The University of

Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

r

Automation and Scale-Up of Human Induced Pluripotent Stem Cell Models
of Cardiovascular Disease for Drug Screening

Submitted by
James Edward Brooke Crutchley, BSc. MSc.

Thesis submitted to the University of Nottingham for the
degree of Doctor of Philosophy

School of Medicine

SEPTEMBER 2015



Abstract

The global cost of heart failure is USDS45 billion and set to double in the next 15
years. The only method of treatment is heart transplant but demand far exceeds
supply and is projected to increase. Meanwhile, global pharmaceutical development
has been hindered by poor drug development success rates. Of the drugs that make
it to phase I clinical trials, only 8 % pass phase Ill and existing drug screens do not
always accurately predict or detect adverse cardiac events. Cardiotoxicity is the
underlying reason for 26 % of safety related drug withdrawals between 1990-2006.
Therefore, a source of human cardiomyocytes (CMs) is required to fill the need for
regenerative medicine and drug screening applications. Differentiation of human
pluripotent stem cells (hPSCs) to CMs is a viable solution to this bottleneck but the
number of cells required is staggering; up to 5 million novel compounds are
registered annually by pharmaceutical and academic institutions, while cell
replacement studies in primates suggest that 10 billion CMs will be required per

patient to repair the damaged myocardium post infarction.

The objective of this thesis was to evaluate whether automated high throughput
manufacture of hPSCs and CMs was possible, and to demonstrate that hPSC-CMs
could be used in automated high throughput drug screening by carrying out assays
in 384-well plates. This thesis started by carrying out three manual differentiation
methods; an embryoid body (EB) based method and two monolayer methods. Batch
variability in mouse embryonic fibroblast conditioned medium (MEF-CM) led to

erratic and variable differentiation outcomes (as high as 94+/-0.3 % to as low as



25.6+/-39.7 % beating EBs per 96 well plate). Two monolayer methods, using
defined media (mTeSR and E8) increased cell yields by up to 12-fold and 65-fold
respectively and simplified the process technically. When these methods were
automated, EB differentiation failed to generate spontaneously beating EBs,
whereas both monolayer methods succeeded in generating spontaneously beating
cardiomyocytes of purities >90 %. Finally, cryopreserved stocks of hiPSC-CMs
produced by automation were used to evaluate whether cardiotoxicity from the
anticancer drug doxorubicin could be decreased by co-treating with dexrazoxane
(an existing doxorubicin cardio-protectant), carvedilol (a B-blocker), sildenafil (a
vasoactive agent) and isoprenaline (a B-adrenoreceptor agonist). This was carried
out in a real-time, fully automated assay setup to monitor induction of apoptosis by
the marker propidium iodide using the Operetta confocal plate reader. The
concentration of doxorubicin that led to 50 % hiPSC-CM death (TDso) was
significantly reduced by co-treatment with dexrazoxane, carvedilol and sildenafil.
Carvedilol showed the highest level of cardioprotection by increasing TDso of
doxorubicin by 7.5-fold. In contrast, isoprenaline reduced TDsy of doxorubicin,
suggesting that isoprenaline would be contraindicated in patients undergoing

doxorubicin treatment.

Thus, this thesis demonstrated that automated differentiation of cardiomyocytes
was technically feasible with capability of generating high yields (up to 39 million
cells per flask) and high purity (>90 %) cardiomyocytes. Furthermore, this system
was compatible with high content assays in 384-well plates for evaluating drug

toxicity.
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Chapter 1 Introduction

1 Introduction

1.1 Invitro drug testing and cardiotoxicity

In vitro safety testing of drugs is a core component of the drug development
process and of considerable value to the pharmaceutical industry. Drug withdrawals
due to toxicity undetected in the drug development process can prove costly, as
drug development costs up to USDS$1.5billion per drug (Rajamohan et al., 2013)
with some estimates suggesting this could even be as much as USDS$4billion (per
drug that makes it to market) (Herper, 2012). As recently as 2010 drugs have been
withdrawn from market due to cardiotoxicity which went undetected in the drug
development process (such as propoxyphene and sibutramine) (Rajamohan et al.,
2013). Thus, the need to develop effective screening strategies for such side effects

is essential.

In vitro toxicity assessments allow pharmaceutical companies to “front-load” i.e.
eliminate early in the development process, new chemical entities (NCEs) which
may be unsuitable for further development due to unwanted side effects
(Wakefield et al., 2002). Furthermore, the growing focus on NC3R (replace, reduce,
refine) in relation to using animals in drug development, means suitable in vitro
alternatives are needed (Lu et al., 2015). Cardiac arrhythmias are a common and
potentially fatal side effect of adverse drug reactions. Drug interactions with the
human ether-d-go-go related potassium channel (hERG) are a frequently observed

side effect leading to arrhythmias in susceptible individuals (Eder et al., 2015) and
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are therefore heavily tested in drug development (Lu et al.,, 2015) as a result of
guidelines (S7B and E14) established at the International Conference on the
Harmonisation of Technical Requirements for the Registration of Pharmaceuticals
for Human Use (ICH) (Sager et al., 2014). This testing is frequently carried out using
hERG expressing cell lines but these do not necessarily accurately model
cardiomyocyte behaviour as the myocardium has compensatory mechanisms that
may overcome effects detected in these lines and the effect of interplay or
response from ion channels for example, are not accurately modelled in these
systems (Eder et al., 2015). Additionally, the use of tissues from animals (such as
canine or rabbit Purkinje fibres) also does not always accurately recapitulate the
human phenotype in drug screens (Braam et al., 2010). Therefore, human heart

tissue is the gold standard but limited by poor availability (Eder et al., 2015).

1.2 Embryonic stem cells, isolation from ICM

Derivation of human pluripotent stem cells (hPSCs) (Thomson et al., 1998) from the
blastocyst stage (5 days post fertilisation (Gardner et al., 1998)) embryo, led to the
generation of the first human embryonic stem cell lines (hESCs). These cells were
capable of differentiation to constituents of all three germ layers; the ectoderm,
mesoderm and endoderm (Thomson et al., 1998) and thus represented a valuable
new tool for the development of regenerative medicine, drug screening applications
and better understanding of developmental biology in humans (Thomson et al.,
1998). Their differentiation capability, combined with the ability to proliferate
indefinitely in an undifferentiated state meant that they could theoretically be used
to create a near limitless supply of differentiated tissues. However, ethical concerns

2
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regarding the use of fertilised human embryos to supply these cells and potential
immunogenicity in regenerative therapy applications has slowed their translation to
the clinic (Laflamme and Murry, 2011). Additionally, the lack of availability of
genetic disease carrying embryos from which disease models could be derived, has

limited their use in disease modelling (Tachibana et al., 2013).

1.3 Somatic cell nuclear transfer

Early experiments involving the transfer of nuclear material from Rana pipiens
(Northern leopard frog) embryonic cells into the enucleated unfertilised egg from
the same species demonstrated that normal tadpole formation could be achieved
(Briggs and King, 1952). Subsequent experiments in Xenopus laevis demonstrated
that monozygotic, sexually mature frogs could be generated by transferring nuclear
material from later stage differentiating cell types and fertilised but non-enucleated
eggs (Gurdon et al., 1958). Some years later, the nucleus of an adult mammalian
somatic cell was transferred into an enucleated unfertilised egg of the same species
(domestic sheep) which, following implantation into a surrogate sheep generated a
viable offspring (Wilmut et al., 1997). This process, known as somatic cell nuclear
transfer (SCNT) has been highlighted as a potential method for generating hESCs
genetically matched to a donor (Chung et al., 2014, Tachibana et al., 2013); enabling
generation of disease-carrying lines which could prove useful in disease modelling
or for generating syngeneic hESCs for regenerative medicine applications. Despite
the potential benefits of SCNT, it was not until 2013 that hESCs were successfully
generated by this method (Tachibana et al., 2013) although this was only achieved
using foetal and infant cells as donors. Since then, SCNT has been achieved using
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dermal fibroblasts from older donors including a 35- and 75-year old (Chung et al.,
2014). Exploitation of this method has been limited however due to the low survival
efficiency of cloned animals (below 1-2 %) as well as phenotypic, molecular or
physiological abnormalities thought to arise from incomplete genome

reprogramming (Halley-Stott et al., 2013).

1.4 Human induced pluripotent stem cells

Having demonstrated that terminally differentiated cells could be driven to a
pluripotent state with the correct signalling cues (Wilmut et al., 1997), subsequent
studies sought to identify which cues were capable of inducing this reprogramming
to a pluripotent state and were reviewed (Hochedlinger and Jaenisch, 2006). Shortly
after this review, four growth factors (Oct3/4, Sox2, c-Myc and KIf4) were identified
which following forced retroviral expression could cause differentiated mouse cells
to reprogram to a pluripotent state similar to an embryonic stem cell with the
ability indefinitely self-renew in culture and differentiate to constituents of the
three germ layers (Takahashi and Yamanaka, 2006). This was subsequently achieved
in humans a year later to generate the first human induced pluripotent stem cell
lines (hiPSCs) by the forced expression of either OCT4, SOX2, KLF4 and c-MYC
(Takahashi et al., 2007) or OCT4, SOX2, NANOG and LIN28 (Yu et al., 2007). These
cells, sharing the same differentiation capability and indefinite proliferation capacity
as hESCs have the advantage that they can be derived from donor differentiated cell
types, similar to SCNT. This has enabled the possibility of generating autologous cell

lines for regenerative therapy or for modelling diseases (Garbern and Lee, 2013).
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Issues with retroviral and lentiviral reprogramming methods for example, which rely
on the integration of reprogramming factors have driven researchers to develop
non-integrating methods to avoid risks such as risk of tumourgenicity (Okita et al.,
2008). Strategies including the use of minicircle DNA (Jia et al., 2010), episomal
reprogramming, (Yu et al., 2011) integrating but excisable vectors (Woltjen et al.,
2009, Somers et al., 2010), modified mRNA sequences (Warren et al., 2010),
microRNA (Miyoshi et al., 2011), Sendai viruses (Fusaki et al., 2009) and even whole
protein transduction (Kim et al., 2009) have been explored. There has also been
focus on developing methods which improve the efficiency of reprogramming, as
the original methods had reprogramming efficiencies of ~0.001-1 % (Takahashi et
al., 2007) to ~0.1-1.1 % (Yu et al.,, 2007) while later methods achieved
improvements of up to ~1 % with Sendai viruses (Fusaki et al., 2009) and ~1-4.4 %

with modified mRNA (Warren et al., 2010).

1.5 Early heart development

Gastrulation in the developing human embryo involves the formation of the
primitive streak and the specification of precursor cells into the three germ layers:
mesoderm, endoderm and ectoderm (Richter et al., 2014). The primitive streak
gives rise to the mesoderm from where cardiomyogenesis initiates. Brachyury and
EOMES induce expression of MESP1 (Burridge et al., 2012), the master regulator of
cardiac progenitor specification (Bondue and Blanpain, 2010). Downstream of
MESP1, several interacting factors and genes including Thx5, Nkx2-5, Mef2c, Gata4,
Hand2, Myocd, Isl1 and Foxh1 all interact to promote specification to cardiogenic

mesoderm (Burridge et al., 2012). From this stage, WNT and NOTCH signalling
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regulate cardiac progenitor cell expansion and differentiation (Kwon et al., 2009).
The cardiac mesoderm in turn develops into the first and second heart fields.
Formation of cardiac tissue begins between 17-19 days post coitum (DPC) with the
formation of the cardiac crescent (first heart field) adjacent to the endoderm from
which agonists and antagonists of bone morphogenetic protein (BMP), fibroblast
growth factor (FGF) and wingless type (WNT) growth factor families drive the
cardiac differentiation process (Sylva et al., 2014). This is then followed by the
formation of the cardiac tube 19-21 DPC (figure 1.1). The interior of the cardiac
tube consists of endocardial cells and the exterior consists of myocardial cells
(Burridge et al., 2012). The first and second heart field cells, when incorporated into
the cardiac tube, respond to factors driven by Notch signalling (Grego-Bessa et al.,
2007) and retinoic acid respectively and begin to proliferate (Sahara et al., 2015).
The first heart field will give rise to the left ventricle and partially contribute to the
atria while the secondary heart field gives rise to the right ventricle, parts of the

atria and the outflow tract (Sahara et al., 2015).

A B C D E

forming heart tube

dorsal view

Figure 1.1 — Formation of the cardiac tube 17-23 DPC in humans

A) Flat cardiac crescent (peripheral border in red and central border in blue)
transitions into a curved half-tube shape of cardiac mesoderm (B). This in turn
expands to form an inverse T-shaped structure (C) with an arterial pole (AP) at the
top and two venous poles (VP) at the base. (D&E) The central borders at the dosal
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end of the developing heart (dorsal mesocardium (DM) fuse to form the cardiac
tube (adapted from (Sylva et al., 2014)).

1.6 Cardiac repair and regenerative medicine

In light of the potentially life threatening effects of heart failure as well as the
socioeconomic burden of heart failure worldwide, there is an ongoing effort to
develop a therapeutic solution to enable repair of the damaged heart.
Unfortunately, the only established method for treating heart failure is through
heart transplant. This process, is limited by the lack of available organs and
necessitates life-long immunosuppressive therapy and is not sufficient to meet
current, let alone future demand (Garbern and Lee, 2013). The need for a more
effective solution to this issue has led to the formation of two seemingly divergent
approaches to addressing heart failure, generation of de novo cardiomyocytes ex
vivo and transplanting these cells to the damaged heart or triggering endogenous

cardiac repair mechanisms (Senyo et al., 2014).

1.6.1 Induction of endogenous cardiac repair mechanisms

In lower vertebrates such as zebrafish tissue regeneration has been observed in
response injury of the spinal cord, retina and fins (Poss et al., 2002). A study
investigating this process in zebrafish hearts found that when 20 % of the
ventricular mass was resectioned, endogenous repair mechanisms were activated,
starting with immediate localised blood clotting followed by a fibrin clotting stage
between 2-4 and 7-9 days post injury. The fibrin clot was gradually replaced with de

novo cardiomyocyte tissue from 9 to 30 days post injury until by 60 days post injury,



Chapter 1 Introduction

complete repair and restored cardiac function was observed with little or no
evidence of scar formation (Poss et al., 2002). Later studies identified the source of
this repair to originate from de-differentiation of existing terminally-differentiated
cardiomyocytes and their subsequent proliferation following injury rather than
repair by a pre-existing progenitor population (Jopling et al., 2010). Furthermore,
this process was found to be mediated by the expression of gata4, a transcription
factor gene associated with embryonic cardiac development which was absent in

cardiomyocytes prior to injury (Kikuchi et al., 2010).

