apparent sarcomeres; the cells cultured on the softest hydrogel also had very
poorly defined striations. The cells cultured on 10 kPa hydrogel, however, had well developed and aligned
striations. Western blots of ACTC1 and MYH6 expression did not show differences between cells grown on
any gel stiffness. Calcium transients were greater in cells grown on 10 kPa gels than in cells grown on 1 or
50 kPa gels. The authors concluded that substrate stiffness does affect force generation, with maximal force
generation observed in cells grown on substrates of 10 kPa, which is similar to the stiffness of native myocardium
of neonatal rats.

In a similar, but more recent experiment, Bhana et al. (2015) also isolated cardiomyocytes from neonatal
rats and cultured the cells on collagen-coated acrylamide hydrogels of varying stiffnesses. For control cul-
tures, collagen-treated glass coverslips were used. Single cell suspensions were placed on the hydrogels and
allowed to grow for five days. The cells on the stiffest hydrogel (144 kPa) and the control coverslips could not
be induced to beat synchronously after an electrical stimulation was applied; cells grown on the softest hydro-
gel (3 kPa), however, were more easily stimulated to contract than were those cultured on a slightly stiffer
matrix (50 kPa). The authors measured contractile force by displacement of fluorescently labeled beads in the
hydrogels during contraction; they observed a decrease in the force of contraction of the cells with increasing
stiffness of the gels. However, after 5 days of culture, the cells on the 50 kPa gels contained more cardiac
troponin I (TNNI3) staining, longer cells and a higher aspect ratio (indicating more elongation and less
spherical shape) than the cells grown on the lower concentrations of acrylamide. The authors concluded that
substrates of about 50 kPa were optimal for culture of cardiomyocytes; this is very close to the range observed
in native adult myocardium by these authors (11.9-46.2 kPa). These results differed from the findings
reported by Jacot et al. (2008) who determined that 10 kPa was conducive to maximal force generation.

Cardiac cells isolated from embryonic Japanese quail, neonatal quail and chickens have also been
cultured on collagen-coated hydrogels of various stiffnesses. The softer matrices (1 and 11 kPa) promoted
the growth and striation of cardiomyocytes when compared to a stiffer matrix of 34 kPa. Additionally, on the
softer matrices, the beat frequency of the cells was faster, and a greater percentage of the cells were beating
(Engler et al., 2008).

Rather than acrylamide-based hydrogels, Galie et al. (2013) made polydimethylsiloxane (PDMS) sub-
strates of 7, 27, 117, or 255 kPa; these were coated with laminin prior to culture of adult rat ventricular car-
diomyocytes for 48 hours. Immunofluorescence was used to examine a-actinin 1 (ACTN1) and B1 integrin
(ITGB1) organization within the cells. Although the amount of ACTN1 was the same across all of the sub-
strates, it was organized into well-developed sarcomeres in cells grown on 7 or 255 kPa substrates but not in
the cells grown on the 27 or 117 kPa substrates. Similar results were observed for ITGB1 presence within
the cells. Expression of the genes for Actnl and Itghl were increased in cells cultured on the 27 kPa
substrate; o7-integrin (Itga7) and vinculin (Vcl) were elevated in cells cultured on both the 27 and 117 kPa
substrates when compared to those on the 255 kPa substrates. Even though cells grown on the 7 and 255
kPa substrates demonstrated organized sarcomeres, there was a difference in their contractility.
Cardiomyocytes grown on the 7 kPa substrate demonstrated increased shortening of the sarcomeres while
cells grown on the stiffest substrate showed less shortening. The authors suggested that these data indicated
that there was a range of substrate stiffness that was optimum for cardiac structure and function. However,
the authors examined adult cardiomyocytes that were cultured for only 48 hours.

Copolymers of polyethylene glycol (PEG), poly-e-caprolacton (PCL) and carboxylated PCL that differed
in the ratios of the three components were fabricated by Chun et al. (2015) to examine the effects of substrate
stiffness on cardiomyocyte differentiaiton. The copolymers were electrospun onto glass coverslips that were
then coated with vitronectin. The authors found that a polymer of 4% PEG: 96% PCL produced the highest
level of contractility and enhanced mitochondrial function in cardiomyocytes that had been differentiated
from hiPSC. Cardiomyocytes cultured on the 4% PEG: 96% PCL polymer were the only cells to express high
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levels of Myl2, a gene that is a marker of ventricular maturation that is present only in cardiac ventricles.
Cells cultured on the other copolymers expressed primarily Myl7, which is characteristic of an immature
cardiomyocyte phenotype and is expressed in both atria and ventricles. Additionally, cardiomyocytes
cultured on the 4% PEG: 96% PCL polymer also produced TNNI3, which is present in more mature cardio-
myoctyes; slow skeletal troponin I type 1 (TNNI1) is present in immature cardiomyocytes and was the
primary tropoinin present in cardiomyocytes cultured on all other polymers. These results suggest that a
polymer matrix consisting of PEG and PCL may allow more robust maturation of cardiomyocytes from
hiPSC than other polymer matrices.

In an attempt to utilize information on characteristics of materials that enhance cell adhesion, Patel et al.
(2015) used a combinatorial method to test more than 700 homo- and hetero-polymers that would allow
enhanced maturation of cardiomyocytes differentiated from hESCs using either EB or monolayer differentia-
tion methods. Contact printing was used to make microarrays on glass coated with poly(2-hydroxyethyl
methacrylate) (pHEMA) to prevent background cell attachment. Their endpoints were cell attachment, size
and sarcomere length (as determined by ACTNI staining), and these endpoints were compared to cells
cultured on 0.1% gelatin. Cells were grown in the absence of serum to rule out the role played by unknown
serum constituents. A co-polymer of isobornyl methacrylate and fert-butylamino-ethyl methacrylate demon-
strated the best differentiation and maturation of cardiomyocytes of all of the combinations tested. The authors
also examined the electrophysiology of the cells by patch clamp methods. While the upstroke velocity was
increased in cells grown on this substrate, the electrophysiology of the cells remained rather immature.
The sensitivity of cells grown on this substrate to the cardiotoxic drug doxorubicin was also examined, and
cells grown on the co-polymer were sensitive to disruption of myofibrils at a 10-fold lower concentration of
doxorubicin when compared to cells grown on gelatin. These results suggested that this co-polymer substrate
enhanced structural maturation of human cardiomyocytes; however, additional work is needed to produce
more mature electrophysiology of the cells.

There are few studies that have examined the effect of substrate stiffness on cardiomyocyte maturation, and
overall, results from these few studies are conflicting. These differences may be due in part on the cell type
or cell line that was used as well as the culture media. However, it appears that substrates with Young’s
modulus of 50 kPa or greater generally do not support good cardiomyocyte differentiation. Combining
substrate stiffness with some underlying structure added to the substrate may promote greater cardiomyocyte
maturation.

5.4 Structured Substrates

Several authors have fabricated patterned substrates to determine if providing an underlying pattern would
enhance maturation of cardiomyocytes. Wang et al. (2011) fabricated polystyrene or polyurethane substrates
with 450 nm width ridges with 100 or 350 nm grooves between the ridges; these substrates were compared to
flat surfaces of the same two materials. Neonatal rat cardiomyocytes were isolated and seeded onto the
substrates. The cells aligned along the nanogrooves, although the alignment and maturation of the cellular
phenotype (more elongated, formation of sarcomeres, formation of gap junctions) were greater with the deeper
350nm grooves. Cell alignment was random on the smooth surfaces. There was little influence of substrate
stiffness, in that there was little difference in cells grown on polyurethane or polystyrene even though there is
a large difference in the elasticity of the two compounds; however, the cells cultured on the softer polyurethane
retained the ability to contract for longer periods of time than did cells cultured on polystyrene.

Kim et al. (2010) fabricated a substrate from PEG hydrogels with ridges and grooves of various dimen-
sions. Rat neonatal ventricular myocytes were cultured on the substrates. The cells aligned along the ridges
and grooves versus a random orientation on the unpatterned substrate. The direction of contraction also
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followed the patterned substrate as measured by fluorescent bead displacement. Conduction velocity was
influenced by the substrate and followed the direction of the ridges and grooves. GJA1 expression was
increased in the periphery of cells cultured on the patterned substrates, especially on the substrate with the
widest ridges (800 nm wide and 800 nm between ridges) when compared with either the unpatterned substrate
or the substrate with intermediate ridges (400nm wide and 400 nm between ridges). The authors concluded
that the patterned substrate altered the cell structure, which affected the functional aspects of the cell.

A different approach was taken by Rodriguez et al. (2011) in that rather than grooves, they placed microposts
made from polydimethylsiloxane (PDMS) on glass coverslips that were first coated in PDMS. Fibronectin
was added to the tips of the microposts to enhance the ability of the cells to attach to the posts. Rat neonatal
cardiomyocytes were cultured on the substrate for five days prior to measurement of contraction. Although
the cells were beating spontaneously, an electric stimulus was applied to assure contraction. The authors
observed that the largest twitch forces occurred at the microposts at the perimeter of the cells, so all subse-
quent measurements occurred at the cell perimeters. As the micropost arrays became stiffer (3, 8, 10, and
15 kPa), the twitch forces were increased, but twitch velocity decreased. It appeared that the cells would twitch
more slowly but more powerfully on the stiffer substrates. Although there were no differences in cell shape
on the different substrates, sarcomere length and Z-band widths were increased on the stiffer substrates.
Additionally, intracellular calcium concentrations and calcium transient during a contraction were higher on
the stiffest substrate (15 kPa) compared to the softest substrate (3 kPa).

McDevitt et al. (2002) tested the morphology of cardiomyocytes grown on slides with laminin lines of
various widths at various distances apart that were microcontact printed onto slides. Neonatal rat cardiomyo-
cytes were isolated and cultured on the slides. The cells formed patterns along the length of the laminin.
The elongated cells formed aligned myofibrils with desmosomes that allowed cell-cell communication. If the
lanes were widely spaced, the cells beat synchronously along the lane; when the lanes were more closely
spaced, the cells formed bridges that allowed cells from adjacent lanes to beat synchronously. The authors
also observed that the laminin lanes could be contact printed onto biodegradable films; after several days of
culture, the cells began to break down the substrate. This indicated that such substrates could be useful for
tissue engineering applications.

LaNasa and Bryant (2009) used hydrogels with the proteins collagen I or laminin covalently bound within
the hydrogel. They also tested an oligopeptide consisting of three amino acids, arginine-glycine-aspartic acid,
which is commonly used for cell adhesion studies since it is present in a number of adhesive proteins.
Unmodified hydrogels were used as one control, and wells coated with gelatin were used as a second control.
Neonatal rat cardiomyocytes were seeded onto the hydrogels and cultured for 7 days. The cells did not attach
well to the oligopeptide containing hydrogels, instead forming aggregates with little spreading. The cardio-
myocytes did attach to the protein containing hydrogels; these cells also expressed TNNI3 and showed signs
of striations. Gene expression was examined, and the cells attached to the protein modified hydrogels dem-
onstrated low Myh6/Myh7 expression; MYH?7 is the predominant form in the fetal heart while MYH6
increases after birth. The low ratio in the cultured cardiomyocytes indicated that the cells did not develop a
more mature phenotype, even though they showed signs of striations within the cells. ATP2A2 usually rises
after birth, and expression of this gene was increased by day seven of culture in the protein modified hydro-
gels. A decrease in natriuretic peptide A (NPPA) expression is seen during maturation of cardiomyocytes, and
expression of this gene was decreased in the cells cultured on the protein modified hydrogels. These data
suggest that incorporating proteins into hydrogels enhanced cell attachment, and the cells demonstrated some
signs of maturation during the culture period.

Neonatal rat ventricular myocytes have also been cultured on poly-(N-isopropylacrylamide) (PIPAAm)
coated coverslips that were then treated with PDMS (Feinberg et al., 2012). Fibronectin was layered in a
single layer for isotropic (ISO) conditions, or micropatterned in a way that added fibronectin in 20 pm wide
ridges that were spaced 20 pm apart (LINES) or in an anisotropic pattern (ANISO). The cardiomyocytes
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self-assembled based on the underlying pattern on the substrate. Electrical conductivity of the cells was
measured, and the cells grown as LINES demonstrated longer action potential durations and faster
propagation of action potentials than either of the other conditions. Cells grown on the ANISO conditions
demonstrated conduction velocities that were similar to those of the LINES cells, but the action potential
duration was longer in the LINES cells than in the ANISO cells. Calcium cycling was also faster in both
ANISO and LINES cells compared to ISO cells, and the contractility of the cells increased with the increas-
ing alignment of the cells. The authors concluded that the cellular architecture which was affected by the
underlying substrate played a major role in developing the electrophysiological and contractility features
of rat cardiomyocytes.

Neonatal rat cardiomyocytes have also been placed on an extracellular matrix derived from thinly sec-
tioned (10 pm) decellularized material from adult hearts; cells grown on this matrix were compared to cells
grown on plastic tissue culture dishes (Lee et al., 2015). Total cell number and cell viability were increased
in cultures grown on extracellular matrix. The authors also examined gene expression for cardiac markers and
found increased expression of Tnnt2 and Tnni3 in cells grown on extracellular matrix for seven or fourteen
days; there was no change in GATA binding protein (Gata4) expression at either time point. Immuno-
histochemistry also indicated an increased level of ACTNI in the cells grown on extracellular matrix for
7 days. These results suggested that a natural extracellular matrix could function to maintain the viability and
proliferative capacity of neonatal rat cardiac cells while also maintaining the functional capacity of the cells.
These decellularized matrices might also prove useful for transplantation studies.

Rao et al. (2013) developed a PDMS substrate with fibronectin-coated microgrooves 10 pm wide 10 pm
apart and 4pm deep in which human cardiomyocytes from Cellular Dynamics International (iCell
Cardiomyocytes™) were cultured. As a control, cells were cultured on unstructured fibronectin-coated
PDMS. Immunohistochemistry with an antibody to ACTN1 demonstrated that the microgrooved substrate
led to a much more structured appearance of the sarcomeres than did the unstructured substrate. Calcium
cycling was different between the two groups with cardiomyocytes cultured on the microgrooved substrate
having a shorter transient amplitude under electrical stimulation; however, the reason for this difference in
calcium cycling was not apparent. Expression of a number of genes was also analyzed; there were no differ-
ences in expression of the genes between cells grown on the structured or unstructured surfaces. In most
cases, gene expression was much lower than that from a single human adult heart sample, and overall gene
expression more closely aligned with that of a more immature cardiomyocyte. These results indicate that the
structured substrate enhanced the structural phenotype and calcium handling of the human cells, but gene
expression lagged behind these other effects. The authors concluded that more work needed to be done to
develop substrates that would produce further maturation of the cells.

Gold coated glass slides with PDMS lanes of various widths patterned on the slides were developed by
Salick et al. (2014) as a substrate for cardiomyocytes differentiated from hESCs. The slides were further
coated in a mixture of fibronectin and Matrigel prior to seeding of purified cardiomyocytes onto the micropat-
terned slides. Lanes that were 30-80 pm wide produced cells with the most organized sarcomeres and aligned
cell nuclei. GJA1 was expressed on both the lateral and axial edges of the cells, and there appeared to be no
association between pattern width and GJA1 expression. There was also no association between calcium
propagation rate and the width of the lanes, and the rate was slower than that observed in vivo. The authors
concluded that the underlying geometry of the cell substrate presented important clues that could aid in
differentiation of hESCs to cardiomyocytes.

Two different hESC lines and two hiPSC lines were cultured by Nunes et al. (2013) as biowires. The biowire
is a device made of PDMS that contains a chamber with a sterile surgical suture. Differentiated dissociated
cardiomyocytes that had been grown as EBs for 20, 34, or 40-44 days in media containing collagen and
growth factor reduced Matrigel were seeded around the suture. A number of variables were tested in the bio-
wires including cell size and shape, proliferation, distribution of cardiac proteins, development of sarcomeres,
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conduction velocity, calcium handling, excitation threshold, hERG and I, channels, and expression of
cardiac genes and proteins. Cells cultured in the biowires were aligned along the suture and contained well
developed sarcomeres. These cells were more rod-shaped and were less proliferative than age-matched cells
from EBs. Cells cultured in the biowires were also more mature in their electrophysiology and calcium
handling than were cells from EB matched controls. Many of the features of these cardiomyocyte were
intermediate between the fetal and adult phenotypes. A relatively small radius (300 pm) was chosen for
the biowires since this size should allow diffusion of media without perfusion. The authors suggested that the
addition of vascular cells may assist in improving survival and integration into host tissue in future in vivo
regenerative studies.