This finding has in turn led researchers to investigate whether adult
cardiomyocytes in human hearts could be triggered to re-enter cell cycle and repair
damaged cardiac tissue. Cardiomyocyte mitosis is detectable throughout life in
humans but the process of cytokinesis only occurs in these cells up to 20 years of
age (Mollova et al., 2013). Approaches so far have sought to influence
developmental pathways that promote cardiomyocyte proliferation in the
developing embryo but are then repressed later in life. An example of this is the
Hippo tumour suppressor pathway which plays a role in controlling organ size and
development (Zhao et al., 2011a). Hippo represses cardiomyocyte proliferation and
studies of Hippo-deficient mice have shown that these mice could repair damaged
myocardium post infarction (Heallen et al., 2013). Therefore, inhibition of Hippo or
upregulation of Yes-associated protein (YAP), a downstream transcription
coactivator inhibited by Hippo but capable of inducing cardiomyocyte proliferation

(Xin et al., 2013) may provide a useful target for cardiac regeneration.
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Neuregulinl is another target that has been investigated; a growth factor and
receptor tyrosine kinase agonist (primarily ErbB4) which is capable of inducing
cardiomyocytes to re-enter cell cycle including cytokinesis in vitro with adult rat
ventricular cardiomyocytes and in vivo in mice (Bersell et al., 2009). Furthermore,
improved heart function following myocardial infarction was also demonstrated in
mice following Neuregulinl treatment (Bersell et al., 2009). This has since been
followed up with two clinical studies in which improved left ventricular ejection
fraction (LVEF) was observed (Gao et al., 2010, Jabbour et al., 2011) while several
further studies are currently in progress or recently completed (Galindo et al.,

2014).

Another approach has been to investigate the role of Micro RNAs (miRNA); short
(approximately 20 nucleotides in length) sequences of RNA that regulate gene
expression by binding to complementary sequences of messenger RNA (mRNA)
causing post transcriptional repression (Bartel, 2009). Several reports have
demonstrated that these can inhibit cardiomyocyte proliferation (ie. miR-1 and miR-
133) but a more recent study identified 40 candidates that induced both DNA
synthesis and cytokinesis in neonatal rat and mouse cardiomyocytes following a
genome-wide miRNA library screen (Eulalio et al., 2012). Two candidates from this
screen (hsa-miR-590 and has-miR-199a) were subsequently tested in a mouse
model of myocardial infarction and demonstrated almost complete restoration of

cardiac function (Eulalio et al., 2012).
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1.6.2 Cell delivery for cardiac repair

1.6.2.1 Cell delivery of hESC or hESC-derived cell types for tissue repair

Delivery of hPSC-derived cells for tissue regeneration is another potential method
by which tissue repair could be achieved. In animal models, differentiated hESCs
have been used to treat spinal cord injury, diabetes milletus, Parkinson disease,
liver failure and myelin diseases (de Almeida et al., 2013). Additionally, their low-
level expression of major histo-compatibility complex class | and Il molecules as well
as expression of T cell proliferation inhibitors transforming growth factor B (TGF-B)
and Serpin-6 led researchers to believe that these cells might be immuno-privileged
(de Almeida et al., 2013). When the immunogenicity of hESCs was investigated in
immune-competent mice, conflicting reports began to emerge either demonstrating
no immune response (Li L et al., 2004), low level response (Drukker et al., 2006) or a
significant immune response (Swijnenburg et al., 2008). In another series of
experiments, hESCs were engrafted onto healthy or infarcted mouse myocardial
tissue to assess whether endogenous factors could drive the differentiation of these
cells to cardiomyocytes. In both cases, teratomas formed and there was no
difference in the levels of cardiomyocyte differentiation in cardiac localised
teratomas relative to control hind-limb teratomas (Nussbaum et al., 2007).
Additionally, this study found that the differentiated cell types generated were
immunogenic and that recipient mice required immune suppression (Nussbaum et
al., 2007), an observation made by other groups as well (Drukker et al., 2006,
Swijnenburg et al., 2008). Combined, the studies on immunogenicity and suitability

of directly transplanted hESCs demonstrated that a more suitable approach would
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require differentiating hESCs in vitro and transplanting these cells into recipients in

conjunction with immunosuppressive therapy.

In 2010, Geron Corporation initiated the first human clinical trial investigating the
use of hESC-derived progenitor cells (oligodendrocyte progenitor cells) to treat
spinal cord injury (Strauss, 2010). However, due to cost considerations, the trial was
abandoned before any efficacy data could be released although no safety concerns
were observed (Frantz, 2012). This programme, has since been acquired by another
company (BioTime Inc.) which has resumed development of this therapy (Brower,
2013). Another early clinical trial in this field carried out by Advanced Cell
Technology, more recently published their first long term (up to 3 years in some
patients) follow-up of a clinical trial investigating the use of hESC-derived retinal
pigment epithelium cells for treating macular degeneration and Stargart’s macular
dystrophy. This revealed no adverse effects using these cells (no signs of unwanted
proliferation, rejection (the eye is an immune-privileged tissue), ocular or other

safety issues) (Schwartz et al., 2015).

A series of studies have been carried out in the last decade to demonstrate the
feasibility of clinical applications of hESC derived cardiomyocytes for myocardial
repair. This entailed developing scalable monolayer methods for cardiac
differentiation of hESCs (Laflamme et al., 2007), establishing pre-clinical feasibility
of hESC-cardiomyocyte delivery into infarcted tissues in rats (Fernandes et al., 2010,
Xu et al., 2011), then in guinea pigs (Shiba et al., 2012), demonstrating coupling of

engrafted cardiomyocytes to host cardiomyocytes (Shiba et al., 2012), suitability of
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cryopreserved cardiomyocytes for tissue engraftment in rats (Xu et al., 2011) and
finally a larger study in which 1x10° cells were delivered into infarcted regions of
non-human primate hearts of similar size and beat rate to human hearts (Chong et
al., 2014). In this study, unlike previous studies in smaller mammals, all primates
receiving hESC cardiomyocytes experienced arrhythmias in first month after
administration however, these occurred without the loss of consciousness, or
causing distress to the animals (Chong et al.,, 2014) and declined in frequency
beyond several weeks post engraftment (Murry et al., 2014). Furthermore, there
was no evidence of tumours, teratomas or human cells outside of the heart (Chong
et al., 2014). While these studies involved intramyocardial injection of hESC-derived
cardiomyocytes, others have investigated the potential of loading hESC-derived
cardiomyocyte progenitor cells onto scaffolds to generate a “cardiac patch” for
heart repair. hESCs were differentiated to cardiac progenitor cells and a quality
control process carried out to quantify purity of cardiomyocyte progenitors (and
lack of pluripotent cells), as well as microbiological and viral tests and cytogenetic
studies to identify potential karyotype abnormalities. Cells that passed these criteria
were delivered to immuno-compromised mice to identify any potential tumour or
teratomas risk (of which there were none observed) and followed by trials where
these cells were embedded in a fibrin patch and administered first in a rat
myocardial infarction model and then a sheep myocardial infarction model
(Menasche et al., 2015a). These studies demonstrated both the efficacy; both fibrin
patch only and fibrin patch with cells improved LVEF significantly (the patch with
cells gave greater improvement in function that patch-only) and safety of the

procedure which in turn gained official approval for the first human trial using this
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method (Menasche et al., 2015a). The subsequent human trial involved embedding
4x10° hESC derived cardiomyocyte progenitor cells in a fibrin patch which was
implanted into a human patient with severe heart failure post infarction (LVEF 26
%). At 3 months follow up, the patient was symptomatically improved (LVEF 36 %)
with no evidence of arrhythmia or teratoma formation (Menasche et al., 2015b). It
should be mentioned however that although promising, this represents a trial in
one patient and for obvious ethical reasons; engraftment of cardiomyocyte
progenitors to host myocardium had not been demonstrated. A subsequent study
by the same group has since both confirmed in rats that the fibrin scaffold system
used could itself induce a significant improvement in heart function post infarction
and when loaded with hESC derived cardiomyocyte progenitors, this effect was
increased further but importantly despite this, no grafted donor cells could be

detected after 4 months (Bellamy et al., 2015).

1.6.2.2 Delivery of hiPSCs or hiPSC-derived cell types for tissue repair

An important limitation in the use of hESC-derived cell types for therapy (with the
exception of the few tissues that are immune-privileged) is the risk of immune
rejection and therefore, the requirement for immunosuppressive therapy. Current
immunosuppression techniques while successful at preventing allograft rejection
can, following long-term treatment be toxic to organs, increase cancer risk and
susceptibility to infections (Fu, 2014). A potential benefit of hiPSCs compared to
hESCs (for therapy) is that they can be derived from a patient requiring treatment
and therefore act as an autologous cell source for tissue repair (Fu, 2014). Despite
this, autologous mouse iPSCs (miPSCs) derived using non-integrating methods have
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been shown to be immunogenic in syngeneic mouse models (Zhao et al., 2011b).
Two studies subsequently demonstrated that terminally differentiated cells types
derived from miPSCs and delivered to syngeneic recipient mice were not
immunogenic (Araki et al.,, 2013, Guha et al., 2013). In a later study, these
observations were also made in mice but also demonstrated that recipient mice
developed tolerance to the engrafted cells (de Almeida et al., 2014). Furthermore, a
comparison of miPSC-derived endothelial cells generated using either lentiviral-
reprogramming (integrating) or second generation codon optimised minicircle
(CoMiC)-reprogramming (non-integrating) found no difference in the level of
immunogenicity from syngeneic recipients suggesting that reprogramming method

may not play a role in immune response (de Almeida et al., 2014).

1.7 hiPSCs as disease models

The application of hiPSCs particularly in the field of disease modelling has seen a
flurry of activity over the last 10 years (Gurdon, 2016). By deriving hiPSCs from
individuals with certain genetic diseases, clinically relevant differentiated cell types
have been generated to recreate disease conditions in vitro. This has enabled
improved understanding of these diseases and facilitated drug screening in order to
develop more effective methods of treatment. Disease models have been created
for a range of disorders across different tissue types. Retinitis pigmentosa, a
degenerative condition in the eye has been modelled with patient derived retinal
cells showing internalisation of the surface marker rhodopsin and expressing

markers of endoplasmic reticulum stress not seen in healthy controls (Jin et al.,
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2012). Neurodegenerative conditions such as Alzheimer’s, Parkinson’s and
Huntington’s disease have also been modelled. In Alzheimers models, increased
levels of amyloid B protein production and Tau protein were detected in patient
derived hiPSCs relative to controls (Muratore et al., 2014) whereas in Parkinson’s
models, a-synuclein aggregation and formation of Lewy bodies occurred in patient
hiPSC derived dopaminergic neurons (Ryan et al., 2013). In Huntington’s models,
increased cell toxicity was detected in neurons differentiated from hiPSC lines

carrying longer CAG repeat sequences relative to controls (Consortium, 2012).

1.8 Properties of adult and foetal cardiomyocytes

Differentiation of hPSCs in vitro to cardiomyocytes generates cells that contract
spontaneously, express ion channels needed to generate spontaneous action
potentials and form sarcomeres to facilitate mechanical force generation (Yang et
al.,, 2014). However, cardiomyocytes generated by these methods are typically
considered more similar to foetal cardiomyocytes than to adult cardiomyocytes.
These “immature” cardiomyocytes typically have a polygonal shape, disorganised
sarcomeres, weaker contractile force, smaller action potentials compared to adult
cardiomyocytes and tend to be mononuclear (Veerman et al., 2015). In regenerative
therapy, these cells pose a risk of causing arrhythmias (Chong et al., 2014) therefore
to mitigate this risk and to make these cells more closely resemble the adult
phenotype for disease modelling and drug screening applications maturation
strategies are required. Adult cardiomyocytes are rod shaped with an aspect ratio
(length to width) of 5:1, have highly organised and aligned sarcomeres of greater

length than immature cardiomyocytes and have a tendency to multinucleate
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(approximately 30% binucleated in the adult heart) (Veerman et al.,, 2015).
Sarcomeres in cardiomyocytes can be identified and their organisation determined
by immunostaining for sarcomeric proteins including cardiac troponin T, cardiac
troponin I, a-actinin and B-myosin heavy chain (Yang et al., 2014).
Electrophysiologically, spontaneously beating cardiomyocytes can broadly be
categorised as either ventricular, atrial or pacemaker based on their action potential
profile which is typically measured by single-cell patch clamp techniques (Lin et al.,

2015).

1.9 Cardiomyocyte action potentials

The cardiomyocyte action potential (cAP) is governed by the net effect of the ion
channels and currents active during the cAP. The cAP can be divided into 5 different
phases. Rapid influx of Na* ions through sodium channels (the Iya current) causes
the membrane to depolarise (upstroke, phase 0). Phase 1 involves brief efflux of K*
which partially repolarises the membrane via the transient outward potassium
current (lto1). Phase 2 is a plateau phase caused by the influx of ca® through
calcium channels (lc.. current). In phase 3 the K™ delayed rectifier channels open to
allow efflux of K* (Ixz and Ixs respectively) repolarising the cell to its resting
membrane potential where it remains (phase 4) until the next depolarisation

(Veerman et al., 2015).
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1.10 Modelling cardiac channelopathies: long QT syndromes as disease models

1.10.1 Prevalence and clinical characteristics of the long QT syndromes

The long QT syndromes (LQTS) are a family of arrhythmogenic hereditary
elecrophysiological disorders consisting of mutations identified in at least 15
different genes so far conferring an increased risk of developing arrhythmias and
sudden death (Shigemizu et al., 2015). A study carried out across 18 maternity
hospitals in Italy examined ~45,000 infants (51% male, 49% female) and found that
approximately 1:2,000 of these were carriers of LQTS-associated mutations
(Schwartz et al., 2015). Of the 15 different forms identified, the majority (approx.
75%) of identified cases fall within the first three types (30-35% LQT1, 25-30% LQT2
and 5-10% LQT3), approximately 20% have no known associated genes and 5% are
covered by the remaining known LQTS types (Shigemizu et al., 2015). LQT1 is
associated with mutations in KCNQ1, a gene encoding the a-subunit of the Igs
potassium rectifier channel, responsible for repolarisation in the heart (Wu et al.,
2016). LQT2 is associated with mutations in KCNH2 (hERG), a gene encoding the
four a-subunits of the Ixg rapidly acting delayed potassium rectifier channel, also
responsible for repolarisation of the heart (Smith et al., 2016). At elevated heart
rates such as in response to adrenergic stimulation, individuals with LQT1 or LQT2
are at greater risk of developing arrhythmias (Malan et al., 2016). LQTS3 is
associated with gain of function mutations in the SCN5A gene which encodes the a-
subunit of the cardiac sodium channel responsible for the fast Na,1.5 current,
causing premature activation of the channel which at lower heart rates (in contrast

to LQT1 and LQT2) increases the risk of arrhythmias (Malan et al., 2016).
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LQTS typically manifest in patients as a prolongation of the QT interval on an
electrocardiogram (ECG) (typically considered as >440 milliseconds in males and
>460 milliseconds in females) despite having an otherwise structurally normal heart
(Napolitano et al., 2012). However, the absence of a prolonged QT interval has been
observed in asymptomatic carriers of the disease. Diagnosis of these cases can be
achieved by monitoring patient electrocardiograms during stress tests including
exercise (Hekkala et al., 2010) or pharmacological challenge using adrenaline or
isoprenaline (for LQTS types 1 and 2) (Shimizu et al., 2003, Medeiros-Domingo et al.,
2007). While potentially lethal, LQTS can be successfully managed with therapeutic
intervention when it has been diagnosed. Treatment typically involves
administering B-blockers (such as nadolol and propranolol), use of implantable
cardioverter defibrillators and in the case of LQTS type 3, administration of sodium

channel blockers (Medeiros-Domingo et al., 2007).

1.10.2 hiPSC models of long QT syndrome

By differentiating hiPSCs derived from individuals with LQTS associated mutations
to cardiomyocytes, the disease phenotype could be recreated in vitro. This has been
carried out for LQT1 (Moretti et al., 2010) and LQT2 (Itzhaki et al., 2011, Matsa et
al.,, 2011). In these studies, LQT1 and LQT2 hiPSC derived cardiomyocytes had
significantly longer action potential durations relative to control hiPSC derived
cardiomyocytes mimicking the observed phenotypes of patients. These models
were then validated by treating LQT1 or LQT2 cardiomyocytes with isoprenaline,
causing early after depolarisations which were not observed in healthy hiPSC

cardiomyocytes. In turn, these early after depolarisations were corrected by
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administration of the B-blocker propranolol in LQT1 (Moretti et al., 2010) and either
propranolol or nadolol in LQT2 cardiomyocytes (Matsa et al., 2011). LQT3 has also
been modelled in vitro with LQT3 cardiomyocytes also showing significantly
prolonged action potential durations relative to healthy hiPSC cardiomyocyte
controls. In these studies, early after depolarisations were corrected by the addition

of mexiletine, a sodium channel blocker (Ma et al., 2013, Malan et al., 2016).

By recreating the LQT disease phenotype in vitro these models could be used as
predictive tools to identify potentially lethal QT prolonging side effects of novel or
existing drugs or to screen for drugs that may confer a positive therapeutic effect. In
LQT2 this was achieved with the potassium channel blockers E-4031 and cisapride
(withdrawn from market due to its potassium channel blocking properties) which
were shown to aggravate the disease phenotype by increasing the number of early
after depolarisations observed (ltzhaki et al., 2011). Administration of either a
calcium channel blocker (nifedipine), a potassium channel opener (pinacidil) or a
late sodium channel blocker (ranolazine) were all shown to abolish early after
depolarisations in an in vitro LQT2 model demonstrating the potential therapeutic

application of these compounds in managing LQT2 (ltzhaki et al., 2011).

1.11 Other cardiovascular disease models
Furthermore, in the cardiac field, disease models have been generated for other
cardiac specific diseases beyond cardiac channelopathies. Intercellular

communication disorders such as arrhythmogenic right ventricular cardiomyopathy
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have been studied; a disease associated with mutations in mechanical cell junction
protein related genes (Caspi et al., 2013). hiPSC derived cardiomyocytes from two
patients carrying these mutations showed abnormal desmosome (cell-cell junction
protein) formation and decreased expression of desmosomal protein, plakoglobin
as well as significant reductions in gap junction density. These cells also
demonstrated decreased excitability or conduction, and greater susceptibility to
apoptosis when stressed, compared to healthy controls (Caspi et al., 2013).
Cardiomyocyte dysfunction diseases such as familial dilated cardiomyopathy, a
condition associated with left ventricular dilation and systolic dysfunction leading to
heart failure (Serio et al., 2012) has also been modelled where patient hiPSC derived
cardiomyocytes carrying a mutation in the cardiac troponin T gene demonstrated
altered Ca** handling and abnormal distribution of sarcomeric a-actinin, hampering
contractility of these cells in vitro. Challenging these cells with noradrenaline led to
a decrease and ultimately loss of spontaneous contractile behaviour and
degeneration of cellular myofilaments, indicative of stress induced damage not seen
in control cells (Sun et al., 2012). Duchenne muscular dystrophy is a disease that
affects both skeletal muscle and cardiac tissue. In the heart, this can lead to dilated
cardiomyopathy (Lin et al., 2015). Cardiomycoytes generated from patient derived
hiPSC lines show reduced dystrophin expression levels, increased levels of
mitochondrial damage and elevated cell apoptosis in vitro consistent with the

disease phenotype in patients (Lin et al., 2015).
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1.12 Thesis Aims

The hypothesis of this thesis is that automation of culture and cardiomyocyte
differentiation has the potential to produce large quantities of hiPSC derived
cardiomyocytes needed for regenerative medicine applications (estimated at up to
10 billion per patient) (Chong et al., 2014) or drug screening assays. Large numbers
of compounds are synthesised annually (estimates suggest up to 5 million novel
compounds registered annually (Lu et al.,, 2015)). Compounds destined to be
developed as potential therapeutics would need to be tested for potential
cardiotoxic side-effects necessitating large numbers of cells and high throughput
analysis capability (Lu et al., 2015). The liquid handling apparatus of the Freedom
Evo 200 platform (namely the 96-well head) could offer benefits in terms of speed
of plating and medium change in 384-well plates over doing this manually, making it
amenable to high throughput drug screening. It is also likely that automation would
reduce operator variability in cell handling and experimentation (Conway et al.,

2015).

The following objectives have been set for this thesis:

1) Adopt and if needed, modify an existing method and culture system that can
be used to differentiate hiPSCs to cardiomyocytes. Develop processes for
the dissociation, cryopreservation, resuscitation, seeding and maintenance
of hiPSC derived cardiomyocytes for use in drug screening assays. [Chapter

3]
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2)

3)

Develop an automated differentiation process on the Freedom Evo 200
robotic platform using the chosen method(s) from 1). Automate the process
of setting up drug screening experiments including cell seeding, cell
maintenance and drug compound addition to cells in 384-well plates (to
enable high throughput screening). Use the Operetta confocal plate reader
to scan plates (96- and 384-well) and design analysis algorithms to
accurately quantify drug toxicity in drug screening experiments to enable

high throughput analysis of experiments. [Chapter 4]

Develop a drug screening assay which is both accurate and sensitive enough
to quantify drug toxicity in real time and end point experiments. Use this
platform to identify whether in vitro, cardioprotection can be achieved using
dexrazoxane, carvedilol, sildenafil or isoprenaline in co-treatment studies

with doxorubicin. [Chapter 5]
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2 Experimental Methods

2.1 Routine Cell Culture

All manual cell cultures were carried out in a class 2 biological safety cabinet
without the use of antibiotics unless otherwise stated. Brightfield images of cell
cultures were taken on a Nikon Eclipse TE2000-S inverted light microscope with

Hoffman objective (Nikon microscope).

Table 2.1 - Cell lines used in this thesis.
Four human pluripotent stem cell lines were used to generate the data presented in
this thesis, one being a hESC line (HUES7) and three being hiPSC lines (AT1, CPVT
and LQTS2). Mouse embryonic fibroblasts were also used for the purpose of
conditioning medium (see section 2.11).

HUES?7 Human Embryonic stem cell line
Mouse Embryonic | Mouse 13.5-day old mouse embryos
Fibroblasts

Human Human induced pluripotent stem cell
AT1 hiPSC line derived from a non-disease

carrying patient using lentiviral vectors
for OCT4, SOX2, LIN28 and NANOG.

Human Human induced pluripotent stem cell
line derived from a patient with
CPVT hiPSC Catacholaminergic polymorphic

ventricular tachycardia-1 using Sendai-
virus based CytoTune 2.0 system

Human Human induced pluripotent stem cell
line derived from a patient with Long
QT Syndrome Type 2 using Sendai-virus
based CytoTune 2.0 system

LQTS2 hiPSC
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2.1.1 Mouse embryonic fibroblast preparation and conditioned medium

Mouse embryonic fibroblasts (MEFs) were isolated from 13.5-day old mouse
embryos. These were collected by sacrificing the pregnant female by cervical
dislocation, removing the uterine horns and collecting the mouse embryos which
were sacrificed by decapitation. Embryos were kept in Dulbecco’s phosphate
buffered saline (DPBS) (ThermoFisher Scientific, 14190-169), homogenised
mechanically and by enzymatic dissociation using 0.25 % Trypsin EDTA
(ThermoFisher Scientific, 10780384) and plated for expansion on 175 cm? T175
flasks (Nuclon A treated surface, ThermoFisher Scientific, 178883) with MEF culture
medium. MEF culture medium was made using Dulbecco’s Modified Eagle’s
Medium (DMEM, ThermoFisher Scientific, 10749764), 10 % (v/v) foetal bovine
serum (FBS, ThermoFisher Scientific, 10664083), 1 % (v/v) L-Glutamine
(ThermoFisher Scientific, 10104042) and 1 % (v/v) non-essential amino acids (NEAA,
ThermoFisher Scientific, 10358342). Cultures were incubated at 37 °C and 5 % CO,
in @ humidified incubator (Heracell 150). Passaging MEFs for expansion and for
cryopreservation was carried by washing with DPBS, harvesting with 0.05 % trypsin
EDTA (ThermoFisher Scientific, 10462502) for 1 min, neutralising with MEF culture
medium, centrifugation at 200 g for 5 min (3-16 Sigma centrifuge) and re-plating in
fresh MEF medium. Cryopreserved stocks of MEFs were made at passage 1 by
harvesting and then re-suspending cells after centrifugation in 10 % (v/v) DMSO
(Sigma, D2650), 40 % (v/v) FBS and 50 % (v/v) MEF medium. Cell suspension was
transferred to 1.8 ml cryotube™ vials (cryovials) (ThermoFisher, 377267) and stored
at -80 °C for 24 hr in a Mr. Frosty™ Freezing container ((Mr. Frosty) Fisher Scientific,

5100-0001) containing isopropanol before transfer to liquid nitrogen.
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For generating MEF conditioned medium (MEF-CM), MEFs were thawed from liquid
nitrogen, cultured to passage 3 where they were seeded on 0.1 % Gelatin- (Sigma,
G9391) coated flasks and treated with Mitomycin C (ThermoFisher Scientific,
10286710) at a concentration of 10 pg/ml in MEF medium and seeded at a density
of 4.8x10° cells per 75 cm? flask (T75, Nuclon A treated surface, ThermoFisher
Scientific, 156472). MEF-CM was generated by incubating MEFS in hESC medium
containing DMEM Ham’s F12 (DMEM-F12) (Fisher Scientific, 11320-074), 15 % (v/v)
KnockOut™ Serum Replacement (Fisher Scientific, 10236902) 1 % (v/v) NEAA, 1 %
(v/v) Glutamax (Fisher Scientific, 10388582) 0.01 % (v/v) B-mercaptoethanol (Sigma,
M7522) and 4 ng/ml human basic fibroblast growth factor (FGF, Peprotech, EC100-
18) for 24 hr, after which this medium was harvested. After 7 days, MEF cultures
were discarded. Multiple MEF batches were used over the course of this work. Each

batch of MEFs corresponded to a different mouse from which embryos were taken.

2.1.2 Coating flasks in Matrigel™

hPSCs were routinely cultured on Matrigel™ basement membrane matrix (Matrigel)
(BD Biosciences, 354234) coated flasks. Matrigel coating was achieved by diluting
stock Matrigel 1:100 in cold (4 °C) DMEM, and coating 200 ul/cm2 of surface area.
Matrigel was left at room temperature (RT) for 45 min (or overnight at 4 °C) to fully
polymerise. Matrigel flasks were stored at 4 °C for up to one week. Before use,
medium was aspirated from Matrigel coated flasks, equal volume of PBS added and

flasks were left at 37 °C to warm up prior to seeding cells.
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2.1.3 Culture of human embryonic stem cells in MEF-CM

For HUES7 hESC culture and embryoid body (EB) cardiomyocyte differentiations, 25
cm? flasks (T25, Nunclon A treated surface, ThermoFisher Scientific, TKT-130-150L)
were routinely used. Cultures were fed daily with MEF-CM containing 8 ng/ml FGF.
Cells were passaged by washing once with 5 ml DPBS, then adding 0.5 ml of 0.05 %
trypsin EDTA in a T25 (or 20 ul per cm? of surface area) for 1 min at 37 °C. Flasks
were tapped to dislodge cells, and trypsin neutralised by adding hESC medium. Cells
were centrifuged at 160 g for 4 min and cell pellets were re-suspended in fresh
MEF-CM. Cell counts were carried out using a haemocytometer loaded with 20 pl
cell suspension and seeded at a density of 1.25x10° cells per T25 (50,000 cells per

cmz). Cultures were incubated at 37 °C and 5 % CO; in a humidified incubator.

2.1.4 Human pluripotent stem cell culture in mTeSR medium

hPSC lines (primarily the HUES7 hESC line and AT1 hiPSC line) were adapted for
culture in mTeSR™1 (mTeSR, Stem Cell Technologies, 05850) on Matrigel coated
flasks. Medium changes were carried out every 24 hr. Cells were passaged by
incubation with 0.5 ml Accutase® solution (accutase) (Sigma, A6964) for 3 min at 37
°C, enzyme was neutralised with hESC medium and cells were pelleted by
centrifugation at 160 g for 4 min. Cells were counted using a haemocytometer and
seeded at 2x10° per T25 flask (89,000 cells per cm?). Cultures were incubated at 37

°Cand 5 % CO; in a humidified incubator.
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2.1.5 Human pluripotent stem cell culture in Essential-8™ (E8) medium

E8 culture was carried out using either HUES7 hESCs transitioned to E8 from mTeSR
(which were previously transitioned to mTeSR from MEF-CM) or the CPVT and LQT2
hiPSC lines that were derived in E6 and cultured in E8 (see Chapter 3, sections
3.2.10 and 3.2.11 respectively for derivation details). Cells were cultured on
Matrigel coated flasks and passaged using 0.5 mM EDTA (ThermoFisher Scientific,
15575-038) when cultures reached 70 % confluence. This involved washing cells
with DPBS, adding EDTA to the cells, incubating at RT for 4-7 min depending on cell
line until cells began to detach from the culture surface. After incubation, EDTA was
gently aspirated to avoid disturbing cells and then the flask was tapped to dislodge
cells. E8 medium containing 10 uM Y-27632 ROCK inhibitor (ROCKi) (R&D Systems,
1254/10) was then added to the flask to achieve a cell suspension. Cells were re-
seeded as a ratio; either 1:4 in the first 2 passages after thaw or 1:6 to 1:8
depending on the growth rate of the cells thereafter, ensuring that confluence of
cultures reached approximately 70 % after 72 hr. A medium change was carried out
24 hr after passage and at 24 hr intervals thereafter using fresh E8 without ROCK:i.
Later, for the purpose of carrying out growth curves, cell counts were carried out
using a haemocytometer and cells were seeded at 40,000 cells per cm? (1x10°) in
T25 flasks or 32,000 cells per cm? (3x10° cells) in RoboFlasks. This method was then
further modified to facilitate single-cell passaging using TrypLE™ Select 1x (TrypLE)
(ThermoFisher Scientific, 12563029). This involved carrying out the same procedure
as EDTA but TrypLE exposure was set to 4 min at RT (consistent between all lines).