Zhang et al. (2012) developed “matrix sandwiches” in which single cells from various hiPSC and hESC
lines were cultured on a Matrigel-coated tissue culture plate and after a few days, the cells were overlaid with
another layer of Matrigel making a matrix sandwich. Control cells were grown only on the lower layer of
Matrigel. Various growth factors, including bone morphogenetic protein 4 (BMP4), basic fibroblast growth
factor 2 (FGF2), and inhibin beta-A (INHBA), commonly known as activin A, were also added to the culture
medium. By adding the upper layer of Matrigel, the cells formed multilayers and underwent an epithelial-
mesenchymal transition as demonstrated by fluorescence microscopy of cells labeled with E-cadherin
(CDHI1) and N-cadherin (CDH2) and expression of genes associated with an epithelial-mesenchymal transi-
tion. By 30 days of culture, up to 98% of the cells were displaying TNNT2 and the presence of organized
sarcomeres. The cell lines tested varied in the number of cardiomyocytes that developed from 40-92%; the
culture method also worked to differentiate cells from cardiac disease models. Cells cultured for 15 days were
compared to those cultured for 30 days to determine if the cells continued to mature. Expression of alpha
smooth muscle actin (ACTA?2), which occurs only in early cardiomyocyte differentiation decreased from day
15 to day 30; proliferative activity also decreased over this time frame. Electrophysiology of spontaneous
contracting cells indicated that most of the action potentials observed in the cells were similar to those of
embryonic cardiomyocytes than of more mature cells; however, they were similar to those of cardiomyocytes
differentiated from EBs for 60-90 days. The authors concluded that although additional work is needed to
induce further maturation of the cardiomyocytes, this culture method and defined culture conditions can be
used to differentiate a variety of cardiomyocyte lines with easy scale-up of this matrix sandwich method.

Khan et al. (2015) cultured iCells cardiomyocytes on either gelatin coated tissue culture dishes or on
nanofiber scaffolds coated with gelatin. The scaffolds were made of an FDA approved biodegradable
substrate, polylactide-co-glycolide. A number of endpoints were evaluated, but the authors primarily
focused on cellular morphology. The authors observed better alignment of the cells on the nanofibers with
the development of sarcomeres. Cells grown on the nanofibers also had more mature mitochondria with
denser cristae. The cells had faster calcium cycling, suggesting that they would be able to contract more
rapidly, and synchronous beating of the cardiomyocytes was faster than that of cells cultured on the flat
plates. Action potentials were similar among the cells grown on the two substrates. Additionally, ACTN1
and GJA1 were expressed in cells grown on both substrates, and there was little difference in gene expres-
sion of cardiac specific markers between cells on the different substrates. The authors concluded that the
addition of a nanofiber scaffold led to cardiomyocytes that were structurally similar to those observed in
normal heart tissue.

Lee et al. (2014) differentiated hESCs on one of three substrates: vitronectin coated graphene, vitronectin
coated glass, or Matrigel. The cells were cultured over a period of 21 days. Vitronectin coating of the graphene
enhanced cell attachment. The authors found that the cells cultured on coated graphene expressed more
mesodermal and endodermal markers by 14 days of culture than did cells grown on the other two substrates;
these cells also expressed greater levels of cardiac genes by culture day 21 than did cells on the other two
substrates. However, the cells cultured on graphene were not beating spontaneously indicating that they had
not fully differentiated to functional cardiomyocytes. The authors concluded that the nanoroughness of the
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graphene aided in cell attachment and differentiation; however, it is unclear if continued culture would have
led to more mature cardiomyocytes.

Zhang et al. (2013) used cardiomyocytes differentiated from a hESC line and then purified the cardiomyo-
cytes by magnetic activated cell sorting. The purified cardiomyocytes were mixed in different ratios with
non-cardiomyocyte cells that were in the original cell mixture; these cells expressed markers of smooth
muscle cells, fibroblasts and endothelial cells. Final cell populations contained 48-90% cardiomyocytes in
either 2D (monolayer) or 3D culture. A cardiac patch was generated using PDMS molds with elliptical pores
that facilitated nutrient transport to the cells that were aligned around the pores. The cells were contained
within a hydrogel solution that also contained fibrinogen, thrombin, and Matrigel. Under these conditions,
the cardiomyocytes in the patch demonstrated increased expression of TNNT2, MYH?7, the ventricular form
of MYL2, calsequestrin 2 (CASQ?2), and ATP2A2; expression of genes for electrical functioning of cardiac
cells were not different between the monolayer and patch culture conditions. While conduction velocity was
increased in the patches, action potential duration did not differ under these conditions. The cells in the 3D
patch also had longer sarcomeres than did the monolayer cells. The authors also tested the ability of the cells
in the patch to respond to the p adrenergic agonist, isoproterenol. The cells responded to increasing concen-
trations of isoproterenol with an increase force response. The authors concluded that the 3D cardiac patch
enhanced maturation of the cardiomyocytes to a level similar to that of intact cardiac tissue.

hESC-derived cardiomyocytes grown either as EBs or as cells dissociated from EBs in a matrix of fibrino-
gen and thrombin was compared by Schaaf et al. (2011) to determine effects on cardiomyocyte maturation;
the cell-fibrinogen-thrombin mixture was pipetted into molds with silicon posts present to form human engi-
neered heart tissue. The engineered tissues demonstrated better sarcomeric development and organization.
Additionally, those cells expressed the adult form of MYH?7, but there were no differences in the other cardiac
markers that were evaluated between the cell growth formats. However, the cells were more immature in
their electrophysiology with longer action potential durations and very low maximal diastolic potentials.
The authors concluded that although the cells did demonstrate some signs of increased maturation, they were
still quite immature.

5.5 Conclusions

There are a number of endpoints to consider when determining if cardiomyocytes have reached a more
mature phenotype. In some of the papers reviewed in this chapter, the structural phenotype appeared
more mature than other endpoints such as electrophysiology or calcium handling. Longer term culture did
enhance maturation of several features, but these longer culture times are often impractical for most appli-
cations. Patterning of the substrate also enhanced maturation of many of the structural aspects of the cells
and this led, in several cases, to maturation of functional capabilities of the cells as well. However, the
techniques needed to fabricate the substrates make these methods lower throughput. It may not be practical,
or even necessary, to obtain fully mature cardiomyocytes for some applications, and compromises that
allow higher throughput analysis may need to be made for other applications. It would seem that patterning
the substrate in some fashion may be the simplest method to alter the structural phenotype of the cells, and
functional maturation may follow.

Disclaimer

The opinions and conclusions expressed in this article are solely the views of the authors and do not necessarily
represent the views of the U.S. Food and Drug Administration.
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6.1 Introduction

6.1.1 Cardiotoxicity in Preclinical and Clinical Drug Development

Cardiotoxicity is a leading cause of attrition during both preclinical and clinical drug development.
Drug-induced cardiotoxicity can be functional or structural in nature (as detailed further next), can occur
with drugs both targeting cardiovascular and non-cardiovascular diseases and arise after acute or chronic drug
treatment. Such late stage attrition is damaging in terms of the protection of patient safety and impacts the time-
consuming, costly drug development process. Laverty et al. (2011) published the outcomes of a Medical
Research Council (MRC) hosted cardiotoxicity workshop, which highlighted that preclinical screening
strategies were effective at eliminating cardiovascular safety concerns prior to Phase I clinical trials (Laverty,
et al. 2011). However, during late-stage development, when a greater number of patients were exposed, that
cardiovascular adverse drug reactions were still an issue with implications spanning from prescribing
restrictions to compound withdrawal.

Therefore, it is becoming apparent that highly sensitive, over-simplified, pre-clinical in vitro platforms
may not be very specific in the detection of cardiac safety liability, and that there may be a lack of concordance
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of effects between preclinical species (in vitro or in vivo) and humans (Gintant, et al. 2016). Such failures
demonstrate the demand for more translatable animal models and, where possible, the development of
human-relevant paradigms that are more predictive much earlier in the drug discovery process. The develop-
ment of predictive screening strategies that detect cardiotoxicity early in the drug discovery process will
influence better decision making, the quality of drug candidates selected and reduce attrition, therefore,
helping to ensure the development of safe medicines for patients.

6.1.2 Functional Cardiotoxicity

Functional cardiotoxicity encompasses effects on cardiac electrophysiology and cardiac contractility. Drug-
induced disturbances in cardiac electrophysiology can lead to life-threatening arrhythmias, most notably
prolongation of the QT interval and Torsades de Pointes (TdP), which is a major concern for drug companies
and regulators (Laverty, et al. 2011). QT prolongation and/or TdP is associated with many cardiac and non-
cardiac drugs including antihistamines, antiarrhythmics, antipsychotics, antibiotics and antimalarials. The
most common cause for drug-induced QT prolongation is inhibition of the potassium channel hERG, which
is responsible for the potassium current (IKr) involved in ventricular repolarization (Redfern, et al. 2003). A
delay in ventricular repolarization through inhibition of hERG can result in reactivation of an inward depolar-
izing current (e.g. reopening of L-type calcium channels) known as early after depolarization (EADs). If
these EADs are large enough in amplitude they may result in ectopic beats, which is a trigger for TdP. TdP
itself can self-terminate, but it can also degenerate into ventricular fibrillation and cause sudden cardiac
death. The International Conference on Harmonization (ICH) S7B guidelines detail the preclinical studies
that are required by regulators to assess the potential risk of new drug candidates to delay ventricular repo-
larization, and, include an in vitro hERG assay and an in vivo non-rodent QT assay. However, compounds that
inhibit hERG do not always prolong the QT interval or cause arrhythmias (Verapamil), compounds can pro-
long the QT interval through mechanisms other than hERG (Alfuzosin) and compounds that prolong the QT
interval are not always proarrhythmic (Ranolazine). The Comprehensive in vitro Proarrhythmia Assay (CiPA)
is a novel screening paradigm that has been proposed to replace the ICH S7B guidelines. Its focus is to move
away from using hERG inhibition and QT prolongation as biomarkers/risk factors for proarrhythmia and
adopt a more integrated mechanistic approach including multiple cardiac ion channel screening, in silico
human ventricular cardiomyocyte modelling and confirmation of results in a human stem cell-derived
ventricular cardiomyocyte assay (Sager, et al. 2014; Cavero and Holzgrefe 2015; Fermini, et al. 2016).

Current preclinical in vitro/ex vivo models employed to identify and assess the risk for drug-induced
electrophysiological cardiotoxicity include cardiac ion channel screening and studies on isolated primary
cardiomyocytes or Purkinje fibres, ventricular tissue preparations and whole hearts (Lawrence, et al. 2006;
Pollard, et al. 2010). These models rely heavily on animals to make predictions on the clinical outcome, are
low throughput, labour intensive, costly and may be unsuitable for routine early screening.

Cardiac contractility is an intrinsic property of heart muscle to produce contractile force and shorten,
independent of heart rate, preload (sarcomere length) and afterload (pressure/load the heart has to contract
against to eject blood), and is dependent on intra/extracellular calcium homeostasis. It is the process of exci-
tation-contraction (EC) coupling that turns rhythmic electrical stimulation (action potentials) into mechani-
cal force, allowing the heart to contract (Wohlfart and Noble 1982; Drake-Holland and Noble 1983).
Depolarization of the cardiomyocyte membrane potential during an action potential results in Ca*" influx
into the cell through L-type Ca** channels, which in turn triggers the rapid release of Ca?* from the sarco-
plasmic reticulum (SR) via ryanodine receptors (RyR) (Fabiato 1969; Fabiato, et al. 1971; Fabiato and
Fabiato 1975). This increase in intracellular Ca’* concentration activates myofilaments causing the cells to
contract. Transfer of Ca?* from the cytosol to the SR via the SR Ca?* ATPase (SERCA) or through the Na*-
Ca?* exchange (NCX), decreases intracellular calcium and results in cardiomyocyte muscle relaxation.
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Changes in cardiomyocyte calcium handling, myofilament sensitivity to calcium and effects on the
myocardial contractile machinery can all affect contractility.

Drug-induced changes in cardiac contractility are a safety concern and changes in cardiac contractility are
investigated clinically by assessing changes in left ventricular ejection fraction (LVEF). Drug-induced
increases in cardiac contractility (positive inotropy) places long term stress on the heart and drug-induced
decreases in cardiac contractility (negative inotropy) lead to reduced perfusion of end-organs, both of which
can lead to heart failure and increased mortality. Current preclinical models used to screen for drug-induced
effects on contractility include ion channel and receptor screening, studies on isolated primary cardiomyo-
cytes and whole hearts, in vivo telemetered studies and echocardiology measurements (Harmer, et al. 2012).
These models have a heavy reliance on animals and measurements are often invasive, indirect, resource/time
consuming and low throughput.

6.1.3 Structural Cardiotoxicity

Structural cardiotoxicity results in morphological damage or loss of cellular/subcellular components of the
heart. It is associated with changes in multiple cardiac cell types leading to compensatory hypertrophy that
may show ventricular-dilation, cardiac fibrosis (which interferes with cardiac compliance and contraction/
relaxation), ultimately resulting in heart failure (HF) (Cross, et al. 2015). Cardiac cell injury progresses from
degeneration, necrosis, inflammatory changes and fibrosis. Non-lethal cardiomyocyte injury can be char-
acterized by vacuolation of the cardiac myocytes which may result from lipid accumulation, mitochondrial
swelling or dilatation of the sarcoplasmic reticulum. The limited regenerative capacity of the heart suggests
that adaptive responses to such degenerative insults may result in a predisposition to cardiotoxicity. Lethal
cardiomyocyte injury results in necrosis, loss of membrane integrity and the release of cytosolic proteins.
The morphological change includes an inflammatory response that may be accompanied by fibrosis and
influence cardiac function (Cross, et al. 2015).

Structural cardiotoxicity may arise as a result of ‘on-target’ or ‘off target’ effects. An understanding of the
potential ‘on target’ pharmacological effects may be raised as a result of an early, target biology review.
As well as gaining a deep understanding of the target biology, this would also include assessing any human
disease states or transgenic animal models, which may highlight a direct involvement of the desired target in
cardiac structure and/or function. Harder to predict are the ‘off target’ pharmacological activities resulting
from compound interactions with target(s) unrelated to the primary site of action.

Structural cardiotoxicity is associated with several chemotherapeutic agents, such as the anthracyclines
(e.g. Doxorubicin) and small molecule tyrosine kinase inhibitors (e.g. Sunitinib, Sorafenib), and can
include a range of undesired effects, for example heart muscle injury with cardiomyopathy and HF, com-
plications of coronary artery disease leading to myocardial ischaemia, arrhythmias, hypertension and
thromboembolism (Cross, et al. 2015). The incidence is dependent on a number of factors including the
administered dose, cumulative dose, pre-existing risk factors, and may occur immediately or after a delay
of months to years post-treatment (Cross, et al. 2015). With the introduction of new treatments and increased
cancer survival times the delayed cardiotoxicity of some anticancer treatments can become evident a long
time after completion of treatment (Ewer and Ewer 2015). Reviews on the drug-induced toxicity of anthra-
cyclines and possible mechanisms of action are available (Minotti, et al. 2004; Yeh and Bickford 2009;
Volkova and Russell 2011; Pizzino, et al. 2014).

The detection of structural cardiotoxicity is currently not possible using in silico or in vitro systems.
Therefore, it remains dependent on the findings from animal models often performed later in development,
with the detection of a variety of endpoints, for example heart weight, pathology (light microscopy and elec-
tron microscopy), biomarkers (cardiac troponins, atrial natriuretic peptides) and gene expression changes.
Whilst the maturation phenotype of hiPSC-CMs remains a concern, the generation of these cell types and
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their longevity in culture has begun to impact in vitro platforms, which may be applicable for the assessment
of structural cardiotoxicity earlier in the drug development process.

6.1.4 Requirement for Improved In Vitro Models to Predict Human Cardiotoxicity

There is clear value in the use of in vitro human cardiomyocyte models suitable for routine preclinical
cardiotoxicity screening. An opportunity, that circumvents the use of limited human tissue availability, lies in
the use of in vitro-derived human cardiomyocytes from pluripotent stem cells (hPSC-CMs) (embryonic
[ESCs] or induced [iPSCs] pluripotent stem cells). The development and commercial availability of such
cells provides possibilities to routinely screen for drug-induced cardiotoxicity in a human cardiomyocyte
model, which may improve predictivity/translation to the clinic, whilst beneficially, significantly impacting
the 3Rs framework for humane animal research (i.e. refinement, reduction, replacement) by reducing the
number of animals used for in vivo/ex vivo studies. However, it is important to appropriately characterize,
quality control and validate such cells before integration into cardiotoxicity screening strategies to enable
better decision-making and quality compound selection. Various hPSC-CMs and technological platforms
have been assessed to evaluate their suitability for the detection of drug-induced cardiotoxicity. This review
focuses on the application of some of those platforms that can either currently be employed, or are likely to
be applicable in the very near future, to drug discovery and preclinical development.