As with the EDTA method, cells were seeded in E8 containing 10 uM ROCKi.
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2.1.6 Growth curves

In order to assess the growth kinetics of cells, growth curves were carried out with
the culture conditions described in 2.1.3, 2.1.4 and 2.1.5. This involved passaging
cells, carrying out a cell count to determine total cell yield and then seeding a fixed
number of cells into a fresh flask. The number of cells seeded was kept the same for
all passages in the growth curve and >5 passages were carried out for all growth
curves. Cumulative population doublings and population doubling time were both

calculated (Denning et al., 2006):

Log19 Number of Cell Doublings)

Cumulative population doublings = Z ( Log10(2)
10

Total time in culture (hr)

Population doubling time (hr) =
P g (hr) Cumulative population doublings

2.1.7 Fixing cells for karyotype assessment

To prepare a sample for karyotype assessment, cells in log phase of growth (to
maximise the chance of getting metaphase spreads) were treated with 0.1 ug/ml
Karyomax Colcemid (ThermoFisher Scientific, 15212-012) for 2 hr to halt the cells in
metaphase. After this incubation, cells were harvested using the passaging methods
described in 2.1.2, 2.1.3 or 2.1.4. Hypotonic solution was prepared (0.6 % sodium
citrate (ThermoFisher Scientific, S/3320/53) in sterile water (Baxter, UKF7114)) and
fixing solution was prepared (5:1 ratio of methanol (ThermoFisher Scientific,
M/4000/17) to acetic acid (ThermoFisher Scientific, A/0400/PB17)). The pellet of

cells from the cell harvest was then re-suspended in 10 ml of hypotonic solution by
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adding dropwise on a vortex. Cells were incubated for 10 min to swell. Cells were
centrifuged at 700 g for 4 min, supernatant was aspirated and cells were re-
suspended in 10 ml fix solution by adding dropwise on a vortex. This step was
repeated twice after which, cells were re-suspended in 1 ml of fix solution and
stored at -20 °C. Samples were then posted to Nigel Smith of the Cytogenetics
group at Nottingham City Hospital where the rest of the karyotype procedure was

carried out and results collected.

2.2 Cardiomyocyte differentiation protocols

2.2.1 EB cardiomyocyte differentiation method

HUES7s cultured in MEF-CM were passaged and seeded at 2x10° cells per T25
(80,000 cells per cm?) 24 hr before (day-1) starting differentiation. On the day of
differentiation (day 0), HUES7s were passaged again and seeded at 4,000 cells per
well of a 96 well V-bottom plate (ThermoFisher Scientific, 249662) in 100 pl/well
final volume of day 0 medium (RPMI 1640 (RPMI, ThermoFisher Scientific, 21875-
034) with 4 mg/ml (w/v) Poly(Vinyl Alcohol) (PVA, Sigma, P8136), 1 % (v/v) Insulin
Transferrin Selenium-X (ITS) (ThermoFisher Scientific, 51500-056), 1 % (v/v)
Chemically Defined Lipid Concentrate (Lipid Concentrate, ThermoFisher Scientific,
11905-031), 400 pM 1-Thioglycerol (Sigma, S5442-2ML), 20 ng/ml Bone
morphogenetic protein 4 (BMP4, R&D Systems, 314-BP-010), 6 ng/ml bFGF to form
EBs. On day 2, this medium was removed and replaced with day 2 medium (RPMI,
20 % (v/v) Cardiac differentiation-validated FBS (cFBS) (PAA Laboratories, A15-101)
and 400 puM 1-Thioglycerol. On day 4 this medium was replaced with RPMI-I

medium (RPMI, 1 % (v/v) ITS, 1 % (v/v) Lipid Concentrate, 400 uM 1-Thioglycerol)
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and EBs were transferred to 96 well U-bottom plates (Nunclon A treated surface)
(ThermoFisher Scientific, TKT-180-050D). Images of EBs were taken using the Nikon
microscope immediately after transfer to U-bottom plates to record quality of EB
formation and to compare EB sizes. Later in this thesis, this process was carried out
using the Cellavista to record the sizes and appearance of all the EBs in each plate.
The next medium change was carried out on Day 8 using RPMI-I. Afterwards
medium changes took place every 4-5 days with RMPI-I or RPMI-B27 (RPMI and 2 %
(v/v) B27 supplement (ThermoFisher Scientificc 0080085-SA)). Plates were
incubated at 37 °C, 5 % CO, throughout the differentiation. Efficiency of
differentiation was determined by screening plates on Day 10 for wells containing

beating cells and efficiency was calculated by:

Number of wells with beating EBs

Proportion of Beating EBs = ( ) x100

Number of wells containing EBs

2.2.1.1 EB purification by lactate treatment

EB cardiomyocyte enrichment experiments were carried out using cardiomyocyte
enrichment medium containing RPMI with no glucose and no pyruvate
(ThermoFisher Scientific, 11879-020) supplemented with 4mM lactate (Sigma,
71717-10G) (Tohyama et al.,, 2013). Cardiomyocyte enrichment medium was
substituted for normal RPMI-B27 medium on feed days and EBs were “recovered”

by feeding for 48 hr in RPMI-B27 medium prior to harvesting.
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2.2.2 mTeSR monolayer method differentiation to cardiomyocytes
HUES7 hESCs and hiPSC lines adapted to mTeSR culture conditions were passaged

and seeded at a density of 80,000 cells per cm?” in T25 format (2x10° cells) and

65,000 cells per cm® in T75 (4.8x10° cells) and RoboFlask® (RoboFlask) format

(6x10° cells). Cells were grown to confluence of between 80 % and <100 %
(measured by Cellavista in RoboFlasks, assessed by eye in T25 and T75). At this
point, cells were treated with day 0 differentiation medium consisting of StemPro34
SFM (ThermoFisher Scientific, 10640-019) and 2 mM L-Glutamine, BMP4, 10 ng/ml
and recombinant human activin A (activin A), 8 ng/ml (ThermoFisher Scientific,
VXPHC9564) to initiate differentiation. On day 2 and day 4, medium was replaced
with RPMI-B27 medium containing 10 uM of KY02111 (R&D Systems, 4731/50) and
10 uM XAV939 (R&D Systems, 3748/50) (termed day 2/4 medium). From Day 6

onwards, medium was changed every 3 days using RPMI-B27 only.

2.2.3 E8 monolayer method differentiation to cardiomyocytes

To initiate cardiomyocyte differentiation using the E8 monolayer differentiation
method, cells were cultured up to between 80 % and 100 % confluence.
Differentiations were carried out using chemically defined medium 3 (CDM3)
consisting of RPMI, 213 pg/ml L-Ascorbic acid 2-phosphate (Sigma, A8960) and 500
ug/ml recombinant human albumin (Sigma, A0237). At the start of differentiation
(day 0) CDM3 was supplemented with 4 uM Chir99021 (Chir) (Tocris Bioscience,
4424). At day 2 of differentiation this medium was replaced with CDM3 with 2 uM

C59, Wnt antagonist (Wnt-C59) (Abcam, ab142216). At day 4, medium was replaced
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with CDM3 only and medium exchanges were carried out every 48 hours thereafter

with fresh CDM3.

2.3 Cardiomyocyte dissociation methods

2.3.1 EB cell dissociation solution method

The cell dissociation solution (CDS) method was carried out on EB differentiations as
part of EB dissociation method testing and carried out in 96-well plates. CDS was
prepared as a 4:4:2 ratio of RPMI, Trypsin 0.05 % and Cell Dissociation Buffer
(Enzyme Free Hanks’ Based) (ThermoFisher Scientific, 13150-016). EBs were washed
with DPBS, then incubated in 100 ul CDS per well for 6 min at 37 °C and gently
pipetted after 4 min. CDS was then neutralised by adding 150 ul FBS per well and
well contents pipetted to dissociate EBs. Contents were then transferred to an
Axygen 1.7 ml polypropylene microcentrifuge tube (microcentrifuge tube) (Corning,
MCT-175-C). Cell suspension was then centrifuged at 300 g for 3 min (Sigma 1-14).
Supernatant was removed and cell pellets re-suspended in RPMI-B27 with 10 %
(v/v) cFBS and plated. After 24 to 48 hr depending on degree of cell attachment,
medium was changed to RPMI-B27 only and subsequent medium changes carried

out every 3 to 4 days.

2.3.2 Trypsin / Accumax methods

2.3.2.1 EB dissociation
Trypsin/Accumax (T/A) was prepared by combining trypsin 0.05 % and Accumax
(Patricell, ATM105) at a 1:1 ratio. EBs were washed with DPBS, then transferred to
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microcentrifuge tubes containing T/A and incubated at 37 °C for 3 min. After 3 min,
EBs were agitated by gentle pipetting to encourage dissociation using a P200
pipette. If EBs were not fully dissociated, tubes were returned to 37 °C for a further
3 min. This process was repeated until EBs fully dissociated. Enzyme was then
quenched by adding equal volume of RPMI with 20 % (v/v) cFBS to this suspension.
Cells were then centrifuged at 300 g for 2 min, supernatant was removed and cells

were re-suspended in RPMI-B27 with 10 % (v/v) cFBS and plated.

2.3.2.2 mTeSR monolayer method dissociation

Monolayer cardiomyocyte differentiations were dissociated by washing cells with
DPBS, adding T/A (5 ml in T75 and 7 ml in RoboFlask) and incubating for 10 min at
37 °C. Flasks were then gently tapped to dislodge cells and RPMI-B27 with 10 %
(v/v) cFBS added to quench enzyme. Cell suspension was pipetted using a 5 ml
pipette to dissociate cell aggregates and centrifuged at 300 g for 3 min. Cell counts
if desired, were carried out at this stage using a haemocytometer. Supernatant was
then aspirated and the cell pellet re-suspended in RPMI-B27 with 10 % (v/v) cFBS
and plated. Medium was changed on these cells either 24-48 hr after seeding

depending on the level of cell attachment and every 3-4 days thereafter.

2.3.3 EB cold dissociation method
EBs were washed three times in DPBS, 100 ul CDS solution was added to the
clusters and these were then incubated at 37 °C for 10 min. CDS was then removed

without disturbing the EBs. 100 ul of RPMI-B27 was then added to the EBs which
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were then incubated at 4 °C for 30 min. After incubation, cells were pipetted
repeatedly to dissociate clusters. Cells were then plated in RPMI-B27 with 10 % (v/v)
cFBS. After 24-48 hr depending on the attachment of cardiomyocytes, medium was
then changed to RPMI-B27 without FBS and cells were maintained in this medium

throughout by carrying out medium changes every 3-4 days.

2.3.4 E8 monolayer dissociation methods

2.3.4.1 Sequential TrypLE method

E8 monolayer differentiations were dissociated by washing cells with DPBS and then
adding TrypLE and incubating for 10 min at 37 °C. Flasks were gently tapped to
dislodge cells, enzyme and cells in suspension were collected and centrifuged at 300
g for 3 min. Meanwhile, remaining cells still attached to the flask surface were
treated with fresh TrypLE for another 10 min at 37 °C. Cells harvested from this
were then centrifuged at 300 g for 3 min. After spins, supernatant was aspirated
and RPMI-B27 with 10 uM ROCKi added to the cells. All cells harvested from both
rounds of enzyme treatment were pooled and then plated. Depending on the level
of cell attachment, medium was aspirated and replaced with fresh RPMI-B27 after

24 or 48 hr and every 3 to 4 days thereafter.

2.3.4.2 Collagenase and TrypLE Express method
Due to high levels of cell death observed with the sequential TrypLE method, the
process was modified to introduce a collagenase digestion step. To dissociate

cardiomyocytes by this method, CDM3 was aspirated, cells were washed with HBSS
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containing magnesium and calcium (HBSS) (ThermoFisher Scientific, 14025-050) and
collagenase type 2 (collagenase)(ThermoFisher Scientific, 17101-015) at 500 U/ml
was added for 20 min at 37 °C. Following collagenase treatment, cardiomyocyte
sheets detached from the culture surface. Cells and collagenase were transferred to
a 30 ml universal tube (ThermoFisher Scientific, 128C) and centrifuged at 300 g for 3
min. Supernatant was aspirated and cells were washed with 5 ml of DPBS. Cells
were centrifuged again and TrypLE Express (ThermoFisher Scientific, 12604013) was
added. Cells were gently agitated by periodically tapping the tube to encourage
dissociation of aggregates at approximately 1 min intervals. After 10 min, cell
suspension was pipetted gently (one second up, one second down) using a P1000
Gilson pipette to generate a single-cell suspension which was in turn, centrifuged at
300 g for 3 min. Cells were then re-suspended in RPMI-B27 containing ROCKi at 10
UM and plated. A medium change was carried out after 48 hr using fresh RPMI-B27
without ROCKi and subsequent medium changes were carried out at 3 to 4 day

intervals thereafter.

2.4 Cryopreservation of cardiomyocytes

2.4.1 Cryopreservation of cardiomyocytes from EB and mTeSR monolayer
differentiation methods

For cryopreservation of cardiomyocytes generated by the EB or mTeSR monolayer

differentiation methods, cells were dissociated using the T/A dissociation methods

mentioned in 2.3.2.1 (EB) or 2.3.2.2 (monolayer). Following the centrifugation step,

supernatant was aspirated and the cell pellet was re-suspended in freezing mix
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consisting of 90 % (v/v) cFBS and 10 % (v/v) DMSO and dispensed into cryovials.
Cryovials were kept in a Mr. Frosty for 24 hr at -80 °C before transferring to liquid

nitrogen.

2.4.2 Cryopreservation of cardiomyocytes from E8 monolayer differentiation
method

Cardiomyocytes were cryopreserved following both the sequential TrypLE method
and the Collagenase / TrypLE Express method. For both, single cell suspensions
were counted, re-suspended in RPMI-B27 containing 10 % (v/v) DMSO, and seeded
into cryovials at 1x10° cells per vial. Cryovials were stored in a Mr. Frosty for 24 hr
at -80 °C before transferring vials to liquid nitrogen. Cardiomyocytes were thawed
by rapidly warming cryovials to 37 °C in a water bath for 1 min, and then gently
transferring the contents of a vial into 9 ml of RPMI-B27 in a 30 ml Universal tube.
The cell suspension was then centrifuged at 300 g for 3 min. Supernatant was
aspirated and the cell pellet re-suspended in RPMI-B27 containing 10 uM ROCK
inhibitor. The cell suspension was then plated and the first medium change carried
out after 48 hr with RPMI-B27 only. Subsequent medium changes were carried out

at 2-3 day intervals thereafter.

2.5 Cardiomyocyte quantification

2.5.1 Immunostaining of plated cells
Cardiomyocytes requiring immunostaining were fixed in 4 % Paraformaldehyde (4%

PFA) (Sigma, P6148) for 15 min at RT. Cells were then washed 3 times in DPBS and

36



Chapter 2 Experimental Methods

stored in DPBS at 4 °C for no longer than one week. On the day of staining, cells
were permeabilised by incubating in 0.1 % (v/v) Triton-X100 (Sigma, T8532-100 ml)
diluted in DPBS for 15 min at RT. Cells were then washed 3 times with 1 min
incubations in DPBS, then incubated with 4 % goat serum (Sigma, G9023-10 ml) for
1 hr at RT. After this incubation, cells were incubated in primary antibody, either; a-
actinin antibody (monoclonal IgG1 anti-a-actinin (sarcomeric) antibody produced in
mouse, used at 1:800, Sigma, A7811) or cardiac troponin T (Troponin T-C
monoclonal 1gG,, antibody raised in mouse, used at 1:500, Santa Cruz
Biotechnology, sc-20025) in 4 % (v/v) goat serum overnight at 4 °C. The next day, 3
washes of 10 min were carried out using 0.1 % (v/v) Tween20 (Sigma, P9416) in
DPBS. Cells were then incubated with secondary antibody (i.e. Goat anti-mouse
Alexa Fluor® 488 IgG, used at 1:400, ThermoFisher Scientific, A11001) in 4 % (v/v)
goat serum for 1 hr at RT protected from light. Cells were washed 3 times with 5
min washes in 0.05 % (v/v) Tween20 in DPBS. After this, cells were incubated in
DAPI (1:1000, Sigma, D9542) diluted in DPBS for 10 min at RT then washed once

with DPBS and imaged.

2.5.2 Immunostaining of cells for flow cytometry

Cells for immunostaining by flow cytometry were harvested by the appropriate
cardiomyocyte dissociation method depending on the method by which they were
differentiated. Cells were pelleted, this pellet was washed with DPBS and the pellet
was then re-suspended in 4 % PFA and incubated for 15 min at RT. After incubation,
the cell pellet was centrifuged at 300 g for 2 min, washed with DPBS and

centrifuged again at 300 g for 2 min. Cells were then re-suspended in 20 % (v/v) FBS
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in PBS and stored at 4 °C for up to 1 week. On the day of staining, cells were
permeabilised by re-suspending in 0.1 % (v/v) tritonX-100 in PBS for 15 min. Cells
were centrifuged at 500 g for 2 min, washed in 0.1 % (v/v) Tween-20 in PBS and
centrifuged at 500 g for 2 min again. The cell pellet was then incubated in 10 % (v/v)
goat serum for 30 min, centrifuged at 500 g for 2 min, incubated for 1 hr at RT in
primary antibody (a-actinin 1:800 or cardiac troponin T 1:500) then centrifuged at
500 g for 2 min. Cells were washed twice with 0.1 % (v/v) Tween-20 in DPBS and
incubated with secondary antibody (goat anti-mouse Alexa Fluor® 488, 1:400) for 45
min made up in in 10 % (v/v) FBS in DPBS at RT protected from light. Cells were then
centrifuged at 500 g for 2 min, washed twice with 0.1 % (v/v) Tween-20 in DPBS and

re-suspended in DPBS then run through a flow cytometer (FC500 Beckman Coulter).

Flow cytometry data were analysed using FlowJo analysis software (FlowJo LLC.).
Marker-positive cells were determined by drawing “gates” (regions that demarcate
a lower fluorescence and higher fluorescence threshold, selecting cells with
fluorescence which fell within this range). The lower threshold of these selection
gates where set to include between 0 and 1 % of secondary antibody-only stained
control populations (a negative control) in order to be able to quantify any increase
in fluorescence relative to this control population. Later, as the flow cytometry
method was further optimised, pluripotent cells or fibroblasts were used as cell
type controls (stained with both primary and secondary antibody but negative for
the chosen marker) and gates were drawn as before using these populations to

determine increases in fluorescence that marked positive cells.
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2.6 Drug screening protocols

2.6.1 Quantifying cell viability using Calcein AM, Propidium iodide and
Hoechst33342

Early cell viability quantification work was carried out using the ROCHE Cell Viability
Imaging Kit 5x96 (Roche, 06432379001) consisting of propidium iodide (Pl), Calcein
AM and Hoechst33342 (Hoechst). Reagent stocks were prepared as per the kit
instructions. For staining cells, staining medium was prepared consisting of DPBS,
Hoechst (1:000 dilution), Pl (1:200 dilution) and Calcein AM (1:1666 dilution). This
reagent was added to equal volume of medium in wells, mixed 3 times and then
incubated at 37 °C for 30 min then images were taken using the Cellavista. Due to
high costs of this kit, Pl (ThermoFisher Scientific, P3566), Calcein AM (ThermoFisher
Scientific, C1430) and Hoechst33342 (ThermoFisher Scientific, H1399) were ordered
in separately. Stocks of these reagents were made up per the manufacturer’s
instructions and used at 1:200, 1:400 and 1:400 respectively for staining
experiments in either DPBS or culture medium. Medium was aspirated from wells
and this mixture was added, incubated for 30 min at 37 °C and then imaged either
using the Cellavista (Synentec Bio Services GmbH) or the Operetta (PerkinElmer)

confocal plate reader.

2.6.2 Drug screening and staining with Pl, CEC and Hoechst33342

2.6.2.1 Preparing and using Caspase 3/7 detection reagent
To assess Caspase 3/7 activity, the CellEvent™ Caspase-3/7 Green Detection

Reagent (CEC) (ThermoFisher Scientific, C10423) was used. Stocks of this reagent
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were prepared as per manufacturer instructions. CEC was then used at a final
concentration of 1:400. CEC was prepared in RPMI-B27 and added to cells,

incubated for 30 min then imaged.

2.6.2.2 Preparation of drug compounds

Table 2.2 — Preparation of drug stocks for toxicity screening

All drug compound stocks were prepared by dissolving in DMSO to the maximum
soluble concentration (unless otherwise stated) and were stored at -20 °C as shown
below:

Supplier Product code Stock Concentration
doxorubicin Sigma D1515 70 mM
dexrazoxane Sigma D1446 74.55 mM
carvedilol Sigma C3993 49.2 mM
sildenafil Sigma PZ0003 29.99 mM
. . . Made up to 10 mM in H,0,
isoprenaline Sigma 15627-5G supplied Ey Divya Rajamohan

2.6.2.3 Setting up assays in 96-well plates

Drug concentrations for testing in 96-well plate experiments were prepared as serial
dilutions from a stock concentration for use in dose response curve experiments.
Drug screening assays were carried out using RPMI-B27 as a basal medium in which
drugs were dissolved to their final assay concentration. All plates included
untreated wells as controls as well as DMSO or H,0O vehicle controls (where
needed). Due to limited space on plates however, the vehicle controls used
corresponded to the two highest drug concentrations tested only. During data
analysis, toxicity values were normalised to corresponding vehicle controls or,
where this was not available, the untreated control values. Tests were carried after
each experiment to determine whether there was a significant difference between

the toxicity values detected in the lowest vehicle concentrations and the untreated
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wells and if a significant difference was detected, data from that experiment was
rejected. Values for TDso (the concentration at which 50 % of cell death occurred)
and ECso (the concentration at which half the maximum observed cell death
occurred) were calculated based on the dose response curves that were plotted
with the data generated (see figure 2.1). As data were normalised to untreated
controls, for the purpose of calculating ECsp, the range in percent cell death was
considered to be between 0 % to cell death,,x % instead of the difference between

cell deathmax % and cell death iy %.

Calculating TD,, Calculating EC;,
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Figure 2.1 — Deriving TDs¢ and ECso values from dose response curves

(Left image) TDso was derived by identifying the point on the graph equating to 50 %
dead cells (A). The concentration (x-axis) corresponding to this value was then
determined to give the TDsq concentration (B). (Right image) ECso was derived by
identifying the maximum cell death value (A), cell deathn,., or 81.1 %. Half of this
value was calculated to give Cell Deathpa; 40.6 %. The point on the graph equating
to 40.6 % dead cells was identified (B). The corresponding concentration was
determined to give ECso concentration.

2.7 Changing medium and setting up assays in 384-well plates
Medium changes in 384-well plates were carried out by the robot MCA96 head (see

Chapter 4, section 4.1.1 and figure 4.9). Due to issues with the plate carriers or the
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MCA96 head not being level, a “dead volume” of 20 ul was required in all wells to
ensure equal volumes of medium were removed from all wells across the plate.
Therefore, where drug screening was carried out in 384-well plates, drugs were
prepared at 150 % of the final concentration to account for the dead volume in 384
well plates (40 pl of drug solution was added to 20 pl of pre-existing medium in the
well). As in 96 well plates, toxicity values were normalised to DMSO or untreated

control values.
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3 Development of hESC and hiPSC culture and differentiation
methods

3.1 Introduction

3.1.1 Culturing hESCs in feeder free conditions

Early efforts to derive hESC lines involved culturing on inactivated mouse embryonic
fibroblasts (MEFs) to promote hESC colony propagation (Thomson et al., 1998). This
enabled continuous growth of these lines for up to 6 months without the
appearance of karyotype abnormalities (Thomson et al., 1998). However, culturing
hPSCs on feeders was laborious and not realistically amenable to automation, which
is likely to be required to some degree to provide the numbers of cells required for
large scale in vitro or in vivo use (Thomas et al.,, 2009). In drug screening for
example, current estimates suggest that up to 5 million novel compounds are
registered by pharmaceutical companies and academic institutions annually (Lu et
al., 2015) hinting at the scale of demand for in vitro models for drug testing. Effects
on cardiomyocyte ion channel behaviour for example, are an important test
criterion, a popular candidate being hERG potassium channel block (Lu et al., 2015).
For regenerative medicine, preclinical trials to test the feasibility of myocardial
repair using hESC derived cardiomyocytes post-infarction in non-human primates
required 1x10° hESC-derived cardiomyocytes per animal to cause an improvement
in heart function (Chong et al., 2014). In humans, the ventricles consist of 2-4x10°
cardiomyocytes (Laflamme and Murry, 2011) and following myocardial infarction
approximately 1x10° cardiomyocytes are lost (Murry et al., 2006) implying a need
for similar if not greater numbers of hPSC-derived cardiomyocytes in cell
replacement strategies.
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Scaling up production of hESCs to achieve such differentiation yields required
improved systems for scalable cell culture. To achieve this, processes for feeder-free
culture were developed whereby hESCs could be cultured in the presence of MEF-
conditioned medium (MEF-CM) on extracellular matrices (ECM) such as Matrigel™
basement membrane matrix (Matrigel)(Xu et al., 2001). Matrigel is derived from
Engelbreth-Holm-Swarm mouse sarcomas, a batch variable, undefined matrix
containing laminin, collagen-IV, heparin sulphate proteoglycans, entactin and
growth factors (Rodin et al., 2010, Villa-Diaz et al., 2013). Later, defined substrates
for hESC and (from 2007 onwards) hiPSC culture were developed such as
recombinant human vitronectin (Chen et al., 2011), laminin isoforms 111, 332 and
511 (Rodin et al.,, 2010, Villa-Diaz et al.,, 2013) and the shorter laminin 511 E8
fragment (Nakagawa et al., 2014). Synthetic surfaces for hPSC culture were
developed (Mei et al., 2010, Ross et al., 2012, Celiz et al., 2015) but, despite these
advantages however, defined substrates were expensive, not yet developed, not
yet optimised or not commercially available in the earlier part of this work.
Therefore for the purpose of this thesis, Matrigel was used as it represented the

best compromise between cost, reproducibility and stability of hPSC cultures.

3.1.2 Defined media for culture of hESCs and hiPSCs
Although culturing hPSCs in feeder-free conditions was less time consuming and

technically challenging, for many years this approach relied on the use of MEF-CM
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which was undefined and batch variable. This meant that processes such as
differentiation and cell culture could not be accurately controlled (both being core
processes used in this thesis). To avoid the unpredictable effect of batch variation,
defined media such as TeSR1 (Ludwig et al., 2006b) and the cheaper (substituting in
animal derived bovine serum albumin and zebrafish basic fibroblast growth factor)
mTeSR was developed (Ludwig et al., 2006a). However, these media contained
albumin of human (TeSR) or bovine (mTeSR) origin which were associated with
batch variability (Chen et al., 2011). Further reductions in batch variability were
achieved with the development of E8 which was a simplified medium of known
composition and lacking albumin. The key essential 8 (hence E8) components were
insulin, selenium, transferrin, |-ascorbic acid, basic fibroblast growth factor (bFGF),
transforming growth factor beta 1 (TGFB) in Dulbecco’s modified Eagle’s medium
(DMEM)/ Ham’s F12 (Chen et al., 2011). As these refinements in media composition
became commercially available, methods for hPSC culture using these media were
adopted and hPSC-cardiomyocyte differentiation processes were also developed or

adopted to be compatible with these newer culture systems.

3.1.3 Embryoid Body (EB) differentiation to cardiomyocytes

Early experiments investigating the differentiation potential of hESCs demonstrated
that these cells could form 3-dimensional aggregates which in turn could
spontaneously differentiate to cell types representing all three germ layers in vitro.
These EBs could also develop into spontaneously contracting EBs, demonstrating
that cardiomyocytes could be produced by this method (Itskovitz-Eldor et al., 2000).

Formation of EBs of uniform size by forced aggregation and directing their
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differentiation with the wuse of growth factors demonstrated improved
cardiomyocyte differentiation outcomes (up to 24 % of EBs spontaneously beating
in 96-well plates) with bFGF and Activin A (Burridge et al., 2007) in the presence of
supplemented defined media (Vallier et al., 2005) and polyvinyl-alcohol. This
method was further improved to achieve beating EB yields of up to 95 %, while also
demonstrating high differentiation efficiencies in hiPSC lines (Burridge et al., 2011).
For this reason, the latest EB differentiation method was adopted as one
differentiation approach for use in this thesis (termed the EB differentiation

method).