6.2 Overview of hPSC-Derived Cardiomyocytes

Traditionally, primary adult cardiac tissue and animal models are considered the gold-standard in pharmaco-
logical profiling, but are low in throughput and not always suitable for routine screening. Human cardiomyo-
cytes derived from pluripotent sources (hPSC-CMs) have paved the way as a widely-available, unlimited
source of human cells that resemble aspects of human biology and provide potential applications earlier in
drug discovery and development.

Multiple efforts are underway to generate large genetically diverse global libraries of healthy and
diseased iPSCs, such as the UK Biobank, Corriell Institute of Medical Research, WiCell, HiPSCi and
EBiSC for research to reflect the diversity of drug responses (Anson, et al. 2011) and iPSC banks that
represent homozygous HLA haplotypes for cell transplantation (Taylor, et al. 2012; Turner, et al. 2013).
Preclinical testing on patient-derived iPSCs can potentially be used to identify specific patient populations
who would respond favourably or adversely to a drug (Itzhaki, et al. 2011; Lan et al., 2013, Liang et al.,
2013; Ma, et al. 2013).

PSCs have accelerated our understanding of the developmental cues towards mesoderm and cardiomyo-
cyte differentiation, thus yielding high-purity cultures of human cardiomyocytes (Zandstra et al., 2003;
Laflamme et al., 2007; Hattori et al., 2010; Van Hoof et al., 2010; Khan et al., 2013; Lundy et al., 2013).
For the induction of cardiac lineage (mesoderm), various strategies were utilized in vitro; the traditional
embryoid body (EB) formation via the hanging drop or suspension culture, co-culture with supporting vis-
ceral endothelial (END-2) cells (Mummery et al., 2012), treatment with stage-specific growth factors, direct
reprogramming of fibroblasts with exogenous factors, such as GATA4, Tbx5, Mef2c and Badf60c (Takeuchi
and Bruneau, 2009; Ieda et al., 2010; Addis et al., 2013, Nam et al., 2013), and most recently with the use of
pharmacological inhibitors (Lian et al., 2013). EBs provide an excellent tool for understanding early develop-
ment since cell interactions within EBs can mimic the normal course of embryogenesis. However, this method
of mesoderm development lacks reproducibility and efficiency (consisting approx. ~5—10% of cardiomyo-
cytes), thus making it ineffective for scale-up of cardiomyocytes for its use in the pharmaceutical sector.
Later, monolayer and other directed differentiation protocols with enhanced mesodermal lineage differentiation
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were developed to produce more homogenous (enriched) population of cardiomyocytes with or without anti-
biotic selection (Kattman et al., 2011; Lian et al., 2013) or with selection using lineage-restricted promoters
(NKx2.5, MYH6 and MLC2v) that regulate the expression of fluorescent proteins. (Anderson et al., 2007,
Huber et al., 2007; Elliott et al., 2011; Burridge et al., 2014). Cell surface receptors, such as SIRPA and
VCAMLI1 have also been utilized to isolate hPSC-CMs (Dubois et al., 2011, Ponten et al., 2013). As PSC
culture moved away from animal-derived cells and reagents (xeno-free environments) (Ludwig et al.,
2006), under defined growth factor (or serum-free) conditions (Yao Shuyuan, 2006; Brons et al., 2007;
Yang et al., 2008), it guided the way towards the development of hPSC-CMs for the purposes of cell
therapy, organ printing and cardiotoxicity screening. The most efficient and reproducible strategies for
generation of an unlimited supply of cardiomyocytes involve inhibition of different signalling pathways
and specific activation of others in defined culture conditions (Mummery, et al. 2012). One of the first
directed differentiation protocols, although relatively inefficient, has provided insight into improving dif-
ferentiation efficiency (Passier, et al. 2005; Xu, et al. 2008). Many variations of EB and monolayer proto-
cols have been developed ever since (reviewed in Mummery, et al. 2012). Nowadays, scientists have
achieved increased efficiency of cardiomyocyte differentiation yielding 80-90% pure cardiomyocytes
using defined growth factor conditions or pharmacological inhibitors (Yang Xiulan, et al. 2008; Leschik,
et al. 2008; Xu, et al. 2008; Yang, Soonpaa et al. 2008; Willems, et al. 2009; Lian, et al. 2013). One of the
most efficient protocols available utilizes a growth factor-defined and serum-free system that can yield
0.8-1.3 million cardiomyocytes per cm? after 14d without cell sorting or selection (Lian, et al. 2013).
Although, PSC-CMs are the desirable product for cardiotoxicity screening it is noteworthy to mention the
utilization of cardiac progenitor cells (CPCs) in medium- to high-throughput screens. The investigation of
pathways, targets and small molecules involved in the proliferation of heart-resident CPCs and their
differentiation into adult cells broadens insight into fundamental mechanisms which may be of interest for
in vivo regenerative therapies (Drowley, et al. 2016).

Early studies provided electrophysiological evidence of cardiomyocytes generating spontaneous electric
field and action potentials typical of mixed population of nodal-, atrial- and ventricular-like cells (Khan
et al., 2013). Differentiated cardiomyocytes are normally assessed by light microscopy for spontaneous
beating, thus easily detected in culture as beating EBs or beating areas in monolayer differentiation
approaches (Muller, et al. 2000). EB aggregates can be dissociated and plated on extracellular matrices like
gelatin to measure their action potential morphologies (i.e. nodal, atrial or ventricular subtypes) using patch
clamp electrophysiology. Complimentary phenotypic characterization techniques include microarrays and
real-time PCR, immunolabelling against late structural myofilament proteins, such as Troponins (measured
by flow cytometry or microscopy) and sarcomeric organization using electron microscopy. Fluorescence in
situ Hybridization (FISH) or Comparative Genomic Hybridization (CGH) is used to ensure karyotype stabil-
ity of iPSC material and electrophysiological studies to exhibit the nature and maturity of the differentiated
cell subtypes.

Differentiation efforts from PSCs so far, have yielded a mixture of atrial, pacemaker-like and ventricular
cell types, that more closely resemble the foetal cardiac phenotype by multiple criteria (Willems, et al. 2009),
such as contractile protein expression and myofibrillar structure (Lundy, et al. 2013), electrophysiology
(Binah, et al. 2007; Zhang, et al. 2009), calcium handling (Dolnikov, et al. 2006; Binah, et al. 2007) and force
generation (Dolnikov, et al. 2006; Kita-Matsuo, et al. 2009). Thus, huge interest is drawn towards the matura-
tion of hPSC-CMs (extensively reviewed by Robertson, et al. 2013; Yang, et al. 2014). In brief, prolonged cell
culture of both ESC- and hiPSC-CMs (80—120 days) resulted in maturation to a more adult-like cardiomyo-
cyte phenotype shown by expression of RNA and of structural/contractile proteins (Babiarz, et al. 2012;
Lundy, et al. 2013). Other maturation efforts involve overexpression of calsequestrin (CSQ) a Ca**-handling
protein (Liu, Lieu et al. 2009) that was absent in PSC-CMs (Dolnikov, et al. 2006) or the use of T3 hormone
(Lee, et al. 2010).
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Nonetheless, despite their limitations in terms of maturity and heterogeneity, the literature evidence
suggests that hPSC-CM provide a useful source of human-relevant cells for cardiotoxicity screening.

6.3 Human PSC-CM Models for Cardiotoxicity Investigations

hPSC-CMs can be cultured in a variety of formats, of ever increasing complexity, with the aim of improving
the phenotype towards human adult cardiomyocytes. However, increasing in vitro complexity has limitations
in terms of the applicability of the technologies available for assessing cardiomyocyte function and com-
pound-induced effects. As the emerging hPSC-CMs are characterized and assessed using the equally rapidly
developing technologies, it is inevitable that much overlap is seen between culture platforms, technologies
and the endpoints assessed. The hPSC-CM models and endpoints for cardiotoxicity investigations have
been grouped next in consideration of their primary application, that is electrophysiology, contractility and
structural cardiotoxicity endpoints, with some unavoidable overlap (Table 6.1).

6.3.1 hPSC-CMs for the Assessment of Electrophysiological Cardiotoxicity

hPSC-CMs express the major cardiac ion channels found in adult cardiomyocytes and are electrically active
demonstrated by the generation of action potentials, and may provide a useful integrated model to screen for
drug-induced electrophysiological cardiotoxicities. hPSC-CMs have been investigated in multiple platforms
as a model to detect drug-induced electrophysiological cardiotoxicity including manual and automated patch-
clamping (Caspi, et al. 2009; Honda, et al. 2011; Ma, et al. 2011; Jonsson, et al. 2012; Qu, et al. 2013;
Gibson, et al. 2014; Scheel, et al. 2014), multielectrode array (MEA) (Clements, et al. 2009; Braam, et al.
2010; Guo, et al. 2011; Harris, et al. 2013; Navarrete, et al. 2013; Nozaki, et al. 2014; Gilchrist, et al. 2015;
Kitaguchi, et al. 2015; Qu and Vargas 2015), impedance (Guo, et al. 2011; Jonsson, et al. 2011; Xi, et al. 2011;
Abassi, et al. 2012; Peters, et al. 2012; Guo, et al. 2013; Himmel 2013; Scott, et al. 2014; Peters, et al. 2015),
intracellular calcium imaging (Cerignoli, et al. 2012; Sirenko, et al. 2013; Sirenko, et al. 2013; Lu and
Anderson 2015; Pointon, et al. 2015), voltage-sensitive dyes (VSDs) (Warren, et al. 2010; Herron, et al. 2012;
Lopez-Izquierdo, et al. 2014) and optogenetics, which will be discussed in the following section.

Table 6.1 |Illustration of the platforms reviewed, and the overlap of some technologies across electrophysiology,
contractility and structural cardiotoxicity applications

Stem cell platform complexity  Electrophysiology endpoints Contractility endpoints = Structural cardiotoxicity

Singe cell Patch clamp
2D monolayer Voltage sensitive dyes High content screening
Multi-electrode arrays SeaHorse flux analysers
Impedance assays Impedance assays Impedance assays
Calcium imaging assays Calcium imaging
assays
Optogenetics
Complex, 3D and/or Voltage sensitive dyes Cardiomyocyte thin Cardiomyocyte
co-cultures films spheroids

Engineered heart
tissues
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6.3.1.1 Patch Clamp Assays

An in vitro hPSC-CM action potential assay has been used to examine compound-induced effects on hPSC-
CM electrophysiology for proarrhythmic risk assessment using the patch clamp technique. Action potentials
recorded from ventricular-like hPSC-CMs have been validated using reference compounds that affect various
phases of the cardiac action potential.

In hPSC-CMs, hERG/IKr blockers prolonged the action potential duration (APD90) at concentrations that
inhibited hERG/IKr and in some cases induced early after depolarizations. Results were consistent across
studies using hPSC-CMs from different sources (hHESC-CMs and hiPSC-CMs) and data correlated with pre-
clinical and clinical effects (Caspi, et al. 2009; Peng, et al. 2010; Honda, et al. 2011; Ma, et al. 2011; Jonsson,
et al. 2012; Qu, et al. 2013; Gibson, et al. 2014). In some cases, hPSC-CMs offered higher sensitivity over
conventional in vitro/ex vivo animal models (Peng, et al. 2010; Gibson, et al. 2014). For example, Terfenadine
prolonged the APD in hPSC-CMs, but failed to prolong the APD in canine and porcine Purkinje fibres, and
the QT interval in isolated rabbit hearts. This data shows that hPSC-CMs are a sensitive model for detecting
ventricular repolarization delay by hERG/IKr block and supports the use of a hPSC-CM action potential
assay for assessing the risk for drug-induced QT prolongation and proarrhythmic risk caused by hERG
channel block.

A hPSC-CM action potential assay may also be useful for examining chronic effects of compounds that
produce delayed effects on the QT interval e.g. delayed QT prolongation through inhibition of hERG channel
trafficking. The hERG trafficking inhibitor Pentamidine was used to evaluate the potential of hiPSC-CMs to
detect delayed QT prolongation (Gibson, Yue et al. 2014). Pentaminide had no immediate effect on action
potentials, but after chronic treatment for 20-24 h the action potential was prolonged and early after depo-
larizations were evident — compared to time matched controls — at therapeutically relevant concentrations.
hPSC-CMs may be a useful model to study delayed/chronic effects on QT, but more compounds need to be
studied to validate this fully.

The cardiac Na* channel (Nav1.5) is responsible for the upstroke of the cardiac action potential and depo-
larization. Block of Nav1.5 slows the upstroke of the cardiac action potential, prolongs the QRS interval on
the ECG and slows conduction in the heart, which can lead to conduction disturbances and lethal arrhyth-
mias. The effect of Na* blockers on action potentials recorded from hPSC-CMs has been tested to evaluate
their potential to detect Na* channel depolarization liabilities. Differences in the sensitivity to Na* channel
blockers in hPSC-CMs have been reported. Peng et al. (2010) showed that Lidocaine and Quinidine decreased
the action potential upstroke velocity (Vmax) in action potentials recorded from hESC-CMs and were more
sensitive compared to canine Purkinje fibres (Peng, Lacerda et al. 2010). In contrast, Qu et al. (2013) tested
four Na* channel blockers (Flecainide, Mexiletine, AMG1 and Lamotrigine) in hESC-CMs and found that the
cells were less sensitive at detecting Na* channel block compared to Nav1.5 ion channel data and QRS effects
in an isolated rabbit heart assay (Qu, et al. 2013). The differences in sensitivity seen with Na* channel block-
ers could be down to different Na* channel blockers tested across studies and the maturation status of the
cells. It is well known that hPSC-CMs are generally immature in their phenotype, based on various criteria
(Willems et al., 2009). The cardiac action potential upstroke velocity (Vmax) is slow and the resting mem-
brane potential is depolarized compared to adult human cardiomyocytes. The depolarized resting membrane
potential may lead to a partially inactivated Na* channel population, which would result in a slower action
potential upstroke. The immature phenotype may explain the differences in sensitivity to Na* channel block-
ers. For example, Lidocaine is use-dependent, preferentially binding to the inactivated state of the channel
and may explain the higher potency of lidocaine in the hPSC-CM assay compared to Purkinje fibre assays
(Wang et al., 2015).

In addition to hERG/IKr, IKs (KvLQT1/mink) contributes to phase 3 of the cardiac action potential.
Block of IKs can prolong the cardiac action potential duration, which may be a risk factor for proarrhythmia.
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There have been mixed reports of the effects of IKs block on the action potential of hPSC-CMs (Peng, et al.
2010; Honda, et al. 2011; Ma, et al. 2011; Jonsson, et al. 2012; Qu, et al. 2013). Qu et al. (2013) tested the
effect of the IKs blocker L-766873, which did not prolong the action potential at concentrations that inhibited
IKs, indicating that IKs was not present or active in these cells. Other studies tested the effect of another IKs
blocker Chromanol-293B (Peng, et al. 2010; Honda, et al. 2011; Ma, et al. 2011; Jonsson, et al. 2012). In
three studies, Chromanol-293B prolonged the action potential duration in both hESC-CMs and hiPSC-CMs
(Peng, et al. 2010; Honda, et al. 2011; Jonsson, et al. 2012). Whereas another study by Ma et al. (2011)
showed no effect of Chromanol-293B on action potentials recorded from hiPSC-CMs.

A hPSC-CM action potential assay has shown promise as a model to screen for drug-induced electro-
physiological cardiotoxicities. However, larger compound screens including both true positives and true
negatives are required to fully assess the predictivity of the hPSC-CM action potential assay, especially for
detecting liabilities beyond hERG inhibition, for example Na* channel/depolarization and IKs liabilities.

While manual patch clamping is highly sensitive and produces high quality data, it is invasive, low-
throughput as it is performed on single cells and labour intensive (requiring highly skilled staff in the tech-
nique). hPSC-CMs have started to be tested and validated on automated patch clamp systems to increase
compound throughput and reduce resource (Ma, et al. 2011; Scheel, et al. 2014). Most commercially availa-
ble automated systems are planar-based and use multi-well plates or chips, which enable recordings from
multiple cells simultaneously. Cells are loaded into wells and suction is applied to pull the cells into the tiny
holes in the plate to form a seal. The membrane is then ruptured or perforated to obtain the whole-cell con-
figuration. The automated patch clamp systems that have the capability to operate in current clamp mode to
measure cardiac action potentials include the CytoPatch 2 system (Cytocentrics) and the Patchliner system
(Nanion). Both systems form G(} seal enabling high quality recordings. Scheel et al. (2014) recorded action
potentials from ventricular-like hiPSC-CMs (Cor.4U Axiogenesis) using the Cytopatch 2 and cells formed
high resistant G() seals in this platform. Nifedipine decreased the action potential duration, Cisapride pro-
longed the action potential duration and TTX decreased the maximal slope of depolarization and shortened
the action potential duration as expected. Results were comparable to those obtained from manual patch
clamp recordings. These studies demonstrate that hPSC-CMs are compatible with automated patch clamp
systems, providing an early high-throughput assay that could be used for routine screening of compound
adverse effects on the action potential from hPSC-CMs. However, further validation with larger compound
sets is required. Some considerations/limitations of automated patch clamp systems are the requirement
for high purity cardiomyocytes to prevent contamination from non-myocyte cells since cells are captured
blindly into the holes in the patch plate, voltage/current control can be lost in some platforms (e.g. to allow
compound addition) and compounds may stick to the plastic surfaces of the plates in some systems, shifting
dose-response curves to the right and decreasing sensitivity.

In addition to patch clamping, less-invasive/destructive technologies are available that utilize voltage-
sensitive dyes or genetically encoded voltage and calcium indictors to optically measure action potentials
from hPSC-CMs, and will be discussed next.

6.3.1.2 Voltage Sensitive Dyes (VSDs)

Voltage sensitive dyes (VSDs) are small molecules or proteins (e.g. Di-4-ANEPPS) that incorporate into the
cell membrane and change their spectral/fluorescent properties in response to changes in the cell membrane
potential, which can be visualized optically (Herron, et al. 2012). VSDs optically measure the electrical activ-
ity in the form of action potentials from single cells or monolayers of hPSC-CMs, allowing drug-induced
effects on action potentials from hPSC-CMs to be assessed (Herron, et al. 2012). Electrophysiological
endpoints that can be measured from the VSD-derived action potentials include: action potential duration
(e.g. action potential duration at 90% depolarization), action potential upstroke rise time, triangularization,
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proarrhythmic events such as early after depolarizations and spontaneous beat rate. Simultaneous recordings
of action potentials from hiPSC-CMs using the patch clamp technique and VSDs demonstrated that there was
correlation between action potentials recorded by the two techniques (Warren, et al. 2010; Lopez-Izquierdo,
et al. 2014). The action potential durations recorded using VSDs were nearly identical to those measured
directly using the patch clamp technique.

VSD platforms offer several advantages over conventional patch clamp action potential assays. VSDs pro-
vide increased throughput since experiments can be performed in multiwell plates (medium throughput
assay), are less invasive, less labour intensive and reduce compound consumption, since compounds do not
need to be continuously perfused. Cells can also be studied for several hours to days, allowing both acute and
chronic compound effects to be studied, which is not possible with isolated cardiomyocytes or ex vivo heart
preparations.

VSD platforms are being evaluated with hPSC-CMs as part of the CiPA initiative (Cavero and Holzgrefe
2015). A pilot study was carried out at four sites using hPSC-CMs from three different sources and four
different platforms with a small compound set to evaluate the suitability of VSD recordings from hPSC-CMs.
Preliminary data comparing the effects of three drugs on hPSC-CMs from the same supplier across two sites
showed good correlation across sites. A larger compound validation study is currently underway.

Whilst VSDs offer advantages over conventional patch clamp techniques, there are also several limitations.
VSDs can cause phototoxic damage to cardiomyocytes and readily bleach (photobleaching) resulting in
signal run down, which limits recording time. The lack of continuous data recording means that compound
effects cannot be monitored over time and it is not possible to know when steady state is reached. The VSD
signals recorded can be small and may require averaging. High signal-noise ratio is essential and if the
signal-to-noise ratio is low, small changes in the action potential will not be detected/will be missed.
There may be motion artefacts in the signals caused by the cardiomyocyte contractions. The fluorescent
readout is in arbitrary fluorescent units and absolute voltage measurements/readings cannot be obtained
(cannot measure maximum diastolic membrane potential or upstroke velocity (V/S)).

6.3.1.3 Optogenetics

As the emphasis in safety pharmacology shifts to detection of the proarrhythmic event that triggers aberrant
electrical conduction, novel techniques such as optogenetics are evolving to visualize the cellular action
potential. As mentioned earlier, the manual patch clamp technique is labour intensive and low throughput and
while voltage-sensitive fluorophores can resolve some of these issues, they can be associated with technical
limitations cited previously.

In recent studies, researchers have described the expression of genetically-encoded voltage indicators,
native to bioluminescent organisms, in mammalian cells as probes to visualize membrane excitability
(Kralj, et al. 2012). Genetically encoded calcium indicators have also been used to probe the electrical
behaviour of mammalian cells (Tian et al., 2012; Addis et al., 2013).

ArcLight, a variant of archaerhodopsin, was transduced in hESC-CMs and exhibited properties that paral-
leled the patch clamp detection of membrane potential (Leyton-Mange, et al. 2014). Not only did the fluores-
cence emission of the probe retain morphological characteristics of the myocyte action potential, but a linear
shift in fluorescence compared to membrane potential was observed within the physiological voltages of the
action potential (—60—20 mV) along with a rapid temporal response to voltage steps. In a neuronal prepara-
tion, the temporal resolution of a voltage spike was decreased to <500 ps, suggesting the ability to accurately
capture an hPSC-CM action potential (Kralj, et al. 2012). Because this technique requires minimal to no
manipulation of the cultured cardiomyocytes, serial measurements are possible to study maturation, differen-
tiation and chronic drug-treatment. Since the CiPA initiative has proposed the use of multi-electrode array
and/or voltage sensitive indicators to identify proarrhythmic potential, optogenetics has gained traction as a
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possible platform to fulfil this goal. Studies suggest that compound-dependent prolongation of action
potentials and early after depolarizations can be accurately identified using optogentic techniques in PSC-CMs
(Leyton-Mange, et al. 2014; Shinnawi, et al. 2015), but it remains to be seen how this technology will compare
to dye-based voltage sensitive indicators.

6.3.1.4 Multielectrode Array (MEA) Assays

Multielectrode array (MEA) technology is a non-invasive, label-free technique that has been used to study
compound-induced effects on hPSC-CM electrophysiology. There are several commercial manufacturers of
MEA systems including Multi Channel Systems, Axion BioSystems and MED64. Depending on the manu-
facturer, these commercially available MEA systems come in multiple formats with different plate types
ranging from single well (low throughput) to multiwell plates (12, 48 and 96 wells, medium throughput).
MEA uses microelectrodes embedded in the culture plate to measure extracellular field potentials (FP) from
a monolayer of electrically coupled spontaneously beating hPSC-CMs. The FP waveform is composed of an
initial depolarizing spike due to Na* influx, a plateau phase due to Ca** influx and a repolarizing wave/peak
due to K* efflux (Halbach, et al. 2003). The initial depolarizing spike acts as a surrogate for the upstroke of
the cardiac action potential and the QRS complex on the ECG (Halbach, et al. 2003). The field potential dura-
tion (FPD), measured from the initial spike to the peak of the repolarizing wave, correlates to the cardiac
action potential duration and is a surrogate for the QT interval on the ECG (Halbach, et al. 2003). The FPD
is rate dependent (longer at slower rates and shorter at higher rates). Given that hPSC-CMs spontaneously
beat and compounds can induce changes in beat rate, FPD is often corrected for beat rate using Fredericia’s
or Bazett’s correction formula (FPDc) (Batey and Doe, 2002). MEA can also detect arrhythmic events in
hPSC-CMs such as early after depolarizations and ectopic beats.

hPSC-CMs have been pharmacologically validated using MEA to evaluate the ability to predict clinical
drug-induced electrophysiological liabilities and arrhythmia (Caspi, et al. 2009; Braam, et al. 2010; Harris,
et al. 2013; Navarrete, et al. 2013; Clements and Thomas 2014; Nozaki, et al. 2014; Gilchrist, et al. 2015;
Kitaguchi, et al. 2015; Qu and Vargas 2015). Generally, compounds are tested acutely and endpoints assessed
included FPD, FPDc, spike amplitude and slope, beat rate, early after depolarizations (EADs) and ectopic/
arrhythmic beats.

Compounds that clinically prolong the QT interval and/or cause arrhythmias through inhibition of hERG/
IKr (e.g. cisapride, terfenadine, dofetilde, quinidine etc.) prolonged the FPD/FPDc in hPSC-CMs at concen-
trations that inhibited hERG, and data correlated with preclinical and clinical effects (Caspi, et al. 2009;
Braam, et al. 2010; Harris, et al. 2013; Navarrete, et al. 2013; Clements and Thomas 2014; Nozaki, et al.
2014; Gilchrist, et al. 2015; Kitaguchi, et al. 2015; Qu and Vargas 2015). Compounds that prolong the QT
interval through mechanisms other than hERG/IKr inhibition have also been tested. The Na* channel activa-
tor Alfuzosin prolonged the FPD/FPDc in hESC-CMs and hiPSC-CMs (Navarrete, et al. 2013; Clements and
Thomas 2014). Mixed effects of IKs inhibition on hPSC-CMs have been reported. The IKs blockers
Chromanol 293B, JNJ282 and JNJ283 all prolonged the FPD/FPDc in hPSC-CMs (Clements and Thomas
2014; Nozaki, et al. 2014; Kitaguchi, et al. 2015). In contrast another study found that hiPSC-CMs were
insensitive to the IKs blocker L768673 (Qu and Vargas 2015).

QT prolongation is a biomarker for proarrhythmia, but compounds that prolong the QT interval are not
always proarrhythmic (e.g. Ranolazine). Early after depolarizations and ectopic/arrhythmic beats have been
detected in MEA recordings from hPSC-CMs with proarrhythmic compounds. In addition to FPD/FPDc
prolongation, EAD and ectopic beat detection may serve as important endpoints for predicting the proar-
rhythmic potential of compounds. Clements and Thomas (2014) investigated the effect of 21 compounds on
MEA recordings from hESC-CMs, including compounds known to clinically prolong the QT interval and/or
cause arrhythmias (Clements and Thomas 2014). To determine the value of a hESC-CM MEA assay in
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predicting clinical TdP risk, a predicted risk score was generated for each compound by dividing the clinical
efficacious concentration by the lowest concentration that induced a 20% change in FPD/FPDc or the highest
concentration tested if <20% change was seen. They showed that anti-arrhythmic compounds or compounds
removed from the market due to a high risk of Torsades (Redfern category 1 and 2) were ranked the highest,
compounds known to prolong the QT interval but show low or no evidence of causing arrhythmias were
ranked intermediately and compounds that do not prolong the QT interval or produce arrhythmias were
ranked the lowest.

In another study, Qu and Vargas evaluated drug-induced FPD prolongation and early after depolarizations
(EADs) as endpoints to predict clinical proarrhythmic risk (Qu and Vargas 2015). They compared the mini-
mum effective concentration (MEC) that prolonged the FPD or induced EADs in hiPSC-CMs to the clinical
therapeutic free concentration to create a ratio (MEC-FPD/Cmax or MEC-EAD/Cmax). The ratio was used
to categorize compounds into low Tdp risk (ratio >30), intermediate TdP risk (>10 < 30) and high TdP risk
(<10). The ratio for FPD and EADs had high sensitivity (high positive predictive power) but low specificity
(low negative predictive power), and EADs were less sensitive than FPD for proarrhythmia prediction.
For example, for FPD, a ratio of <10 for FPD incorrectly identified terodiline as TdP negative, and mexiletine
and ranolazine as TdP positives. At ratios >30 FPD prolongation correctly identified all TdP positive com-
pounds, but Ranolazine was still incorrectly labelled as TdP positive. This analysis suggests that hPSC-CMs
are unable to distinguish between compounds with low and high TdP risk, which could generate a high num-
ber of false positives. However, one aspect lacking from this study was comparison to other preclinical mod-
els and the predictive value of these models to distinguish between compounds with low and high TdP risk.

As mentioned previously, block of Na* channels in the heart can lead to conduction disturbances and lethal
arrhythmias. The initial spike in MEA recording from cardiomyocytes represents depolarization due to Na*
influx (Halbach, et al. 2003). Inhibition of Na* channels in hPSC-CMs would be expected to decrease the
spike amplitude and slope. The effect of Na* channel blockers on MEA recordings from hPSC-CMs have
been tested to evaluate the spike amplitude and slope as endpoints to detect conduction disturbances driven
by Na* channel block. Several studies have reported that Na* channels blockers decrease the initial spike and
data correlated well with preclinical and clinical effects (Harris, et al. 2013; Clements and Thomas 2014). In
a more detailed evaluation, Qu and Vagas tested the effect of several Na* channel blockers (selective and
mixed ion channel blockers) in hiPSC-CMs and found no significant correlation between a compounds
Nav1.5 IC50 and a decrease in spike amplitude and slope (Qu and Vargas 2015). A reduction in the spike
amplitude and slope generally occurred at concentrations lower than the Nav1.5 IC50. In addition, there was
discordance between a compounds Nav1.5 IC50 and its effect on the Na* spike/slope. The highly selective
hERG channel blockers Dofetlide and Sertindole reduced the spike amplitude and slope at concentrations
unrelated to Na* potency. For example, Dofetilide reduced spike amplitude and slope at concentrations
>10,000x lower than its Nav1.5 potency. This discordance may be explained by the immature electrophysi-
ological phenotype of hPSC-CMs. Action potentials recorded from hPSC-CMs display a depolarized maxi-
mum diastolic potential and phase 4 depolarization due to absence of the inwardly rectifying potassium
current (IK1) (Peng, et al. 2010; Ma, et al. 2011; Gibson, et al. 2014). IK1 is important for setting the resting
membrane potential and for the final stages of cardiac repolarization. In addition, hPSC-CMs may have
reduced expression of IKs. Therefore, hPSC-CMs largely rely on IKi/hERG for repolarization and setting the
maximum diastolic membrane potential. Compounds that inhibit IKr/hERG may result in a more depolarized
diastolic membrane potential that would inactivate Na* channels and produce a decrease in the spike amplitude
and slope. A larger evaluation is required to fully assess the spike and slope as endpoints to detect true Na*
channel block and to avoid misclassifying compounds as having effects on depolarization.

Larger screens with true positive and true negatives compounds and comparison of data generated to
current preclinical assays and clinical effects is required to fully assess the assays ability to predict clinical
drug-induced electrophysiological cardiotoxicities and arrhythmia.
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MEA is one of the platforms being evaluated with hPSC-CMs as part of the CiPA initiative (Cavero and
Holzgrefe 2015; Fermini, et al. 2016). An initial pilot study was carried out at 12 sites using cells from four
different sources and three different MEA platforms (Axion BioSystems, Multi-Channel Systems and ACEA
Biosciences) to examine the effect of reference compounds on hPSC-CM electrophysiology (Cavero and
Holzgrefe 2015). Eight compounds (Moxifloxacin, JNJ303, Quinidine, E4031, Flecainide, Ranolazine,
Nifedipine and Mexiletine) were tested in triplicate at four concentrations/compound to examine sensitivity,
reproducibility and predictivity across platforms, sites and stem cell sources.

There are many advantages of using hPSC-CMs with MEA technology. MEA provides non-invasive label-
free measurements from a monolayer of electrically coupled cells, which is more physiological than single-
cell invasive patch clamp measurements. MEA can be used to study both acute and chronic compound effects,
which is not possible in conventional ex vivo isolated cell or tissue preparations, for example. the hERG
trafficking inhibitor Pentamidine prolonged the FPD in hPSC-CMs over a 72 h period. MEA is higher
throughput and less labour intensive than manual patch clamp assays, allowing more compounds to be
screened in a shorter time frame. In some MEA systems it may be possible to image from MEA wells at the
same time as making MEA recordings, allowing additional endpoints to be measured in a single experiment,
for example calcium transient or contractility measurements. Limitations of MEA assays include cost since
some plate types cannot be re-used. In addition, large amounts of data are generated that is time-consuming
to analyse, making MEA assays unsuitable for high throughput screening and may limit continuous data
recording. There are a number of semi-automated data analysis software programmes that have been developed
to decrease analysis time (e.g. Notocord’s Field Potential Screener and Neural IDs Intelligent Waveform Service).
As the analysis software develops and evolves, data analysis time will decrease.