3.1.4 Monolayer differentiation to cardiomyocytes

Despite being capable of achieving high vyields of beating EBs, monolayer
differentiation methods have also been developed using growth factors and
achieving yields up to 30 % cardiomyocytes (Laflamme et al., 2007). More recently,
the combination of fully defined monolayer culture conditions and the use of small
molecules to initiate differentiation have meant that methods achieving up to 95 %
purity and yields of 100 cells to 1 input cell have been achieved (Burridge et al.,
2014). In addition to this, the ability to scale up cultures to RoboFlask® (RoboFlask)
(92.6 cm?) or higher meant that the potential for scale up was much greater with
this method than it was for the EB method. For this reason, this method (termed

the E8 monolayer differentiation method) was also adapted and used in this thesis.
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3.1.5 Chapter Aims

- Establish competency with existing hESC and/or hiPSC culture and
differentiation methods to facilitate later automation of these methods.

- Adopt or develop new culture and differentiation methods to maximise
yields and improve cardiomyocyte purities where possible.

- Develop quantitative methods for carrying out quality control of
differentiation processes (such as determining EB formation and size,
confluency of cell cultures prior to differentiation or purities of
cardiomyocytes following differentiation).

- Establish cardiomyocyte dissociation and culture methods to enable
immunostaining, cryopreservation or drug screening.

- Establish suitable cardiomyocyte seeding densities for drug screening

experiments.

3.2 Results

3.2.1 Establishing technical competence in feeder-free culture of HUES7 hESCs as
a prelude to EB differentiation

In order to carry out EB differentiations, HUES7 hESCs (Cowan et al., 2004) were
cultured in feeder free conditions on Matrigel. To demonstrate competence with
culturing HUES7 cells this way and that reagents, such as the chosen MEF-CM batch
were compatible with their growth, a growth curve was carried out. Later, an
assessment of cell karyotype was also done. All three replicate flasks were cultured

in MEF-CM from the same line of MEFs (MEF93). The population doubling time for
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these cells was 43.2 +/- 0.48 hr (SD), with splits occurring at regular 3-day intervals.
Rate of growth did not show a significant change (one-way ANOVA) between the 6
passages carried out over the 18 day period (figure 3.1A i,ii). A karyotype taken
from HUES7 cells cultured in a later experiment under the same conditions showed
these cells had a normal 46XY karyotype (30 metaphase spreads) (figure 3.1D).
HUES7 cells cultured in these conditions also expressed markers of pluripotency
(OCT4, SSEA4) while not staining for early differentiation marker SSEA1 (figure
3.1B). Collectively, these results indicate that in feeder free conditions, HUES7s
achieved stable growth rates, showed no signs of spontaneous differentiation and
maintained a normal karyotype. Therefore, this method of culture was adopted for

EB differentiation experiments.
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Figure 3.1 — Culturing HUES7 hESCs in feeder free conditions using MEF conditioned

medium.

A i) HUES7 hESCs cultured in feeder free conditions for 6 passages over 18 days with
conditioned medium provided by the same line of MEF feeders (MEF93) and seeding
density of 1.25x10° cells per flask (n=3, error = SD). A ii) Comparison of population
doublings between passaging intervals demonstrating no change in proliferation rate
(one-way ANOVA with TMCT, error = SD). B) Immunostaining of HUES7 cultured in
MEF-CM for pluripotency markers SSEA4 and OCT4 (positive) and early differentiation
marker SSEA1 (negative). Scale bar = 100 um, images provided by Divya Rajamohan.
C) Representative images of HUES7 hESCs in culture i) 24, ii) 48 and iii) 72 hr after
seeding and prior to passaging. Images taken with 10x objective, scale bar = 100 um.
D) Karyogram from later growth curve carried out with HUES7s (cells at passage 28 in
different MEF conditioned medium batch, MEF124) with normal 46XY karyotype (all
karyotype results shown henceforth were provided by Nigel Smith, City Hospital
Nottingham).
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3.2.2 The EB cardiomyocyte differentiation method

In order to establish competency with the EB differentiation method, HUES7 cells
taken from the same stocks characterised in section 3.2.1 were used. These cells
were also used to evaluate whether different batches of in-house MEF-CM
influenced differentiation efficiency. This involved assessing whether successful EB
formation was achieved in V-bottom 96-well plates by day 2 (figure 3.2Aii -
highlighted with red outline), whether these EBs in turn, transferred to U-bottom
96-well plates on day 4 (figure 3.2Aiii) and finally, by calculating the proportion of
wells containing beating EBs by days 10-12 (all records of proportion of beating EBs
in this thesis were made at this time point) (figure 3.2B). This showed that, while
HUES7 cell cultures could differentiate to cardiomyocytes, different batches of MEF-
CM had a significant effect between some batches (p<0.01, One-way ANOVA with
TMCT) with efficiency ranging from 94+/-0.3 % (MEF93) and 82.2+/-22.8 % (MEF89)
to 25.6+/-39.7 % (MEF88). Thus, efficiency was high (>90 %) with MEF-CM batch 93
(94+/-0.3 %), reduced (40-90 %) with batches 89 (88.2+/-22.8 %), 94 (75.2+/-10.1
%), 96 (41.4+/-11.5 %), 97 (66.7+/-3.5 %), and 103 (81+/-6.2 %) or low (<40 %) with
batches 70 (39+/-15.6 %) and 88 (25.6+/-39.7 %). Moreover, in some cases the level
of variability within the same batch of MEF-CM was high (SD>20 %). This was
particularly so in batches 89 (99 % to 33 %, n=9) and 88 (79.8 % to 0 %, n=6) while
greater consistency (SD<10 %) was seen with batches 93 (94.3 to 93.7 %, n=3) and
97 (69.1 to 64.2 %, n=2). These results showed the importance of selecting a batch
of MEF-CM that was permissive for consistent and reproducible HUES7-

cardiomyocyte differentiation.
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Figure 3.2 — Differentiating HUES7s to cardiomyocytes using the EB
differentiation method.

A) Representative images were taken of (i) HUES7s cultured in MEF93
conditioned medium prior to seeding EBs, (ii) following EB formation at day
2 of the protocol (in v-bottom 96 well plates) and (iii) after EB transfer to U-
bottom 96 well plates. Scale bar = 100 um. B) A comparison of the outcomes
of different EB differentiation experiments measured as percentage of EBs
that were beating between day 10-12 of the differentiation process, carried
out using HUES7s cultured in different batches of MEF conditioned medium
prior to differentiation. Mean values are shown as red line with standard
deviation bars in black. p<0.01, one-way ANOVA with TMCT.
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3.2.3 Developing automated imaging based processes for assessing EB size and
percent transfer using the Cellavista cell imager

Although calculating the percentage of beating EB formation gave data on
differentiation efficiency, tracking EBs during the early stages of differentiation
offered a route to quantify success of the process involved (Burridge et al., 2007).
This included information such as number of EBs transferred from V-bottom to U-
bottom plate, location of non-transferred EBs, taking photos of EBs and measuring
the size of EBs. However, deriving these parameters on a well-by-well basis was a
time consuming and laborious process. In addition, measuring EB dimensions was
complicated due to irregular, non-spherical shapes. To simplify these processes and
to enable comparison between plates or setups, scripts were written on the
Cellavista cell imager (Cellavista) to enable imaging of all wells of a 96-well plate,
identification of EBs and the calculation of EB sizes. In a sample plate scanned by
this method (figure 3.3A), images were taken of all 96 wells and a heat map
generated showing EB transfer occurred in 95 of 96 wells (99 %). A representative
image of the software-generated EB image overlay (Figure 3.3 B ii — shown in white)
illustrated that EB recognition was accurate and the cross sectional area of the EB
could be calculated (488072 um?). This process was used later in chapter 4 to
compare EBs generated by the robot and manually as part of the EB differentiation

automation development.
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Figure 3.3 — EB Detection and size quantification using the Cellavista.

A) (i) Merged brightfield images of 96 wells from a U-bottom plate immediately following
EB transfer from V-bottom plate on day 4 of EB differentiation. (ii) Heat map of the same
plate indicated 95 EBs successfully transferred (wells in red) and one did not (in blue). B)
(i) Representative image of EB in U-bottom well after transfer and ii) with a software-
generated overlay (shown in white) used to determine EB cross-sectional area (“EB size”)
in um?. (iii) Software readout showing size of representative highlighted EBs. Scale bar =
2mm.
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3.2.4 Determining a suitable method for EB dissociation

Analysing cardiomyocytes in vitro within EBs is challenging due to their 3D shape
and so, to simplify analysis, a method was needed to dissociate EBs and re-plate the
cardiomyocytes into alternative culture formats such as 96-well flat bottom plates
with defined cell numbers. Three in-house methods for EB dissociation were
evaluated for their suitability in achieving this by assessing the viability of
dissociated cells after 24, 48 and 72 hr. (See Chapter 2 section 2.3 for
methodologies). Viability of these cells was determined by quantification of cell
staining using CalceinAM (a live-cell marker that generates fluorescence in response
to intracellular esterase activity), Pl (dead cell marker that binds to DNA in dying
cells where membrane integrity is lost — see chapter 5) and Hoechst33342 (a
membrane permeable marker that binds DNA — see chapter 5) using the Cellavista.
After 24 hr, cell viability was significantly lower in the cell dissociation solution (CDS)
method group at 75.8+/-2.3 % (SD, p<0.05, two-way ANOVA) compared to the
trypsin/accumax (T/A) wells at 86.8+/-2.4 % (figure 3.4A). At 48 and 72 hr however,
there was no significant difference between these methods nor was there any
difference between T/A and the cold dissociation method at 24, 48 or 72 hr.
However, the cold dissociation method did not fully dissociate EBs, (highlighted in
red, figure 3.4B), making this method unsuitable for EB dissociation. The T/A
method was chosen on the basis that it gave significantly higher percentage viable
cells at 24 hr than CDS and higher mean values at 48 hr (80.2+/-8.2 % vs 77.6+/-2.6

%) and 72 hr (91.2+/-1.3 % vs 86.9 +/-2 %).
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Figure 3.4 — Testing dissociation methods on HUES7-derived beating EBs.

A) Comparison of cell viability 24, 48 and 72 hr after dissociation with either
trypsin/accumax (1:1 ratio), cell dissociation solution or cold dissociation
method determined by Cellavista quantification of cells stained with

Hoechst33342, PI

and CalceinAM. No significant difference between

methods at 48 and 72 hr. A significant difference between trypsin/accumax
and cell dissociation solution was observed at 24 hr (p<0.05, two-way
ANOVA, TMCT, error bars = SD). B) Representative images taken from sample
wells containing cells dissociated by each method. Scale bar =2 mm.
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3.2.5 Quantification of immunostained cells using the Cellavista cell imager

While calculating the proportion of beating EBs was a useful way to provisionally
screen for differentiation efficiency, this may not accurately represent the
proportion of cells that are cardiomyocytes at the end of differentiation. Indeed, it
has been shown that differentiation methods generating 80 % spontaneously
beating EBs had a cardiomyocyte purity of only 20 % (Lecina et al., 2010). Therefore,
to provide a more accurate value for number and purity of cardiomyocytes
generated by EB differentiations, quantification of immunostained samples was
used. Since a-actinin has previously been shown to quantify cardiomyocyte purities
(Lecina et al.,, 2010, Burridge et al., 2014), this marker was used. To enable
quantification of stained cells and visual assessment of staining quality in parallel, a
quantification method was developed using Cellavista. Cells were stained for a-
actinin (green) with DAPI co-stain and pre-written analysis protocols for quantifying
cell viability were used to quantify positively stained cardiomyocytes (figure 3.5). In
a sample well, (figure 3.5 B) a heterogeneous mix of a-actinin-positive and -negative
cells were quantified by the Cellavista where, of a total cell count of 3,265
(determined by DAPI staining) 88.7 % of these stained positively for a-actinin. In this
example, population purity was determined with ~3,000 cells per stained well,
meaning that only 36,000 cells of a sample population would be needed for purity

to be determined (including appropriate controls).
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Figure 3.5 — Quantification of immunostained cells using Cellavista.

A) Two representative images showing HUES7-EB derived cardiomyocytes
immunostained for a-actinin. Detected positively stained cells were highlighted
(shown as white circles around the nuclear region). B) (i) Representative image
showing heterogeneous population of cardiomyocytes and non-cardiomyocytes.
(ii) Quantification of positively stained cells relative to total cell number
(measured as number of DAPI stained nuclei) indicated that the population was
88.7 % pure for cardiomyocytes. Scale bars = 200 um

3.2.6 Culturing HUES7 hESCs in mTeSR™1 feeder free defined medium

To overcome the variability in EB differentiation outcomes observed in section 3.2.2
resulting from culture of HUES7 cells in undefined and batch variable MEF-CM, a
new culture system was adopted using mTeSR™1 (mTeSR), a fully defined feeder
free cell maintenance medium. To demonstrate competency and that HUES7s could

be cultured in these conditions, growth curves were carried out over 5 passages,
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lasting up to 19 days (figure 3.6A) with a population doubling time of 69.9 +/-7.7 hr
and no significant change in growth rate between passage intervals (figure 3.6B).
HUES7s cultured in this system had a 46XY karyotype after 5 passages (30 spreads).
These data confirmed that HUES7s could be cultured in fully defined feeder free

conditions without developing karyotype abnormalities.
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Figure 3.6 — Culturing HUES7s in mTeSR.

A) Growth curve of two flasks cultured in parallel with HUES7s. B) Comparison of
population doubling rate per day between passaging intervals demonstrated no
significant difference (one-way ANOVA with TMCT, error = SD). C) (from left to
right) Representative images showing HUES7 cells in culture 24, 48 and 72 hr after
seeding, morphology at 48 hr is representative of the latest stage at which cells
would be passaged while image at 72 hr shows cells at full confluence needed to
initiate monolayer differentiation, all images taken using the Cellavista, scale = 100
um. D) Representative karyogram of HUES7s following growth curve in mTeSR
depicting normal 46XY karyotype.
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3.2.7 Monitoring confluence of HUES7s in mTeSR using the Cellavista cell imager

A novel in-house monolayer differentiation method was developed (by Vinoj
George) using cells cultured in mTeSR. This method required initiating
differentiation when cultures were between 80-90 % confluence. In order to
measure this accurately, a script was developed on the Cellavista for assessing
confluence of cells grown in mTeSR. Images of cell colonies identified by the
Cellavista software were overlaid (shown in white — figure 3.7 A, B, C) and the area
of the overlay was quantified (by the software) relative to the area of the well

(figure 3.7 Ci) to determine confluence.
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Figure 3.7 — Monitoring confluence in monolayer cultures using the Cellavista.