6.3.1.5 Impedance Assays

Cellular impedance platforms provide real-time, label-free, non-invasive measurements that use gold elec-
trodes to measure changes in cellular impedance from a monolayer of spontaneously beating hPSC-CMs
(Peters, et al. 2012; Peters, et al. 2015). Impedance works by applying a minute, slow alternating current
through gold electrodes embedded in the bottom of special culture plates, which is impeded by the cell mon-
olayer that covers the electrodes. The electrical current takes three paths; through cells (transcellular), in-
between cells (paracellular) and around cells, providing a dynamic, sensitive measure for changes in
morphology, cell-cell contact and adhesion. Impedance platforms can capture data at high speed allowing
detection of cardiomyocyte beating through changes in the cell morphology as the cells contract. The imped-
ance signal thereby acts as a surrogate/biomarker for cell contractility and impedance has been used to study
drug-induced arrhythmia, effects on contractility and structural cardiotoxicity (Guo, et al. 2011; Jonsson,
etal. 2011; Xi, et al. 2011; Abassi, et al. 2012; Peters, et al. 2012; Guo, et al. 2013; Himmel 2013; Scott, et al.
2014; Peters, et al. 2015). This section will focus on the application of impedance assays with hPSC-CMs
for detecting drug-induced arrhythmias. The application of impedance for detecting drug-induced effects
on contractility and structural cardiotoxicity will be covered in the stem cell models for contractility and
structural cardiotoxicity sections, respectively.

Guo et al. (2011) tested the effect of 28 compounds with known cardiac liabilities on hiPSC-CMs using
the xCELLigence RTCA Cardio system for assessing drug-induced arrhythmic risk. They compared the low-
est compound concentration that produced >20% irregular beats (IB, ) to the clinical therapeutic concentra-
tion and found that compounds known to be proarrhythmic had 1B, values that lay within 10-fold or less of
the clinical therapeutic concentration, whilst compounds that were not proarrhythmic had 1B, values that
were >10-fold and above the clinical therapeutic concentration. The data from hiPSC-CMs on the RTCA
Cardio system was found to be comparable to data generated from hiPSC-CMs using MEA technology
(Guo, et al. 2011).
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In a follow up study, further validation of the impedance assay was carried out using a set of 118
compounds, including reference and proprietary compounds (Guo, et al. 2013). For predicting clinical
torsadagenic risk a threshold of <10uM for 1B, gave assay sensitivity, specificity and accuracy of 81%
(identified 17/21 torsadogenic compounds), 82% (identified 42/51 non-arrhythmic compounds) and 81%
respectively. Taking the clinical therapeutic concentration into consideration (using a threshold of <10-
fold or less of the clinical concentration) slightly increased assay predictivity (81% sensitivity, 84% spec-
ificity and 83% accuracy). Inhibition of hERG and prolongation of the QT interval predicted clinical TdP
with high sensitivity (identifying 18/21 (86%) and 21/21 (100%) torsadogenic compounds), however, the
assays gave a high number of false positives (identifying 36/51 (71%) and 37/51 (73%) non-arrhythmic
compounds respectively), resulting in overall assay predictivity of 75 and 81%, respectively. For predict-
ing drug-induced non-TdP arrhythmia, using a threshold of <10 pM for IB, or the clinical therapeutic
concentration, 10/11 non-TdP arrhythmic compounds were identified (91% sensitivity). Inhibition of
hERG and prolongation of the QT interval failed to predict drug-induced non-TdP arrhythmia, detecting
0/11 (0% sensitivity) and 4/11 (45% sensitivity) non-TdP arrhythmic compounds respectively. Compound-
induced reductions in beat rate (BR,, the lowest concentration that produces >20% decrease in beat rate)
were used to predict QT prolongation. A threshold of <10 uM for BR, gave assay sensitivity, specificity
and accuracy of 88% (identified 35/40 QT prolonging compounds), 84% (identified 42/51 QT negative
compounds) and 86%, respectively. Taking the clinical therapeutic concentration into consideration to
predict QT risk increased assay predictivity (90% sensitivity, 84% specificity and 87% accuracy). In con-
clusion, Guo et al. showed that compound-induced irregular beats (IB,)) and decreases in beat rate (BR,)
were predictive of clinical arrhythmia (TdP and non-TdP) and QT prolongation respectively. 1B, was
superior to QT prolongation and hERG inhibition in predicting drug-induced clinical arrhythmia. While
cellular impedance can detect irregular beating indicative of arrhythmic events, it provides no information
on the mechanism.

Advantages of hPSC-CM impedance assays for detecting drug-induced arrhythmia include a high
throughput assay (up to 96-well format) that could be used for early hazard identification and compound
de-risking. The platform provides real-time and non-invasive measurements so that compound effects can
be studied over several days to weeks, allowing both acute and chronic compound effects to be studied.
Limitations include cost as the impedance plates contain gold electrode that are non-reusable. In addition,
larger amounts of data are generated that may limit recording time and may mean compound effects
are missed.

Cellular impedance has been combined with MEA technology enabling the electrical activity in the
form of field potentials to also be evaluated (Doerr, et al. 2015). The system has the advantage in that
irregular beats detected in the impedance signal can be correlated with the underlying electrical activity
thereby providing information on the mechanism. Combining multiple endpoints in one platform poten-
tially reduces cost and captures compounds that may have been missed in electrophysiology experiments
alone (e.g. blebbistatin). Cellular impedance combined with MEA is one of the systems being evaluated
with hPSC-CMs as part of the CiPA initiative (Zhang et al., 2016). There are two commercial platforms
available that combine impedance and field potential recordings: the cardio ECR (Cambridge Biosciences)
and the CardioXcyte (Nanion). These platforms contain 1-4 MEA electrodes/well and if signal quality at
these electrodes is poor or signals become immeasurable throughout the duration of the experiment then
data will be unusable. The field potential and impedance electrodes are also located in different areas of
the well, therefore measurements are from different areas of the monolayer so don’t exactly match. The
cardio ECR platform permits simultaneous measurement of impedance and FP, whilst the CardioXcyte
platform can only make one measurement at a time. The technology is new and there is limited published
data on these systems. The utility of these platforms with hPSC-CMs for cardiotoxicity testing is yet to
be established.
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6.3.1.6 Calcium Imaging Assays

The intracellular calcium signal couples cardiac electrophysiology (the cardiac action potential) with muscle
contraction. Calcium transient measurements have been proposed to act as a surrogate for examining drug-
induced effects on cardiac repolarization and proarrhythmic risk, since drug-induced changes in the action
potential duration have been shown to result in drug-induced changes in the calcium transient duration.

Calcium transients can be visualized using calcium-sensitive fluorescent dyes (e.g. Fluo-4) and there are sev-
eral commercial fluorescent imaging plate based platforms available that allow real time measurement of intra-
cellular calcium transients (FLIPR and Kinetic Image Cytometer (KIC)). These calcium imaging systems are
high throughput (96- or 384-well format), compatible with standard multi-well culture plates and compound
handling robots, and could be used for early compound de-risking. The KIC system provides higher spatial
temporal resolution compared to other plate-based readers used to measure calcium transients that measure from
the whole well (e.g. FLIPR). KIC measures calcium transients from individual cells at hundreds of cells/well
rather than measuring from the whole well, which eliminates the noise generated by the propagation of the signal
across the field of view and/or asynchrony of the cells. In addition, the KIC system allows calcium transients to
be measured from the whole cell or from a specific cellular compartment, for example the nucleus, cytoplasm and
cell membrane. The calcium transients directly associated with release and reuptake of calcium from the sarco-
plasmic reticulum can be analysed specifically by removing calcium transient signals from the nucleus.

Several publications have examined compound effects on calcium transients from hPSC-CMs as a model
to screen for drug-induced electrophysiological cardiotoxicity (Cerignoli, et al. 2012; Sirenko, et al. 2013;
Sirenko, et al. 2013; Lu, et al. 2015). In a recent study, Lu et al. (2015) performed a blinded validation study
examining the effect of 53 compounds acting through a range of mechanisms (e.g. QT prolongers, QT
shorteners, sodium channel blockers, calcium channel blockers, positive inotropic/chronotropic and negative
controls) on calcium transients recorded from hiPSC-CMs using the KIC system (Lu, et al. 2015). They
found that the most useful endpoints for identifying compound effects were measurements of the calcium
transient duration, for example full width half maximal time (FWHM), decay time, time for the transient to
decay from 75 to 25% (T75-25) and 75% duration of the calcium transient (CTD75). They showed that most
compounds tested demonstrated the appropriate effect within the expected concentration range with the
exception of Na* channel blockers that showed mixed responses. The system may not identify compound
effects on sodium channels, since the calcium transient is initiated after membrane depolarization (action
potential upstroke) when the sodium current is nearly complete. Calcium transient measurements from
hiPSC-CMs may provide a useful high throughput screen for predicting drug-induced cardiac electrophysi-
ological liabilities through a range of mechanisms for early compound de-risking. A wider compound set
including a larger number of true negatives will need to be tested to allow assay predictivity to be assessed.

While measuring calcium transients from hPSC-CMs provides an early high throughput screen to predict
drug-induced electrophysiological cardiotoxicity there are several limitations associated with using calcium-
sensitive dyes. Like VSDs, calcium fluorescent dyes can cause phototoxic damage to the cardiomyocytes and
readily bleach (photobleaching) resulting in signal run down, which limits recording time. In addition, cal-
cium dyes may interfere with the biophysical properties of the cardiomyocytes, for example by sequestering
internal calcium and affecting the spontaneous beat rate. The use of genetically encoded calcium indicators
(e.g. Tnnt2-GCAMPS) would eliminate some of these issues since cells can be maintained and imaged in
culture with time, as opposed to recorded as a terminal time point (Addis et al., 2013; Ifkovits et al., 2014).

6.3.2 hPSC-CMs for the Assessment of Contractile Cardiotoxicity

It has long been understood that culturing of embryonic stem cells can lead to the formation of beating aggre-
gates or embryoid bodies (EB) that display contractile and electrophysiological properties of cardiac muscle
(Doetschman, et al. 1985). Not surprisingly, the initial characteristic observed in the development of these
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cells is the generation of rhythmic movement or contraction and has led to the advent of various platforms to
replicate and measure contractility of the hPSC-CM-derived tissues, including muscular thin films and
engineered heart tissues.

The impairment of cardiac pump function is what ultimately impacts vital organ perfusion and mortality.
Therefore, understanding the strengths and weaknesses of in vitro contractility platforms is important in
drug discovery and development. The isolated cardiomyocyte is a specialized cell that recapitulates the
function of the intact heart, including the properties of excitation-contraction coupling, calcium homeostasis
and signalling cascades that modulate cardiac contractility (Duthinh and Houser 1988; Harding, et al. 1991).
Fractional shortening of cardiac myocytes has been used as a surrogate to understand pharmacological and
pathological changes to cardiac contractility and is often compared to ejection fraction or force development
of the intact organ.

6.3.2.1 Muscular Thin Films

The adult cardiac myocyte maintains a unique and organized morphology, normally referred to as ‘rod-
shaped’ with a series of ladder-like structures comprised of myofilaments, which generate force in a linear
direction. The muscular thin film (MTF) platform described by Feinberg et al. aligns neonatal rat ventricular
myocytes and/or hPSC-CMs using micro-patterned extracellular matrix proteins as constraints on a biocom-
patible polydimethylsiloxane (PDMS), material for cells to adhere in a polarized pattern (Feinberg, et al.
2007). While varying the stiffness/elasticity of the PDMS can modulate the resting tension of the myocytes,
active tension is generated by contraction and deflection of the substrate. Using standard video microscopy,
the deflection of substrate is converted to force units by taking into consideration the elastic modulus and
radius of contraction.

In situ studies exhibit resting sarcomere length of 1.8 um and a length:width ratio of 7:1 for healthy mam-
malian cardiomyocytes (Onodera, et al. 1998). Culturing myocytes in this aligned pattern potentiates the
deposition of myofilament proteins and enhances sarcomereogenesis, via the activation of focal adhesion
kinase (Bray, et al. 2008). Observations from the MTF suggest that contractility increases the physiological
aspect ratio, which is optimal for force generation of this two-dimensional preparation. Comparable measure-
ments of peak systolic stress were measured from the MTF (9.2 +/- 3.5 kPa) and rat papillary muscle.
Characteristic responses to pharmacological hypertrophic agents were also observed, suggesting the utility of
this assay towards the identification of modulators of contractility. Additionally, the assay has been developed
with increased throughput compared to dissociated primary myocytes and/or individual stem cell recordings.
While structural constraints are important in influencing the morphology and ultrastructure of hPSC-CMs,
mechanical and electrical stimuli can have an effect on myofilament deposition and organization, density of
ionic currents that generate the action potential and electrical conduction.

6.3.2.2 Engineered Heart Tissues (EHTs)

Mechanical and electrical stimuli onto biocompatible materials in tissue engineering has facilitated the matu-
ration of hPSC-CMs and automation/scalability of contractility measurements. Nunes et al. constructed a 3D
cardiac tissue by culturing hPSC-CMs cells on a suture string embedded in type 1 collagen within a PDMS
mould. These ‘biowires’ began to spontaneously beat within 2-3 days post culture, while cells became
aligned along the axis of the suture string (Nunes, et al. 2013). To mimic the electrical conditions of the
developing embryonic heart, the preparations were either stimulated up to 3 or 6 Hz for 1 week.

As evidenced by gene expression patterns of MYH6, atrial- and brain-naturetic peptide, culturing on the
biowire substrate clearly promotes a decrease in expression of foetal genes, which is interpreted along with a
decrease in stem cell proliferation, increase in cell size and expression of ion channel currents (IK1 and hERG)
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as markers of maturation. Further, an increase in SR calcium load and positive chronotropic effect of epineph-
rine suggest an enhancement of excitation-contraction coupling. Culture of hPSC-CMs on the biowire platform
ultimately led to an enhancement in the contractile apparatus, evidenced by well-defined Z-disks and myofibri-
lar organization. Stimulation at 3 and 6 Hz also led to increased deposition of desmosomes and =50% increase
in electrical conduction. Ultimately, these culture conditions enhanced both the electrical (membrane potential
and electrical capture of tissue) and mechanical (myofibril and gap junction) properties of the tissue, thereby
producing a viable option for measurement of contractility (Xiao, et al. 2014).

Engineered heart tissues (EHTs) can be produced by mixing hPSC-CMs with a liquid hydrogel (e.g.
fibrin, Matrigel, collagen), which is poured into a casting mould that determines the 3D structure of the
tissue (Schaaf, et al. 2011; Hirt, et al. 2014; Stoehr, et al. 2014; Eder, et al. 2016). The hPSC-CM hydro-
gel mix attaches to a support structure, which provides mechanical restraint/load. These EHTs are force-
producing 3D tissue constructs that provide a model to measure contractility. In a model described by
Eder, et al. (2016), the hPSC-CM-containing hydrogel attaches to two flexible silicone posts that are
positioned at either end of the casting mould in a standard 24-well plate format (Eder, et al. 2016). The
gel block is removed from the cast and transferred to a cell culture plate where an aligned muscle strip
forms and the hEHTs are ready to use after ~14 days. The hEHTSs contract against the elastic silicone
posts causing them to deflect. Force and contraction kinetics can be measured from the hEHT's by optical
video recordings that measure the movement of the silicon posts. Deflection of the silicon posts (in mm)
is used to calculate the contraction force (mN), taking into account the geometry and elastic properties of
the silicone posts. The contractility endpoints that can be derived from this platform include force of
contraction (peak force), time to peak (contraction time, T1 at 20% of peak height), time to relaxation
(relaxation time, T2 at 20% of peak height), maximal contraction velocity (dF/dt) and maximal relaxation
velocity (dF/dt).

Characterization of this hEHT model found a myocyte length-width ratio that was closer to an adult
ventricular myocyte, but the cell size was still small (47.5 = 2.1 pF in hEHTs vs 120 pF in adult human myo-
cytes) although larger than published values for 2D hiPSC-CMs (18 pF). HPSC-CMs showed improved
sacromeric organization and longitudinal alignment along the force lines compared to embryoid bodies or 2D
hPSC-CM cultures, but the macroscopic organization was still less well developed than adult cardiomyocytes
(Eder, et al. 2016). hEHTs express the gap junction marker Cx43, which is spread across the sarcolemma,
whereas in the adult heart Cx43 is mainly confined to intercalated disks. Gene expression profiling provided
some evidence of hEHTs promoting maturation, for example -MHC (the adult isoform in humans) showed
a time-dependent increase in expression that was not seen in EBs. However, sarcomeric proteins differed
considerably from human ventricular myocardium. Maximal forces generated by hEHTS produced from
hPSC-CMs ranged from 0.08-0.12 mN/mm?, which is significantly lower than forces reached in intact heart
muscles (40-80 mM/mm?). The lower forces generated by hEHTs may be due to the smaller fraction of the
hEHT occupied by cells and compact muscular strands compared to the whole heart, and the immaturity of
the cells. External calcium concentration response curves revealed that hEHTs were hypersensitive to
calcium, with a leftward shift of the force calcium relationship compared to adult hearts. Maximal force was
reached at 2.2-3 mM external calcium in hEHTs produced from hESC-CMs and 5 mM external calcium in
hEHTsSs produced from hiPSC-CMs. The force of contraction was therefore almost maximal in standard cell
culture calcium concentrations and consequently there was an absent or low inotropic reserve. To detect the
positive inotropic effects of compounds, experiments may need to be performed at submaximal external
calcium concentrations (~Ca** EC,)), or else positive inotropic effects may be missed.

Hirt et al. (2014) subjected hEHTs to an electrical pacing protocol to induce cell maturation (Hirt, et al.
2014). Paced hEHTs produced higher forces and exhibited a better longitudinally aligned muscular network
with a higher cytoplasm-to-nucleus ratio compared to unpaced hEHTs. Although hEHTSs increase in maturity
when chronically stimulated, they are still inferior to adult human cardiomyocytes.
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hEHTSs have been pharmacologically validated to assess their suitability as a model for cardiotoxicity
testing (Schaaf, et al. 2011; Stoehr, et al. 2014; Eder, et al. 2016). The effects of positive and negative inotropes
on contraction force and kinetics have been tested. Isoprenaline (tested at submaximal external calcium ~ the
calcium EC, ) increased the force of contraction and showed a positive clinotropic (faster force development)
and lusitropic (faster relaxation) effect as expected. The muscarinic agonist carbachol partially antagonized
the effects of isoprenaline. Verapamil (tested at maximally effective external calcium concentrations) dose-
dependently decreased the force of contraction in hEHTSs. The proarrhythmic hERG channel blockers E-4031,
quinidine, procainamide, sertindole and cisapride all decreased the relaxation velocity (T2 prolongaton) at
published hERG IC50 values and at higher concentrations induced irregular beating patterns. The relaxation
time may be a useful surrogate parameter of the action potential duration.

hEHTSs have important advances over 2D hPSC-CM cultures. Different aspects of contractility can be
measured in this model, including force and contraction kinetics, which are stable over several weeks.
In addition, hEHTSs contract auxotonically against the elastic resistance of the silicone posts, which is quali-
tatively comparable to the load imposed on the heart as it contracts against the pressure of the circulatory
loading. This is more physiological than the isometric contractions in 2D hPSC-CM attached to non-
physiological culture substrates. EHTs may also be useful in modelling cardiac diseases/pathophysiological
conditions such as hypertrophy, since mechanical afterload can be increased by inserting metal braces into
the silicon posts. With regard to toxicity testing, since hEHTs are stable in culture over several weeks, chronic
compound treatments and repeated measurements should be possible, allowing delayed compound effects to
be tested, for example hERG trafficking inhibitors or compounds that produce structural cardiotoxicity,
which manifests clinically after extended periods. However, chronic or repeated applications are yet to be
explored and compared to effects in 2D culture platforms.

The limitations of hEHTSs are that they require large numbers of high purity hPSC-CMs for stable hEHT
formation (e.g. 1 x 10° cells per EHT at >50% purity, around the equivalent of five wells of a 24-well
plate when cultured as a monolayer), which makes the platform expensive compared to 2D systems espe-
cially when using commercially available cells. They take around fourteen days to form before use in exper-
iments, whilst spheroids only take around 4 days to form. The development of co-culture models with cardiac
fibroblasts and endothelial cells may be restricted due to the requirement for a pure hPSC-CM population.
The platform is likely to remain low-medium throughput since miniaturizing hEHTs into 96-well format
would impede manual handling steps and reduces the number of additional endpoints that can be studied, for
example molecular, biochemical and histological. Currently, measurement of electrophysiology endpoints
from hEHTSs using sharp electrodes is technically demanding and invasive. Cells can be dissociated from the
hEHT but this is also invasive and the dissociation process may damage and alter the cells. In the future,
recordings could be performed using voltage-sensitive dyes or optogenetics. In addition, current measurements
of calcium transients from hEHTs using calcium florescent dyes are inadequate since calcium-sensitive dyes
(e.g. Fura-2) were shown to buffer intracellular calcium and change the force response to external calcium.

6.3.2.3 Impedance Assays

As mentioned previously, impedance acts as a surrogate/biomarker for cell contractility and has been used
with hPSC-CMs to study drug-induced effects on contractility.

Scott et al. (2014) evaluated the effect of 49 compounds (30 inotropes and 19 non-inotropes) on the beating
profiles of hiPSC-CMs using the xCELLigence Cardio System to validate the platform as a screening tool for
identifying drug-induced changes in cardiac contractility (Scott, et al. 2014). These compounds had previ-
ously been tested in vivo and in a low throughput in vitro optical-based contractility assay that measured
sarcomere shortening in electrically paced dog cardiomyocytes. Compared to in vivo contractility effects the
hiPSC-CM impedance assay had sensitivity, specificity, and accuracy values of 90, 74 and 82%, respectively,
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which was comparable to values reported for the dog cardiomyocyte assay (83, 84 and 82%). Potency data
from hiPSC-CMs significantly correlated with data from the dog myocyte assay and lay within 5-fold of the
dog myocyte data. While the impedance assay detected changes in activity in the impedance signal with ino-
tropic compounds, the direction of the change was not always consistent and the assay failed to discriminate
between positive and negative inotropes. The lack of discrimination between positive and negative inotropes
may be a result of the immature phenotype of hiPSC-CMs. HPSC-CMs are morphologically round, small in
size and have myofibrillar disorganization, and display foetal-like calcium handling, smaller forces of con-
traction and a negative force frequency relationship (Robertson, et al. 2013). In addition, measurements are
obtained from 2D monolayers cultured on rigid non-physiological substrates, which only allows the cells to
contract isometrically. Contraction in the adult heart is both isometric and isotonic. Whilst this platform has
been evaluated and shown to be predictive for detecting compound-induced effects on cardiac contractility, it
is unclear whether changes in the amplitude of the impedance signal really reflect changes in cell contractil-
ity, for example whether an increase in the amplitude reflects an increase in the force of contraction and a
decrease in the amplitude reflects a decrease in the force of contraction. A hPSC-CM impendence assay could
be used as an early screen to detect drug-induced effects on contractility and any hits could be followed up in
an assay that provides a more direct mechanistic assessment of contractility.

6.3.2.4 Calcium Imaging Assays

The intracellular calcium signal couples cardiac electrophysiology (the cardiac action potential) to muscle
contraction and, calcium transient measurements from hPSC-CMs have been used as a surrogate to study
drug-induced effects on cardiac contractility. Pointon et al. (2015) investigated the effect of 51 compounds
composed of 31 inotropes (22 negative inotropes and 9 positive inotrope) and 20 non-inotropes, on calcium
transients recording from hiPSC-CMs using fluorescent Ca** imaging (FLIPR Tetra system) as an assay to
detect drug-induced changes in contractility (Pointon, et al. 2015). The calcium transient endpoints measured
included calcium transient number (peak count), transient amplitude, transient width, transient spacing and
transient rise and decay time. Peak count was the most sensitive endpoint for detecting changes in contractility,
correctly identifying 27/30 inotropes and 13/20 non-inotropes (7/20 non-inotropes were active), giving assay
sensitivity and specificity in predicting the in vivo outcome of 87 and 70%, respectively. Effects on calcium
transients by known inotropes mainly lay within 10-fold or less of the therapeutically relevant concentration.
These results suggest that studying the effect of compounds on calcium transients recorded from hiPSC-CMs
provides a useful early high throughput assay to screen for drug-induced changes in cardiac contractility. It
should be noted that compounds that affect contractility through mechanisms targeting the contractile
machinery would not be detected in this assay. Although the assay was able to detect changes in calcium
transient activity with inotropic compounds, the direction of the change was not always also consistent and
the assay could not discriminate between positive and negative inotropes. The lack of discrimination between
positive and negative inotropes may be a result of the immature phenotype of hiPSC-CMs. Calcium handling
in hPSC-CMs is comparable to foetal cardiomyocytes, with calcium transients displaying smaller ampli-
tudes, slower kinetics and a negative force frequency relationship, which may be a result of hPSC-CMs
lacking T-tubules and having reducing expression or lacking several proteins involved in calcium handling
(Lee, et al. 2010; Robertson, et al. 2013; Li et al., 2013).

6.3.3 hPSC-CMs for the Assessment of Structural Cardiotoxicity

As previously mentioned, structural cardiotoxicity if often not detected until late in preclinical development,
and there is no current consensus on an in vitro screening strategy. In part, this may be due to the lack of suit-
able predictive in vitro models (e.g. the inability to assess long-term effects) and mechanistic understanding
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of structural cardiotoxicity. However, the emergence and availability of hPSC-CMs combined with the ability
to simultaneously measure a range of parameters is beginning to cause a paradigm shift (Gintant, et al. 2016).
In order to appreciate endpoints of potential relevance for investigating structural cardiotoxicity, it is pertinent
to provide an overview of the mechanisms of cell death in a cardiomyocyte setting.

6.3.3.1 Mechanisms of Cardiomyocyte Cell Death as Endpoints in Drug Screening

The heart is an organ of limited regenerative capacity and excessive cardiomyocyte death is the primary
reason for the manifestation of clinical symptoms (Fiedler, et al. 2014). It is important to pinpoint cell death
signalling pathways in assay development read-outs for the profiling of drug responses in early drug discov-
ery; which will be the focus of the current section.

The classical bifurfaction of cell death pathways are apoptosis and necrosis. Another category of cell
death is autophagy, a complex orchestration of gene machinery that initiates an intracellular recycling
process in response to the lack of nutrients, cellular stress and protein aggregation. Although autophagy
can contribute to cardiac cell death in some circumstances (Pattingre, et al. 2005; Gustafsson and Gottlieb
2008b; Rothermel and Hill 2008), its role is not well understood. On the other hand, apoptosis and necro-
sis are widely accepted cell death modes that exhibit morphological differences underlined by mechanisti-
cally distinct, but convergent, signalling pathways. Thus, the term necroptosis is emerging. In the heart,
cell death plays not only a pathophysiological role, but also contributes to the development of heart disease
(Wencker, et al. 2003), therefore modulation of cell death can be a relevant therapeutic strategy. For this,
it is worthwhile to introduce basic signalling pathways and how these can be manipulated to prevent
cardiotoxicity using hPSC-CMs.

Apoptosis, an evolutionary conserved mechanism of programmed cell death (PCD) can be triggered by
various stimuli that can activate intrinsic and/or extrinsic cell death pathways. Central to both pathways are
caspase enzymes (from cysteine-dependent aspartate-specific proteases), which exist as pro-caspases
(inactive zymogens) in the absence of a stimuli. The extrinsic (or death receptor, caspase-8/10-dependent)
pathway results in the activation of cell surface receptors by binding of soluble death ligands (e.g. tumour
necrosis factor-o [TNF-a]) or proteins bound to the cell surface of neighbouring cells (e.g. FasL), while the
intrinsic (or Bcl-2-inhibitable, mitochondrial) pathway relies on an intermediary mitochondrial response
through a variety of Bcl-2 family proteins of pro- or anti-apoptotic function. Pro-apoptotic proteins of the
mitochondrial pathway such as Bax, Bak, Bid, Bam, Bim, Bmf, Noxa, Puma, Bnip3 and Bnip3L and anti-
apoptotic Bcl-2 and Bcl-xL proteins also unite the extrinsic and intrinsic death signalling pathways (Chipuk
et al., 2010), with a key convergence transducer protein known as Bid (BH3-interacting domain death
agonist). tBid is cleaved by caspase-8/10, whereupon its C-terminal portion translocates into the outer mito-
chondrial membrane (Li et al., 1998). Activated Bid results in the allosteric activation of Bak (Wei, et al.
2000) that together with Bax form a conductance channel for the release of cytochrome-c (cyt-c) (Suzuki,
et al. 2000; Crow, et al. 2004). The precise mechanism of release of other apoptogens and cyt-c is unknown,
but a proposition is that interactions between Bim, Bad and Bax promote the opening of mitochondrial per-
meability transition pore (mPTP) (Shimizu, et al. 1999; Belzacq, et al. 2003; Cheng, et al. 2003) (Marzo et al.
1998). Cyt-c binds to apoptosis activation factor-1 (Apaf-1), which with ATP, recruits homo-oligomers of
pro-caspase-9 via dimerization into an apoptosome complex (Li et al., 1997, Yuan and Akey, 2013). Assembly
of the apoptososme complex results in activated caspase-9, which then can subsequently activate downstream
effector caspase-3 (Acehan et al., 2002; Yu et al., 2005). The initiation of the extrinsic pathway via the death
receptors by ligand binding induces the recruitment of the adaptor protein Fas-associated via death domain
(FADD) and binding to pro-caspase-8 forming the death inducing signalling complex (DISC). Dimerization
of pro-caspase-8 in the complex results in its self-activation (Oberst et al., 2010) and of subsequent activation
of caspase-3 (Deveraux et al., 1998).
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Apoptosis is held in check by ‘mitochondrial gatekeepers’ of the anti-apoptotic family (Bcl-2 and Bcl-xL)
that potentially bind to Bax and Bak or proteins of the voltage-depended anion channel (VDAC) to prevent
release of cyt-c (Yang, et al. 1997). However, Bcl-2 has a more general role in cardiomyocyte homeostasis
and its survival effect is not limited to its anti-apoptotic function (Chen, et al. 2001), but in its ability to reduce
acidification and ATP consumption, evident by a model of cardiac-specific overexpression of Bcl-2 that
minimized ischaemia/reperfusion (I/R) injury (Imahashi, et al. 2004). Another potential inhibitor c-FLIP
[FLICE-(FADD-Like IL-1p-converting enzyme)-inhibitory protein], enriched in striated muscle (Shu, et al.
1997), binds to pro-capase-8 to prevent DISC formation. Interestingly, c-FLIP exists in two isoforms, where
the long isoform at low concentrations activates pro-caspase-8, but at high concentrations (Peter, 2004) has
an inhibitory role (Whelan, et al. 2010). Inhibition of the extrinsic pathway by the short isoform of FLIP
occurs by occupying FADD and pro-caspase-8 to preclude DISC complex (Whelan, et al. 2010).

Mammalian inhibitors of apoptosis (IAP), such as X-linked IAP (XIAP) also directly bind caspases to
inhibit their catalytic activity (Huang et al., 2001). IAPs utilize their E3 ubiquitin/ligase activity for proteas-
ome degradation of caspases as a safety mechanism for transient or accidental cyt-c leakage from eliciting a
full apoptotic response (Deveraux et al., 1998). Mitochondrial apoptogens such Smac/DIABLO and Omi/
HtrA2, released by sufficient activation of caspase-9, bind to IAPs (c-IAP1, c-IAP2, XIAP) to neutralize
caspase inhibition (Du, et al. 2000). At the same time IAPs can bind pro-caspase-9 directly to inhibit apopto-
some formation. XIAP can be irreversibly inactivated by the serine protease activity of Omi/HtrA2 (Verhagen,
et al. 2000; Verhagen, et al. 2002). In contrast to their involvement with apoptosis, cIAPs also play a critical
role in the regulation of cell death that occurs by death receptor activation (Whelan, et al. 2010).

Apoptosis Repressor protein with a CARD domain (ARC), which is expressed in cardiac and skeletal
myocytes, exerts an inhibitory effect on both intrinsic and extrinsic pathways (Nam, et al. 2004). ARC
engages with the death domains of Fas and FADD to inhibit DISC assembly, as well as antagonizing the
intrinsic pathway by ARC-Bax complex formation that prevents Bax activation and translocation to the mito-
chondria (Nam, et al. 2004). ARC protein levels decrease in response to death stimuli in MI model (Nam,
et al. 2007) and its knockdown triggers spontaneous Bax activation and apoptosis (Nam, et al. 2004).