A) HUES7s in culture on a Matrigel coated 96-well flat bottom plate. B) Software
recognition accurately identified adherent cell colonies and highlighted the “cell
region” in white overlay, non-adherent floating cells were ignored. C) (i)
Representative image of confluence detection across an entire well of 96 well plate,
(ii) confluence readout shows well in (i) with cell confluence of 48.4 %. D) A plate
mosaic was generated for all 96 seeded wells and the confluence overlays shown
(white). E) Images showing examples of wells where AT1 Cardiomyocytes were
beginning to peel off the edges of the wells (left) and example wells where this was
not occurring (right) indicating that this analysis script could also be used for quality
control of cardiomyocyte cultures.
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3.2.8 Differentiating HUES7 and hiPSC lines using the mTeSR monolayer
differentiation method

To generate banks of cardiomyocytes for use in drug screening experiments and to
translate this method onto the robotic platform, manual differentiations were first
attempted using both HUES7s and a healthy human iPSC line (AT1). The AT1 line
was derived from a healthy female dental pulp sample reprogrammed using
lentiviral vectors carrying OCT4, SOX2, NANOG and LIN2. Reprogrammed cells were
grown in colonies on MEF feeders then pooled together to create a polyclonal line
which was subsequently cultured in feeder free conditions with MEF-CM (the AT1
hiPSC line derived by Divya Rajamohan). Both HUES7 and AT1 lines were
transitioned from MEF-CM culture to mTeSR culture and differentiated in
RoboFlasks to generate cardiomyocytes for cryopreservation to establish cell banks.
Due to cost and time considerations, multiple banks were not made. These banks
were characterised for cardiomyocyte purity by flow cytometry (n=1 for each bank,
figure 3.8). Cardiomyocyte markers a-actinin and cardiac troponin T (another
marker used to determine cardiomyocyte purity (Burridge et al., 2014) were used.
With HUES7, cells were 98.7 % positive for a-actinin and 97.4 % positive for cardiac
troponin T. For AT1, cells were 99.5 % positive for a-actinin and 90.9 % positive for
cardiac troponin T. These results indicate that the mTeSR monolayer method was
capable of generating >90 % cardiomyocytes although reproducibility of this
method (in terms of cardiomyocyte purity) was not tested. Comparison of total cell
yield between mTeSR monolayer differentiations carried out in T75 flasks and
RoboFlasks relative to EB differentiations revealed significant differences in cell

yields from these methods relative to EB differentiations (measured as total cell
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number harvested per 96-well plate) of 4.3x10° more cells with T75s (n=2, 4.9+/-
1.4x10° cells) and 6.7x10° more cells from RoboFlasks (n=2, 7.3+/-1.2x10° cells)
relative to 0.6+/-0.3x10° cells per 96 well EB plate (n=9) (p<0.0001, One-Way
ANOVA, TMCT). Additionally, as expected, increasing surface area vyielded
significantly higher numbers of cells in RoboFlask relative to T75s (p<0.001)
indicating that the mTeSR monolayer method could achieve higher cell yields with

increasing surface area.
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Figure 3.8 — Generating cardiomyocytes with the mTeSR monolayer method.
HUES7 and AT1 hiPSC lines were differentiated using the mTeSR monolayer method.
A) Quantification of HUES7 cardiomyocytes by flow cytometry for cardiomyocyte
markers a-actinin and cardiac troponin T (50,000 cells per sample) B) Quantification
of AT1 cardiomyocytes by flow cytometry using the same markers as in A) (20,000
cells per sample, 10,000 cells for unstained). C) Comparison of total cell yields from
mTeSR monolayer differentiations carried out in T75 and RoboFlask format
compared to yields from entire 96-well plate demonstrating significant increase
using monolayer method compared to EB method and also demonstrating significant
increase in cell yield with increasing surface area. n=2 T75 flasks, n=2 RoboFlasks,
n=17 EB plates. One-way ANOVA, TMCT.
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3.2.9 Culturing HUES? cells in Essential 8™ feeder free defined medium

During the course of this work, Essential 8™ (E8) medium became commercially
available and was marketed as a reliable, stable product for hPSC culture.
Therefore, growth rate of HUES7 cells cultured in this medium was compared to
those in MEF-CM or mTeSR. These studies showed the proliferation rates varied
significantly between MEF-CM and mTeSR (p<0.01, t-test). HUES7 population
doubling time was 43.2+/-0.4 hr (n=3) for MEF-CM and 69.9+/-7.7 hr (n=2) with
mTeSR, while HUES7 in E8 (n=1) was lower than both at 30.1 hr. It is worth noting
however, that seeding densities differed between methods. 1.25x10° cells per T25
were routinely used for MEF-CM cultures however, mTeSR cultures could not be
maintained at this seeding density due to high levels of cell death after seeding and
required a minimum of 2x10° cells. In E8 cultures, 1x10° cells were seeded in T25s
but in the presence of ROCK inhibitor (Y27632, herein referred to as ROCKi) which
was not used in the previous two methods. While karyotypes of HUES7s cultured in
MEF-CM and mTeSR were normal after growth curves (figures 3.1 and 3.6
respectively) at the end of the E8 growth curve a trisomy of chromosome 12 was
observed in 2 of 30 spreads analysed (figure 3.9Dii) that was not present at the start
of the growth curve (figure 3.9Di). Immunostaining of HUES7 cells cultured in E8
showed that they expressed pluripotency markers (figure 3.9E) suggesting that no
detectable spontaneous differentiation was occurring when HUES7s were cultured

in this medium.
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Figure 3.9 — Culturing HUES7 in E8 medium.

HUES7 cells were transitioned to E8 medium from mTeSR. A) A growth curve was
carried out over 6 passages for 14 days. B) Rate of population doubling was
determined between each passage interval during the growth curve. C) A
comparison of HUES7 growth rates in conditioned medium, mTeSR and E8, showing
HUES7s in mTeSR having a significantly lower rate of population doubling than in
MEF-CM (p<0.01, t-test, error bars = SD). D) Representative karyograms of HUES7s
before and after growth curve with normal 46XY at the start but trisomy of
chromosome 12 (highlighted in red) in 2 of 30 spreads at the end of the growth
curve. E) Pluripotency marker staining of HUES7 cells cultured in E8 medium showing
expression of SSEA4, OCT4 and NANOG. Scale bar = 100 um, images provided by
Katarzyna Lis-Slimak.
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3.2.10 Developing cell culture in E8 with the CPVT hiPSC line

Although HUES7 cells developed karyotypic abnormalities, this was inconsistent
with other data in the literature for hESC lines in E8 (Chen et al., 2011), and in our
lab, which usually showed genetic stability in this medium. This was true of the
hiPSC line CPVT which was derived by reprogramming fibroblasts from a patient
harbouring CPVT. This entailed the use of the Sendai-virus based CytoTune 2.0
system (Life Technologies) wherein colonies were derived in E6 medium and
subsequently expanded in E8 medium with EDTA harvesting, ratio splitting and use
of ROCKi (see chapter 2 section 2.1.5). In order to confirm whether these cells could
grow at a constant rate and maintain a stable karyotype, a 7-passage growth curve
was carried out over 14 days with cell harvests occurring at regular 48 hr intervals
(figure 3.10A). The population doubling time for CPVT hiPSCs harvested with EDTA
was 21.3 hr (n=1) and a representative karyogram generated at the end showed
that these cells had a normal 46XY karyotype (from 30 spreads). Immunostaining of
CPVT cells in E8 and cultured with EDTA passaging revealed expression of

pluripotency markers SSEA4, OCT4 and NANOG.

In order to carry out a growth curve of cells using EDTA passaging, cell counts of cell
suspensions were necessary. EDTA harvesting generated cell clusters (rather than
single cell suspensions) some of which could not be counted accurately (example
highlighted in figure 3.10Ci). This was not enough to render the cell counts
inaccurate when carried out manually (as indicated by the even growth rate in
figure 3.10A), however, there was a risk that clumps of these sizes would cause

inaccuracies in cell counts using the automated Cedex hiRes cell counter (referred
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to hereafter as “Cedex”; for automation work on the robot, Chapter 4). To address
this, an enzymatic harvesting approach was tested using TrypLE™ Select (1x)
(TrypLE) to see if single cell suspensions could be achieved. This was not achieved
however, no cell clusters greater than 4 cells in size were observed, indicating an
improvement in the dissociation process (see example representative image figure
3.10 Ci bottom image, see also comparison of cluster size and frequency, table 3.1

below) and this was deemed to be acceptable for cell counting on the Cedex.

Table 3.1 — Cell cluster size and frequency following harvest of CPVT hiPSCs with
EDTA and TrypLE.

CPVT hiPSCs were harvested using either TrypLE or EDTA (0.5 mM). Cells were
seeded on a haemocytometer, a random field of the haemocytometer was chosen
and cluster size and frequency were quantified.

Cluster Size
(# cells) I R I ——
Frequency *
+
(EDTA) 16 12 2 2 1 (6 cells) 1 70(+)
[+)
%oftotal | a0 | 3434 | 86% | 114% | 86% | 140)% | 99.9%
cell number
Frequency
(TrypLE) > ° ! ' ° ° >
[+)
% of total 44% 24% 24 % 8% 0% 0% 100 %
cell number

*Cell total includes “10+” column as clump size could not be accurately determined,
it was assigned a value of 10 (see Figure 3.10 Ci top image).

In order to identify whether TrypLE passaging was capable of giving a steady growth
rate, a growth curve was carried out giving a population doubling time of 21.7 hr
(n=1) (compared to 21.3 hr for EDTA) indicating that cells harvested by both
methods still retained a similar rate of growth. As these experiments were carried
out in RoboFlasks (in parallel to work carried out on the robot and covered in

Chapter 4) and due to cost considerations, replicates were not carried out. A
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comparison of the growth rates between passaging intervals under both conditions
indicated a more consistent rate was achieved using TrypLE passaging (range = 0.27
population doublings/day (pd/d)) compared to EDTA (range = 0.61 pd/d)(figure
3.10Bi and ii). Representative karyograms showed that TrypLE passaging also gave a
normal 46XY karyotype after the growth curve (from 30 spreads). As it did not elicit
a negative effect on karyotype but did improve dissociation of cells, TrypLE was

adopted for subsequent cell culture work in E8 along with continued use of ROCKi.
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Figure 3.10 — Culturing CPVT hiPSCs in E8 Medium.

CPVT hiPSCs were cultured in E8 medium by passaging with either EDTA solution
(0.5 mM) or TrypLE. A) Growth curve of CPVT hiPSCs showing population doubling
time of 21.3 hr (EDTA) and 21.7 hr (TrypLE) over 7 passages and 14 days in culture
when harvested with either EDTA or TrypLE (n=1). B) (i) Growth rate of CPVT hiPSCs
between passage intervals with EDTA and (ii) TrypLE passaging. C) (i) Representative
images of cell suspensions generated by passaging with EDTA or TrypLE illustrating
that with EDTA passaging, cell clumps of >10 cells were generated (highlighted in
white circle) which was not the case with TrypLE passaging (clumps do not exceed 4
cells in size). C (ii) Representative karyograms generated from cells at the end of
growth curve had regular 46 XY karyotype when passaged with EDTA or TrypLE. D)
CPVT hiPSCs supplied for this work were pluripotent as demonstrated by staining
for pluripotency markers OCT4, SSEA4 and SSEA3, scale bar = 100 um, images
supplied by Gary Duncan).
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3.2.11 Culturing the LQT2 hiPSC line in E8

In order to expand the repertoire of hiPSC lines going into the differentiation
process and to generate cardiomyocyte banks across different lines, the Long QT
Syndrome Type 2 (LQT2) hiPSC line was also adapted to TrypLE culture in E8. As
with the CPVT hiPSC line, LQT2 hiPSCs were derived by reprogramming skin
fibroblasts from a patient with a G1681A mutation in the KCNH2 potassium channel
manifesting clinically as long QT syndrome type 2 (hence LQT2) (Matsa et al., 2011).
As before, the Sendai-virus based CytoTune 2.0 system was used, colonies were
derived in E6 medium and expanded in E8 medium with EDTA harvesting and ratio
splitting. A growth curve of these cells was carried out using TrypLE harvesting over
7 passages giving population doubling time of 30.9 hr over 17 days (n=1, figure
3.11A) after which, these cells exhibited a normal 46XX karyotype (figure 3.11 C ii).
A comparison of the rate of growth between passage intervals suggested a higher
variability in growth rates than observed with CPVT hiPSCs harvested with TrypLE in
3.2.10, with a range of 0.65pd/d (lowest rate, 0.45pd/d, highest, 1.1pd/d).
Pluripotency marker staining for these cells cultured in EDTA revealed expression of

SSEA4, SSEA3, OCT4 and NANOG.
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Figure 3.11 — TrypLE passaging of LQT2 hiPSCs in E8 medium.

A) Growth curve of LQT2 hiPSCs in E8 passaged with TrypLE Select over 7 passages
with population doubling time of 30.9 hr over 17 days of culture. B) Rates of cell
growth between cell passage intervals. C) Representative karyogram showing
normal 46XX karyotype. D) Immunostaining for pluripotency markers shows cells
expressing SSEA4, SSEA3, OCT4 and NANOG. Scale bar = 100 um.