Necrosis is the alternative pathway to apoptosis and is particularly important to MI and drug cardiotoxicity
(Montaigne et al., 2012). The quintessential features of necrosis are the depletion of ATP and loss of plasma
membrane integrity, both of which are nowadays interrogated in various cell-death based assays. There are
two distinct, but at the same time convergent, branches of necrosis: the regulated death receptor signalling
branch of TNF receptors and the mitochondrial permeability transition pore (mPTP) (Konstantinidis et al.,
2012). Activation of death receptors via TNF signalling results in survival, proliferation or cell death.
Treatment of cells with pro-inflammatory TNF cytokine alone does not promote cell death, since both survival
and death mechanisms are activated (Whelan, Kaplinskiy et al. 2010). However, TNF can induce apoptosis
in the case of inhibition of survival mechanisms, whereas TNF can elicit necrosis when caspases are inhibited
(e.g. with a pan-caspase inhibitor) (Whelan, et al. 2010). TNF-induced cellular responses are mediated by
either TNFR1 or TNFR2 — the two receptors of the TNF-receptor superfamily — the latter receptor mainly
activated to achieve apoptosis or necrosis (Liu 2005). These dual effects may underlie the discouraging
results of TNFa antagonists in early clinical trials (Feldman, et al. 2000; Mann 2005) for heart failure pushing
towards the requirement of selective inhibitors against TNFR1 alone (Mann 2005). TNFR1 stimulates the
formation of either of two complexes (complex I or complex II) with the recruitment of various adaptor pro-
teins and serine/threonine kinase RIP1 (Micheau and Tschopp, 2003). Simply, complex I formation promotes
cell survival whereas transition to Complex II results in cell death. Complex I comprises RIP1 kinase, TNF
receptor-associated factor 2 (TRAF2), the adaptor TRADD protein and inhibitors of apoptosis c-IAP1 and -2.
cIAP-1 and -2 ubiquitinate RIP1 kinase and TRAF2. Polyubiquitinated RIP1 and TRAF2 subsequently
recruit and activate TGF-f-activated kinase-1 (TAK1) through TAK-1 binding protein (TAB2/3) (Wang et al.,
2008). TAKI kinase is a member of the MAPKKK cascade that phosphotylates NFkB (IkBa, IkBf or IkBe)
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and part of the IKK complex, elevating the block of NFkB nuclear translocation (Yu et al., 2008). The down-
stream effect is the activation of survival genes (Whelan, et al. 2010). In other settings, TAK1 can drive
cardiomyocyte death (Zhang, et al. 2000). Interestingly, polyubiquitinated RIP1 binds via its NEMO poly-
ubiquitin chains achieving recruitment of IKK (Devin, et al. 2001; Ea, et al. 2006). Mutations of NEMO were
shown to abolish IKK activation (Ea, et al. 2006). Transition of complex I to II towards cell death signalling
involves its dissociation from TNFR1 and cytosolic internalization. RIP1 is de-ubiquitinated by CYLD
(cylindromatosis) and stimulates the recruitment of DISC complex, where caspase-8 targets RIP1 for C-terminal
cleavage (Lin et al., 1999; Chan et al., 2003), thus obstructing RIP1 to signal necrosis or survival, but will
stimulate apoptosis. However, in the case of pharmacological inhibition or genetic ablation of caspase-8,
RIP3 is recruited into a complex with RIP1 (RIP1/3), where both are activated by phosphorylation (Lin, et al.
1999; He, et al. 2009). This molecular relationship between necrotic and apoptotic signals is reinforced by
double-knockout mice of RIP3-caspase-8 and RIP1-FADD, where embryonic lethality caused by caspase-8
knockout and FADD deficiency is rescued by loss of RIP1 or RIP3 (Feoktistova, et al. 2011). It is worth not-
ing that, so far, pathway dissection of TNFa-induced programmed necrosis was studied in inflammatory,
cancer cells and fibroblasts. However, the role TNF cytokine in cardiomyocytes appears to be generation of
apoptotic signals via caspase-8 receptor, which are diminished with Bcl-2 overexpression (Haudek, et al.
2007). In addition, a small molecule inhibitor called necrostatin-1 (nec-1) lead to reduced infarct size fol-
lowing I/R, independent of CypD and mPTP opening, via inhibition of RIP1 kinase activity. Therefore,
hPSC-CMs offer an opportunity for further delineating the contribution of RIP1/RIP3 signalling axis in
cardiomyocyte cardiomyocyte cell death.

The second branch of necrosis is the mPTP-dependent pathway, where mPTP is involved in the modifica-
tion of permeability properties of the mitochondrial inner membrane and is a major pharmacological target
for diseases such as I/R, heart failure and cardiotoxicity (Brenner and Moulin 2012). While the structure of
mPTP is yet unidentified, it is a voltage-dependent anion channel for molecules up to 1.5 kDa regulated by
adenine nucleotide (ADP/ATP) translocators (ANTs), cyclophilin D (CypD; protein, PPIF; gene) and
members of the Bcl-2 family. In the context of I/R, high oxygen concentrations lead to increased oxygen
uptake by the respiratory chain, thus yielding higher, than physiologic, levels of Reactive Oxygen Species
(ROS) (Gustafsson and Gottlieb 2008a). The high density of mitochondria in cardiomyocytes leads to
enhanced levels of superoxide, quickly converted into hydrogen peroxide, which fails detoxification by anti-
oxidant systems (i.e. MnSOD, glutathione peroxidase) (Gustafsson and Gottlieb, 2008a). This results in
oxidative modification of mitochondrial proteins and a series of molecular events, culminating in mitochon-
drial dysfunction and cell death (Gustafsson and Gottlieb 2008a). In summary, the generation of ROS can
cause the collapse of AWm, action potential destabilization and opening of mPTP, which under normal condi-
tions is tightly regulated to maintain pH gradient and membrane action potential. Decrease of ATP/ADP ratio
leads to a drop in pH gradient in I/R, that eventually results in collapse of the proton gradient and opening of
mPTP. The importance of this is demonstrated by pharmacological inhibition with mPTP inhibitor
Cyclosporine A where CypD-deficient mice, whose cardiac mitochondria are resistant to mPTP opening in
response to Ca?* and oxidative stress, have smaller heart infarcts compared to WT littermates (Baines, et al.
2005; Baines 2007; Nakagawa et al., 2005). Interestingly, CypD-deficient mice (Baines, et al. 2005) remained
sensitive to apoptotic stimuli, such as TNF-«a and staurosporine. In a recent study by the Molkentin lab, it was
shown that apoptotic regulator proteins of the Bcl-2 family, Bax and Bak, are required for mPTP-dependent
cell death by facilitating the permeability of the outer mitochondrial membrane, but without affecting the
inner membrane of mPTP function (Karch, Kwong et al. 2013). Among the Bcl-2 family, is the BNip sub-
group (BNipl, BNip2, BNip3 and Nix/BNip3L), members of which can uniquely stimulate cell death with
features of both apoptosis and necrosis (Yussman et al., 2002; Diwan et al., 2007). Nix/BNip3L (Nix) is
responsible for cardiomyocyte cell death and heart failure after chronic pressure overload (Yussman, et al.
2002; Diwan, et al. 2007). Using endoplasmic reticulum (ER)- or mitochondrial-directed Nix mutants, it was
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evident that Nix-mediated necrosis involves crosstalk between the mPTP-dependent mitochondrial pathway
and ER, whereas mitochondrial Nix induces only caspase-dependent apoptosis (Chen, et al. 2010).

The crosstalk between ER and mitochondria of various proteins appearing to be central to both apoptosis
and necrosis pathways is evidence that cell death is dependent on cell context and stimulus, and that pathways
are not dichotomous platonic entities, but rather highly overlapping. The basic roles of ER are (i) to facilitate
protein folding, phospholipid synthesis and glycosylation with the aid of calcium-dependent chaperones (e.g.
Grp78, Grp94 and calreticulin) and (ii) to function as stores of intracellular Ca*, a critical messenger for
muscle contraction (Xu et al., 2005; Minamino et al., 2010). Perturbation of these processes by compounds
(e.g. dithiothreitol and SERCA inhibitors thapsigargin or tunicamycin and adriamycin) or deposition of
B-amyloid aggregates (Pattison, et al. 2008) can elicit the unfolded protein response (UPR). Prolonged ER
stress can feed forward into apoptotic and mitochondrial cell death via the ER calcium-release channel.
Calcium overload of isolated mitochondria from cardiomyocytes has also been shown to mediate release of
cyt-c (Logue, et al. 2005) and opening of mPTP from mitochondrial swelling due to depolarization of the
inner mitochondrial membrane. Although the role of Ca** in mPTP opening is unclear, as most evidence arise
from isolated mitochondria, it is highly important in apoptosis. Under ER stress conditions, pro-apoptotic
transcription factor CCA AT/enhancer-binding homologous protein (CHOP) can function by mediating tran-
scriptional induction of Bim and its translocation to the ER membrane and by repression of Bcl-2 and Bnip3
in cardiomyocytes (Minamino, et al. 2010). Human hypertrophic and failing hearts exhibited increased levels
of GRP78 and CHOP, and failing mouse hearts appear with coincidental appearance of DNA fragmentation
assessed by TUNEL staining. Treatment of isolated rat cardiomyocytes with pathological stimuli, such as
SERCA inhibitors, TNFa and angiotensin II that can activate caspase-3 coincided with ER activation (Okada
et al. 2004). Pro-apoptotic member or the Bcl-2 family, PUMA, was induced in mouse hearts in response to
ER stress or treatment of neonatal rat cardiomyocytes with SERCA inhibitors. Treatment of cardiomyocytes
with the inhibitors after knockdown of PUMA also attenuated ER-mediated cell death and release of cyt-c
from mitochondria (Nickson, et al. 2007). Calpains, non-caspase Ca**-dependent proteases, are also important
in ER-induced cell death, with conventional forms -m and -p implicated in the cleavage of Bax and Bid
proteins, leading to their subsequent activation (Chen, et al. 2001) and in the degradation of substrates such
as PKCa, desmin and procaspases (Patterson, et al. 2011). Furthermore, treatment of nenonatal rat cardiomyo-
cytes and mouse hearts with calpain inhibitors or overexpression of calpastatin (endogenous calpain inhibitor)
in the presence of doxorubicin enhanced caspase-3 activation compared to controls, suggests that calpain
inhibition can be detrimental in doxorubicin-induced cardiotoxicity (Wang, et al. 2013).

To conclude, the activation of apoptotic signalling machinery is tightly linked to ER and mitochondrial
stress involved in ischaemic and drug-induced cardiomyopathies, leading to heart failure. The urgent need to
establish the contribution of cell death pathways in the various settings that can be used to enable robust high
content assays for the development of predictive in vitro models of cardiotoxicity is clear. One might argue
that the best solution is the multi-parametric acquisition of phenotypes using various cardiotoxicity plat-
forms: the focus of the following sections.

6.3.3.2 High Content Analysis

A large number of in vitro models involve the culture of a monolayer of cells adhered to various biological
substrates, and hPSC-CM are no exception. Indeed, for a number of assays this is an essential requirement,
for example, the MEA recordings and impedance measurements detailed earlier. High Content Analysis
(HCA) or High Content Screening (HCS) is widely applied to monolayer cultures in the drug development
setting. Using automated microscopy and multi-parameter analysis (usually fluorescent labels or dyes)
it allows the quantitative assessment of a range of cellular features. These read-outs include cell death
endpoints (e.g. apoptosis, necrosis, autophagy, ER-stress, senescence) and incorporate markers such as
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Annexin V/Hoechst (Live/Dead staining), caspase-cleavable antibodies, cleaved PARP-1 and mitochondrial
potentiometric dyes. A number of publications, some of which are reviewed next, have described the appli-
cation of iPSC-CMs in HCA for investigating cardiotoxicity. Patient-derived hiPSC-CMs from donors with
a genetic background for monogenic heart diseases (e.g. long QT syndrome, familial hypertrophic cardio-
myopathy and familial dilated cardiomyopathy) have also been used in a screening setting to investigate
susceptibility to drug toxicity (Liang, et al. 2013). Recent examples of HCA investigated cardiomyocyte
proliferation in mouse ESC-CMs (Uosaki, et al. 2013), neonatal rat ventricular cardiomyocytes (Eulalio,
et al. 2012) and hiPSC-derived CPCs (Drowley, et al. 2016).

A novel scalable high content microscopy-based assay using hPSC-CMs was developed using a combi-
nation of dyes and antibodies that measured nuclear remodelling, mitochondrial status, caspase activation
(apoptosis) and loss of cell membrane permeability (necrosis) (Mioulane, et al. 2012). This multi-para-
metric approach allowed the profile of compounds that acted via caspase-dependent or —independent
mechanism of action. Furthermore, exposure of hESC-CMs to hypertrophic stimuli/compounds was
assessed by changes in cell size, levels of ANF via antibody labelling and cytoskeletal assembly (Foldes,
etal. 2011).

Often, these imaging endpoints are investigated as part of a more ‘holistic approach’ to both the functional
and structural aspects of cardiotoxicity, such as the use HCA following MEA recordings in transparent plates.
Following the treatment of hRESC-CM with 13 tool compounds for up to 72 h, Clements et al. (2015) demon-
strated that the MEA assay can resolve functional but not structural changes, and the HCA assay vice versa
(Clements, et al. 2015). The HCA assay involved the assessment of nuclear morphology/DNA content, cell
viability, mitochondrial morphology and calcium mobilization. The multi-parameter approach was more
informed and flexible, whereby the MEA results could influence whether the HCA was required. For exam-
ple, if the spontaneous beating in the MEA assay was not perturbed by test compound application it was
found that subsequent HCA would be negative for structural toxicity. However, if the compound suppressed
spontaneous activity in the MEA assay, the cells could be stained for indicators of cardiomyocyte structure,
to determine if/how subcellular structures (e.g. mitochondria) had been impacted. It was suggested that
this would provide a more detailed account of a drugs’ impact on cardiac physiology than the combined
MEA-impedance assay platforms.

Pointon et al. (2013) compared the effects of 34 structural cardiotoxins and 32 non-structural cardiotoxic
compounds. Following 6, 24 or 72 h exposure to hESC-CMs and the H9¢c?2 cell line high content imaging was
used to assess endoplasmic reticulum integrity, calcium mobilization, membrane potential and mitochondrial
membrane potential (Pointon, Abi-Gerges et al. 2013). Following image acquisition ATP content/cell number
was also measured. In general, the imaging parameters gave greater sensitivity than ATP depletion (as a
whole-well-based assay) for the detection of structural cardiotoxicity at therapeutically relevant concentra-
tions. When the therapeutic concentration (Cmax) of each compound was compared to the IC50/EC50 value
generated in each assay the compounds could be classified into mechanistic categories. Changes in either
mitochondrial membrane potential or calcium mobilization, in isolation or combination, with other parame-
ters were found to be characteristic of 11 of the 15 structural cardiotoxins evaluated. The beating phenotype
of the hESC-CM was also essential for the sensitivity of the assay; when beating was reduced by the co-
administration of a negative inotrope (BTS) concentration effect-curves were shifted to the right. Shorter
compound exposures (6 and 24 h) did not allow insight into the mechanisms of toxicity due to the lack of
detection of structural cardiotoxins at these time points. Overall, it was concluded that hRESC-CMs provided
a high-throughput experimental model to detect structural cardiotoxicity liabilities in novel compounds at
therapeutically relevant concentrations.

Guo et al. (2015) published detailed protocols to demonstrate the presence and function of the ErbB2
signalling pathway in hiPSC-CM and the effect of tyrosine kinase inhibitors (Guo, Eldridge et al. 2015).
They developed a multifunctional testing strategy to enable mechanistic studies of investigational anticancer
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drugs. The multifunctional approach integrated (1) multi parameter imaging and selected biochemical
endpoints as a measure of viability, (2) cardiomyocyte function by impedance and field potential meas-
urements and (3) identification of targets of interest and activation state, and protein loss using siRNA
knockdown techniques. Prior to cell use, quality control analysis of the iPSC-CM cells included cell popula-
tion purity (staining for ¢Tnl (thin filaments) and/or myomesin (functional sarcomere structure)) and the
presence and rate of thythmic contractions. The endpoints assessed were nuclear morphology and cell count,
mitochondrial membrane potential, caspase 3/7 activation, ATP content, LDH Assay and cTnT release.
These were routinely performed alongside either the xCELLigence RTCA Cardio (impedance and contrac-
tility) or CardioECR (impedance, contractility and field potential electrophysiology) platform recordings.
Protein expression, both abundance and post-translational modifications, were quantified using automated,
Western blot assays. This integrated approach confirmed the presence of functional, integrated signalling
pathways and that inhibition of ErbB2 signalling by trastuzumab potentiated the effects of doxorubicin in
hiPSC-CM:s.

Sirenko et al. (2013) investigated the treatment of hiPSC-CM for 30 minutes or 24 h with 131 drugs (107
positive and 24 negative for in vivo cardiotoxicity) across a concentration range in 384-well plates (Sirenko,
et al. 2013). Fast kinetic imaging was used to monitor changes in cardiomyocyte function using intracellular
Ca* flux readouts. High content imaging was used in parallel to assess cell viability and mitochondrial integ-
rity and found that beat rate and several peak shape parameters were good predictors of cardiotoxicity, whilst
cell viability markers had poor classification accuracy. Grimm et al. (2015) studied the physiological effects
of approx. ten compounds on exposure to hiPSC-CM by measuring calcium flux and GPCR activity. In addi-
tion, HCA following compound exposure for up to 24 h was used to assess cytotoxicity, mitochondrial integ-
rity and ROS formation (Grimm, Iwata et al. 2015). ROS formation was observed after 30 m treatment, but
had returned to basal levels by 24 h. Loss of mitochondrial integrity and cell viability was more apparent
following 24 h compound exposure. The tool compounds assessed generated the anticipated results, whilst
extracts of commercial gas oils generated biphasic responses, that is increasing beat frequency and loss of
beating at low and high concentrations, respectively. Although both studies were limited to 24 h treatment
duration, they are good example of a multi-parametric approach for drug profiling.

Although traditionally HCA has been performed in monolayer cultures to allow algorithms to clearly
define cell borders, instrumentation developments have resulted in high content confocal imaging, opening
up the possibility of similarly assessing complex or 3D culture models (e.g. spheroids: see Section 6.3.3.5.1)
(Celli, et al. 2014).

6.3.3.3 Impedance Assays

The impedance technology was introduced earlier in the electrophysiology endpoints and the since the
cells are not damaged or sacrificed as a result of these measurements, leads to the opportunity to make
multi-parameter assessments on the same cultures. In addition, the impedance the technology should lend
itself to investigating the effects of chronic compound exposure, although to date there is little evidence
of long-term applications (>72 h). Compound-related toxicity mediated by various effects on action
potentials, calcium flux and mechanical contraction will all have consequences that will be captured by
impedance assays. Peters et al. (2015) have reviewed the advances in cardiomyocyte impedance with
emphasis on hPSC-CM models for toxicity screening and small molecule kinase inhibitors (Peters, et al.
2015). They referred to the impedance as the ‘summed response’ of cardiomyocyte beating; an inte-
grated, downstream measure of cardiomyocyte function (Peters, et al. 2015). Indeed, caution should be
used for arrhythmic effects when the impedance generated ‘Cell Index’ is also reduced (at 3 or 30 h)
since beat pattern disruptions could be caused by cytotoxicity rather than an ion-channel specific effect
(Peters, et al. 2015) .
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Therefore, from a toxicity perspective the impedance measurements are suited to a broad-based hazard
detection screen, but will require additional endpoints for mechanistic understanding not revealed by
the impedance measure (Doherty, et al. 2015). Fortunately, the label-free/non-invasive monitoring allows
cells to be collected at the end of the study for such further biochemical analysis, as highlighted next.
Alternatively, plates where some of the microelectrode sensors have been removed from each well to create
an optically clear area would allow for visual inspection of cells during the experiment and/or high content
analysis at the end of a study.

Doherty et al. (2015) assessed 24 compounds in hiPSC-CM using a multi-parameter approach. The test
system used the xCELLigence platform for beating activity with additional ‘structural’ endpoints, for exam-
ple viability, ROS generation, lipid formation and troponin secretion. Following 24 or 48 h treatment, the
cardiac beating endpoint (xXCELLigence) was the most sensitive at identifying drugs with known clinical
effects, however, it did not distinguish between structural or functional effects. Therefore, the additional
‘structural’ endpoints assessed provided insight into some of the mechanisms of cardiotoxicity. Guo et al.
(Guo, et al. 2015) (see High Content Analysis section) also used a multi-parameter approach, including
impedance measurements, to investigate integrated ErbB2 signalling pathways and the effect of tyrosine
kinase inhibitors.

Disadvantages of the technology are the non-reusable electrode-containing plates and the culture of cells
as monolayers to ensure good contact with the culture surface/electrodes. If extracellular matrix (ECM) is
required for attachment, it should be a thin layer to allow for the required contact, thereby, potentially limiting
its application to more complex and 3D cardiomyocyte models.

6.3.3.4 SeaHorse Flux Analysers

SeaHorse instruments are all designed to interrogate cellular metabolism. Depending on the assay conditions
employed, the analysers determine real time, in vitro oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) as surrogate markers for oxidative phosphorylation, glycolysis or fatty acid oxida-
tion. As such they can be applied to a variety of cell types. The SeaHorse analysers are available in either
24- or 96-well formats, however, due to the design of the plates the growth areas (and hence cell require-
ments) are less than for the equivalent standard formats. The instrument is temperature controlled and the
plate cartridges allow for the automated addition of stock solutions (e.g. compound treatment, substrates,
inhibitors) directly into the culture wells followed by mixing and recording. The SeaHorse assay is an endpoint
assay, and depending on the assay design the duration is 2-3 h, limiting throughput to a few plates per day.
Each cell type investigated benefits from assay optimization (i.e. investigating optimal substrate and inhibitor
concentrations) before the effects of compounds are investigated.

Since cardiomyocytes have high metabolic requirements, mitochondrial function/altered cellular energet-
ics may be a useful endpoint with which to investigate drug-induced cardiotoxicity. Early adoption of the
SeaHorse technology employed the use of neonatal rat ventricular cardiomyocytes, with studies focussed on
elements of mitochondrial function in cardiac hypertrophy (Yu, et al. 2005; Lu and Anderson 2015). However,
there have been some reports of the application of this technology to iPSC-CM cultures and cardiotoxicity.

Rana et al. (2012) characterized mitochondrial function in hiPSC-CM when they were maintained in cul-
ture media containing different levels and combinations of glucose, galactose (GAL) and fatty acids (FA)
(Rana, et al. 2012). Substrate effects were assessed by measuring adenosine triphosphate (ATP) production,
the relative contributions of glycolysis and mitochondrial oxidative phosphorylation (OXPHOS) to the bio-
energetic profile and gene expression profiles. They found that hiPSC-CMs cultured in GAL-supplemented
media resulted in ATP production predominantly through mitochondrial respiration (e.g. higher OCR/ECAR
ratios [indicative of energy generation through OXPHOS], greater reserve capacity and higher expression of
some mitochondrial complex proteins). Since these conditions most closely mimicked the in vivo situation,
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they were used to assess six anti-cancer, kinase inhibitor drugs for their effects on oxygen consumption and
ATP content at day 21. The rank order of cytotoxicity was sorafenib > sunitinib > dasatinib > imatinib >
lapatinib > nioltinib, which appeared to be in agreement with the literature for these kinase inhibitors leading
to clinical cardiotoxicity. They concluded that hiPSC-CMs growing in GAL and GAL + FA were more
susceptible to mitochondrial toxicants suggesting that such cultures may be more proficient in identifying
cardiotoxicants with mitochondrial liabilities.

One of the attractions of hiPSC is the ability to generate patient-derived hiPSC-CMs. Guan et al. (2014)
used the SeaHorse technology, alongside a variety of additional assays, to assess the cardiomyocyte pheno-
type of hiPSC-CMs isolated from normal and Duchenne muscular dystrophy patients. Although there were
some differences between the hiPSC-CMs, for example calcium handling and response to injury, no differ-
ences were observed in cellular metabolism (i.e. SeaHorse Mito Stress test) between the two phenotypes
(Guan, et al. 2014). The SeaHorse assay plates govern that hiPSC-CMs are cultured in monolayers, and
therefore, the phenotype is likely to remain immature. Spheroid cultures can be assessed with this technology
using adapted plates but no application of hiPSC-CM spheroids and SeaHorse technology was found.

6.3.3.5 Complex and 3D Models

The area of complex, co-culture and 3D cell cultures is undergoing a rapid expansion at present, and it is con-
sidered that the culture of cells within a more structurally-relevant environment will lead to improvements in
cell phenotype and ultimately improved predictive value. However, despite different results often being
obtained between 2D and 3D systems very little validation or evidence of translation to either the in vivo or
clinical situation has been published. Therefore, it is highly unlikely that one in vitro model will be appropriate
for all applications and validation in terms of recapitulating the in vivo situation is an important consideration.

One assay that has been validated is the embryonic stem cell test (EST, Invitox #113). This ECVAM
(European Centre for the Validation of Alternative Methods) test is a validated, in vitro assay that can form
part of an integrated testing strategy for the identification of embryotoxicants. The compound-related inhibi-
tion of differentiation of mouse embryonic stem cells into contracting myocardial cells, when cultured as
embryoid bodies, is one of the key endpoints monitored as part of this embryotoxicity assessment (Seiler and
Spielmann 2011).

Most 3D culture models for cardiovascular research have been created with a regenerative medicine focus,
but more recently are attracting interest from drug screening and disease modelling areas (Zuppinger 2015).
The heart consists of highly differentiated cells in an intricate arrangement, with neuronal innervations and a
vascular system, which act in concert to respond to the rapidly changing demands of the body. Despite the
well documented drawback of hPSC-CMs being their immature phenotype, the longevity of hPSC-CMs in
culture and their co-culture with cardiac fibroblasts and endothelial cells are beginning to influence some of
the previous limitations of primary cardiomyocyte models (Lundy, et al. 2013). Zuppinger (2015) recently
reviewed cardiovascular 3D cell culture from a drug screening perspective, with a focus on engineered heart
tissues (EHTSs), spheroids, cell sheets and vascular 3D models (Zuppinger 2015).

6.3.3.5.1 Cardiomyocyte Spheroids Spheroids (or microtissues) are small (approximately 200 um
diameter), three dimensional aggregates of cells that undergo self-assembly without the requirement for
extracellular matrices. They can be formed from a number of different cell types either using low attach-
ment plates or by hanging drop methods, and are routinely cultured in a 96-well format although 384-well
formats are also an option. The spheroid size needs to be tightly controlled to avoid diffusion limits and the
formation of a central necrotic core. As with all 3D in vitro models, it remains unclear how deep into any
structure tool compounds will penetrate and the influence this has on the observed results. Good reproduc-
ibility between spheroids/wells is reported leading to low variability, although manual handling and cyto-
toxicity can result in spheroid loss. Automation of some of these processes may help to resolve some of the
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issues described previously and dramatically increase throughput in the drug development setting. HiPSC-
CM spheroids have been cultured and take around four—five days to form and start spontaneously beating;
they have then been maintained for up to 30 days. Characterization has included morphological assessment
of cardiomyocytes and sarcomere formation (e.g. actinin, cardiac troponin T, myomesin, Z-discs) and
fibroblasts (e.g. vimentin).

Since cardiomyocytes comprise approximately 30% of the myocardial tissue with non-myocytes, for
example fibroblasts and endothelial cells, accounting for the rest, it is thought that these non-myocytes are
essential to myocardial structure and function. There is also emerging evidence to suggest they may play
important roles within drug-induced cardiovascular toxicity (Cross, et al. 2015), and that co-culture may help
to improve the cardiomyocyte maturity (Kim, et al. 2010). Hence, spheroids can be formed of cardiomyo-
cytes alone or in co-culture with cardiac fibroblasts and/or endothelial cells (Ravenscroft et al., 2016).
However, it appears that the self-aggregation, spheroid formation of endothelial cells co-cultured with
cardiomyocytes does not result in vessel formation. Since the cardiomyocytes and culture plastics are
commercially available there is the potential for in house cultures to be established or some CRO organizations
are also available to run such studies.

Beauchamp et al. (2015) have reported an extensive variety of characterization studies on hiSPC-CMs
cultured as 2D monolayers and 3D spheroids (Beauchamp, et al. 2015). For example, the cardiotoxic kinase
inhibitor, sunitinib, caused cell necrosis following overnight treatment as demonstrated with Live/Dead
staining. Cardiomyocyte spheroids treated with phenylephrine demonstrated an increased beat frequency
maintained over 30 days in culture. Spontaneous calcium transients were measured by the Ca** sensitive
probe, fluo-4, however it was noted that it only penetrated the first outer layers of the spheroid. The spheroids
also responded to electrical field stimulation and caffeine (ryanodine receptor agonist stimulating Ca** release
from the sarcoplasmic reticulum). Using IonOptix (a video motion tracking system) they assessed contractile
activity: isoproterenol increased beat frequency; blebbistatin decreased the amplitude of the contractions
until they ultimately stopped; Doxorubicin changed the regularity of the contractions. They concluded
that cardiomyocyte spheroids were worthy of further study as a new and promising relevant model for the
evaluation and development of new therapies and detection of cardiotoxicity.

Using confocal, high content analysis spheroids can be investigated using similar endpoints to those
described previously for monolayer cultures, for example Hoechst DNA staining, calcium homeostasis using
Fluo-4 AM, and mitochondrial function using TMRE. Also in line with monolayer cultures, cellular ATP
content can be measured once imaging is completed. Using nine known cardiotoxins and two negative con-
trols, Ravenscroft et al. (2015) reported that the tri-cultured cardiac spheroids had a better positive compound
identification compared to 2D monolayer cultures (Ravenscroft, et al. 2015). In addition, the cardiomyocyte
only spheroids have also been used in the assessment of hypertrophy, following an extended treatment over
14 days and bright field imaging to monitor spheroid size. At the end of the treatment period cytotoxicity was
also investigated by propidium iodide staining. Using microtissue area as the endpoint, cardiomyocyte hyper-
trophy (prior to gross cytotoxicity) was correctly predicted for all tool compounds (seven studied) except
isoproterenol, although it was unclear why this tool compound should be ineffective.

Cardiomyocyte spheroids have also been assessed using voltage sensitive dyes and shown to have a shorter
action potential duration than in 2D culture (Rodriguez 2015). Differences were also observed in the sensitiv-
ity of well characterized ion channel antagonists between monolayer and spheroid cultures. However, the
lack of a consistent pattern in sensitivity demonstrates the requirement for appropriate validation of emerging
assay platforms.

A perceived advantage of spheroids is the ability to self-aggregate without the requirement of a scaffold
consisting of artificial materials or ECM proteins. However, it should be noted that scaffold-based constructs
are being investigated to promote the linear alignment of cardiomyocytes in an attempt to positively influence
the maturation phenotype.
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Another expanding area of complex and 3D in vitro models is the incorporation of microfluidics. Data on
the incorporation of cardiomyocyte spheroids/embryoid bodies into such platforms is emerging (Bergstrom,
et al. 2015; Rismani Yazdi, et al. 2015), but at too early a stage to determine any potential benefits. Data is
also awaited from the Innovate UK funded ‘CVTox model’ (Development of a Co-Culture Cardiovascular
Toxicological Model by Kirkstall). This project is focused on developing a co-culture of human cardiomyocytes,
smooth muscle cells and endothelial cells and incorporating re-circulating flow.

6.4 Conclusions and Future Direction

Increasingly the pharmaceutical industry is seeking new strategies to make improvements in late-stage attri-
tion reduction, both in terms of efficacy and safety. Advances in in vitro cellular models provide access to
what is hoped will be more physiologically and human-relevant platforms. This review has demonstrated
how the availability of large numbers of consistently produced stem cells, differentiated into cardiomyo-
cytes has significantly impacted the area of cardiotoxicity assessment in recent years, although comprehen-
sive validation is still required for many platforms. The most recent advancements in isolating and
differentiating hPSC-CMs from patient populations have also increased the potential for studying drug-
related effects in disease-relevant systems. Continued focus in the area of enhancing the maturity of the
cardiomyocyte phenotype along with novel experimental designs using complex and/or 3D cell culture, and
technologies, will only serve to expand the field in the future. Whilst this review has focussed on those
platforms that can either currently be employed or will be applicable in the very near future, the area of
more complex systems such as ‘organs-on-a-chip’ and organoids will doubtless continue to draw attention
as they develop.
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