3.2.12 The E8 monolayer differentiation method and line-specific optimisations

To identify the optimal concentrations of Chir99021 (Chir) and C59-Wnt antagonist
(Wnt-C59) needed to differentiate the LQT2 hiPSC line, a range of concentrations (2,
4, 6 and 8 uM Chir and 1, 2, 4 and 6 uM Wnt-C59) were tested for their ability to
generate spontaneously beating sheets of cardiomyocytes by day 10 of
differentiation (figure 3.12). Video recordings were made of cells for all conditions
tested (see supplementary files: Videos 1 to 16). Cells were then harvested from the
wells to determine cardiomyocyte purity under each condition. By day 10 of the
differentiation, all wells treated with either 4 uM or 6 uM Chir regardless of Wnt-
C59 concentration achieved the highest beating score (= score of 3) with the entire
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wells beating (see supplementary videos 5-12). At 2 and 8 uM Chir, beating was
observed in <50 % of the well surface (see supplementary videos 1-4 for 2 uM Chir
and 13-16 for 8 uM Chir). When 4 pM Chir and 2 uM Wnt-C59 were used to
differentiate CPVT hiPSCs, these differentiations also achieved the highest beating
score (=3) suggesting consistency of response to differentiation induction between
both lines. Dissociation of these cells was attempted using the T/A method which
had been used previously with EB and mTeSR monolayer method-differentiated
cardiomyocytes. However, in this case and in subsequent tests, this led to complete

cell death following dissociation, preventing assessment of cardiomyocyte purity.
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Differentiation Conditions and Their Effect on Cell Yields
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Figure 3.12 - Line-specific differentiation condition optimisations with the E8
monolayer method

(A) Representative images from the same field of view showing time course of the E8
differentiation method following seeding of cells to the point when cells were beating
(CPVT hiPSCs differentiated with 4 uM Chir99021 on day 0 and 2 uM Wnt-C59 on day
2), scale bar = 100 um. (B) Testing LQT2 hiPSC differentiation with different
concentrations of Chir99021 and Wnt-C59 (displayed in brackets, in uM, below x-axis)
for their effect on beating quality on day 10 and total cell yield following dissociation
in a 24 well plate. Coloured boxes represent heat map score of cell yields to
differentiate between high vyields (7.5x10° to 1x10°) and low yields (<2.49x10°).
Videos for each well condition can be found in the supplementary videos folder, from
left to right, video 1 to video 16. * Score of 0 = no beating observed, 1= less than 50 %
of surface area beating, 2= greater than 50 % of surface area beating but less than

100 %, 3 = entire surface beating. 69
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3.2.13 Troubleshooting issues with dissociating E8 monolayer differentiations

In order to seed well plates for drug screening, a method of cardiomyocyte
dissociation was needed that did not adversely affect viability of the cells. A repeat
test of the T/A dissociation method gave complete cell death on re-seeding (figure
3.13 Ai), seeding TrypLE Express dissociated cardiomyocytes gave some cell survival
(with ROCKi) (figure 3.13 Aii) but also high levels of cell death, this was tested as
TrypLE Express was used to dissociate cardiomyocytes in the publication from which
this differentiation method was derived (Burridge et al., 2014). Dissociation with
collagenase for 20 min before TrypLE Express treatment for 5 min gave good
survival and low amounts of cell death (figure 3.13 Aiii). Dissociation attempts with
TrypLE Express enabled partial dissociation from the culture surface but also
revealed cells that were attached to a basement membrane (figure 3.13 B). In order
to develop a method for dissociating cells and this matrix on which they were
attached, methods for dissociating heart tissue were investigated. An early study
that compared dissociation of rat heart tissue using trypsin or collagenase showed
that trypsin was damaging to heart cells while collagenase appeared to be
minimally invasive (Mason-Pivet et al., 1976). Later studies developed methods for
dissociating cardiac tissue isolated from children (Powell et al., 1981) and adult
hearts (Bustamante et al., 1982) both relying on the use of collagenase. A
comparison of collagenases available from Life Technologies

(https://tools.thermofisher.com/content/sfs/manuals/Collagenase man.pdf)

highlighted collagenase type Il (herein referred to as collagenase) specifically for

heart cells (Life technologies product information sheet, 2014). When collagenase
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was used, beating sheets detached from the culture surface and continued to beat
in suspension but remained as intact sheets. These sheets were then dissociated by
exposure to TrypLE Express for 5 min. Increasing collagenase exposure time from 5
to 20 min made dissociation of these intact sheets easier using TrypLE Express
without seeing a change in the amount of beating occurring in suspension. Cells
dissociated this way and re-seeded into culture-ware re-formed confluent
spontaneously beating monolayers up to 5 days following seeding and were used

for subsequent drug screening experiments.
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Trypsin/Accumax
(1:2)
TrypLE Express 2 2 1 4
TrypLE Express
+ ROCK inhibitor 2 2 2 8
pre-treatment
Collagenase
(5 min)
TrypLE Express 3 2 2 12
(Smin)
Collagenase
(20 min)
TrypLE Express 3 3 3 2
(Smin)

Figure 3.13 — Testing E8 monolayer differentiation dissociation strategies to maximise
cell survival post-dissociation.

Five different dissociation methods were attempted to find one that would give
improved cell survival following dissociation. Scoring systems were created to assess the
quality of each method in three categories: 1) Ability to fully harvest cells from culture
surface, 2) ease of dissociating clumps in suspension after removal from culture surface,
3) viability of cells 24 hr after seeding on fresh culture surface. * - 0 = no dissociation
from culture surface, 1 = less than half of the culture harvested, 2 = majority of culture
harvested but incomplete harvest, 3 = complete cell harvest. + - 0 = No dissociation of
clumps achieved, 1 = large clumps which are not dissociated with repeated vigorous
pipetting, 2 = most clumps dissociated but with repeated and vigorous pipetting
required, 3 = complete dissociation of clumps with minimal pipetting required. ¥ - 0 =
No cell survival on reseeding, 1 = poor cell survival (small colonies of cells) before first
medium change after reseeding, 2 = improved survival, but with high levels of cell death
also observed prior to first medium change after cell re-seeding, 3 = low levels of cell
death observed prior to first medium change following re-seeding. (A) (i) Representative
images showing complete cell death with T/A method, (ii) partial cell survival with
TrypLE Express + ROCKi method and (iii) high cell survival with collagenase 20 min /
TrypLE 5 min method. (B) Cells attached to extracellular-matrix-like basement
membrane following successive rounds of enzyme treatment, indicating incomplete
dissociation of cells from culture surface. (C) Beating monolayer of hiPSC
cardiomyocytes before addition of collagenase and after 20 min incubation in
collagenase, entire cell layer detached from culture surface and beating in suspension.
(D) Cells dissociated with collagenase (20 min) and TrypLE Express (5 min) 5 days after
seeding on fresh surface, spontaneously beating and at full confluence.
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3.2.14 Quantification of immunostained cardiomyocytes by Operetta confocal
plate reader

While immunostaining quantification was achieved using the Cellavista cell imager,
its functionality was limited. The protocol used for this was limited to simultaneous
guantification of one whole-cell marker and two nuclear markers. The Operetta
plate reader was later purchased and had increased functionality allowing any
combination of whole cell and nuclear markers. To enable cardiomyocyte
guantification and potentially, downstream multiplexing with other markers or
morphology properties, a protocol was written for the quantification of
cardiomyocytes by immunostaining. Like the process in 3.2.5, this had the
advantage of using far fewer cells than flow cytometry. Wells containing a negative
control (in this case CPVT hiPSCs) were stained for either a-actinin or cardiac
troponin T with Alexa Fluor® 488 secondary antibody. A scatter plot was generated
with log fluorescence on the x-axis allowing logical thresholding to be carried out
based on negative samples (figure 3.14 A). This threshold could then be set to select
and quantify positively stained cells while outliers could be selected in the software

and identified (figure 3.14i-1 and ii-1).
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A CPVThiPSC control CPVT hiPSC control
i a-actinin ji cardiactroponinT

B AT1 cardiomyocytes AT1 cardiomyocytes
i a-actinin ii cardiac troponin T

AT1 cardiomyocytes stained with a-actinin Al cardiomypcyres st.a [ned with eardlde
troponin T

74% +/- 2.9% SD 71% +/- 1.6% SD
(n=4 wells) (n=4 wells)

Figure 3.14 — Quantification of immunostained AT1 hiPSC cardiomyocytes and
negative control CPVT hiPSCs using the Operetta confocal plate reader.

A) (i) CPVT hiPSCs stained with a—actinin as a negative control to determine
negative-selection fluorescence threshold, set at 800 fluorescence units (shown
with dotted red line). (Inlay marked with 1) An outlier was detected and could be
shown by clicking on it in the graph. (ii) CPVT hiPSCs stained for, cardiac troponin T,
as before an outlier was detected and is shown, and threshold was set at 400
fluorescence units (dotted red line). B) A population of cardiomyocytes generated
by differentiating AT1 hiPSCs was quantified for (i) alpha-actinin staining and (ii)
cardiac troponin T staining using the thresholds identified in A (i) and (ii)
respectively.
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3.2.15 Comparison of different surfaces and seeding densities of cardiomyocytes
for drug screening

Table 3.2 — Commercial suppliers of hPSC derived cardiomyocytes and
recommended seeding densities.

Different seeding densities were identified according to product information sheets
or specialised application notes.

. . o Recommended
Supplier Cell Line Application Seeding Density
el Cor.4U Mitochondrial Toxicity 100-1202,000
Assays /cm
Cellular Recommended seeding
i iCell Cardiomyocytes® |  density for confluent 156,000 /cm”
Dynamics .
beating sheets
. High-Content
GE Cytiva . . . 2
Healthcare | Cardiomyocytes 1E6 Multiplexed Cytotoxicity 120,000 /cm
Assay
Pluriomics P.Iurlcyte Recommend(.ed seeding 75-120,000 /cm?
Cardiomyocytes density

According to user protocols supplied by commercial suppliers (table 3.2), a
confluent sheet of hPSC cardiomyocytes was preferable so that a synchronised
beating sheet could be formed prior to drug screening experiments. The values
from table 3.2 also took into account percentage cell loss in the thawing and cell
seeding process. In order to identify a suitable final cell concentration needed to
achieve confluence in wells, cardiomyocytes were seeded at a range of densities
starting at 60,000 cells per well (180,000 cells per cm?) down to 20,000 cells per
well (60,000 cells per cm?). Wells were stained with Calcein AM, Pl and
Hoechst33342 at either 72 hr, 96 hr or 120 hr after seeding. Representative images
showing cells at final densities of 30,000, 20,000 and 10,000 cells per well were

chosen to illustrate how this translated into well confluence. At 30,000 cells per
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well, nearly complete confluence was achieved (equivalent to 90,000 ceIIs/cmz). For
this reason, this was the target final cell density used for drug screening
experiments. Additionally, cardiomyocyte attachment on Matrigel, Fibronectin and
Vitronectin-N was carried out. On all surfaces, cardiomyocyte attachment was
achieved and spontaneous contraction of sheets observed suggesting that all three
surfaces were compatible with cardiomyocyte seeding. Matrigel was chosen for
drug screening work as this had been used extensively in our labs already for
cardiomyocyte differentiations and re-seeding. However, a comparison of cost
between Vitronectin-N and Matrigel revealed that (after discount) Vitronectin-N
was marginally cheaper than Matrigel (£0.03 compared to £0.04 per cm?
respectively) and was fully defined unlike Matrigel but due to time limitations,
Vitronectin-N use could not be optimised in time for later drug screening

experiments (Chapter 5).
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Figure 3.15 — Seeding of cardiomyocytes on Matrigel, Fibronectin and
Vitronectin-N to determine optimal seeding density.

CPVT hiPSC derived cardiomyocytes were thawed and seeded in 96-well flat
bottom plates coated with Matrigel, Fibronectin, or Vitronectin-N to determine
suitability of surfaces and seeding densities for drug screening. Images were taken
96hr (4 days) after seeding when cardiomyocytes began to contract spontaneously
after thawing. (Top row) Wells containing approximately 30,000 cells (exact
numbers shown below). (Middle row) Wells containing approximately 20,000
cells. (Bottom row) Wells containing approximately 10,000 cells. Scale bar =2 mm.
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3.2.16 Optimising cardiomyocyte culture conditions to maintain cardiomyocytes
for drug screening

While cardiomyocytes dissociated by the new collagenase / TrypLE method showed
improved survival after dissociation, cell death was observed from day 5 onwards in
these cells when cultured in CDM3 medium. Images taken from three different
wells (figure 3.16 B) on day 6 after seeding from the same plate showed different
levels of spontaneous cell death. While differentiations could be carried out in
CDM3 medium, it appeared that maintenance of cardiomyocytes after dissociation
using this medium was not suitable for more than 5 days. To test this more
thoroughly, CPVT cardiomyocytes from the same bank were thawed and seeded at
identical seeding densities in either RPMI-B27 or CDM3 medium, with or without
ROCK inhibitor for 48 hours, and maintained in culture without ROCK inhibitor up to
12 days (post seeding) before scanning with the Cellavista to determine well
confluence. Cells thawed without ROCK inhibitor had significantly lower cell survival
in both media types, 54.8+/-8.5 % vs 95.2+/-1.6 % in RPMI-B27 and 21.8+/-8 % vs
58.6+/-6.2 % for CDM3 (p<0.0001) (figure 3.16 A). Additionally, at 95.2+/-1.6 %,
RPMI-B27 with ROCK inhibitor thaw was significantly higher than all other
conditions (at nearly full confluence) (p<0.0001). For this reason, thawing or seeding
of cardiomyocytes was done in RPMI-B27 with ROCK inhibitor and subsequent
maintenance of cardiomyocytes was also carried out in RPMI-B27 to maximise cell

viability for drug screening experiments.
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Thawing and Culture Conditions
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Figure 3.16 — Testing conditions for thawing and culturing cryopreserved
cardiomyocytes for seeding in drug screening assays.

A) Comparison of well confluence reflecting loss of cells by day 12 of culture with
cardiomyocytes thawed into RPMI-B27 +/- ROCKi or CDM3 +/- ROCKi on Matrigel
coated wells (one-way ANOVA, TMCT). B) Composite images from two different
wells of a 96 well plate at day 6 post seeding containing AT1 cardiomyocytes in
CDM3 medium, showing spontaneous cell death in both wells, scale bar = 100 um.
C) Cardiomyocytes thawed in RPMI-B27 medium containing ROCKi (48 hr exposure)
followed by a further 10 days culture in RPMI-B27 medium without ROCKi with
good survival. D) Cardiomyocytes thawed without ROCKi but in the presence of
RPMI-B27 showed poor survival post thaw but surviving cells continued to survive in
culture. E) Cardiomyocytes thawed in CDM3 medium with ROCKi showing large
proportion of dead/dying cells with some cells still attached to the culture surface.

F) Cardiomyocytes thawed in CDM3 medium without ROCKi showing almost
complete cell death.
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3.3 Discussion

3.3.1 Feeder free hESC and hiPSC culture

In this chapter, culture of the HUES7 hESC line was achieved across three different
systems, the feeder-free conditioned medium method, mTeSR feeder free system
and Essential 8 feeder free system. The decision to adopt different culture methods
rather than selecting one and using it throughout was determined primarily by
weighing up the disadvantages observed in one method with the potential benefits
of newer culture systems. For reasons described in greater detail below, advantages
associated with mTeSR culture meant that this culture system was adopted over
conditioned medium and subsequently mTeSR culture was superseded by the E8

culture system.

3.3.2 Conditioned medium culture and EB differentiation

Feeder free culture of hPSC lines in MEF-CM on Matrigel coated surfaces at the start
of this work was well established in our labs (Matsa et al.,, 2011, Denning et al.,
2006). For this work, the HUES7 hESC line was cultured in these conditions with a
stable growth rate over 6 passages, no change in karyotype and no signs of
spontaneous differentiation of cultures. HUES7 cultures maintained in MEF-CM
were capable of differentiation to cardiomyocytes by EB differentiation using the
most recently published version of the EB differentiation method at the time
(Burridge et al., 2011), an observation that was also demonstrated by others in the
group (Pascut et al., 2013, Matsa et al., 2014). High yields (measured as percentage

of spontaneously beating EBs per plate) were achieved using HUES7 hESCs of up to
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93+/-0.3 %, however, variability in differentiation outcome was observed between
differentiations using different batches of conditioned medium (yields as high as
100 % in MEF89 and as low as 0 % in MEF88). MEFs secrete growth factors such as
activin A which play an important role in maintaining pluripotency in hPSCS
(Jozefczuk et al., 2012). Variations in levels of activin A secretion have also been
observed between feeders of different sources, with mouse feeders being preferred
due to their high levels of activin A secretion (Jozefczuk et al., 2012). Therefore,
variations in differentiation outcome arising between batches of MEFs may have
been a result of batch to batch variations in levels of growth factor secretion. Even
using the same batches of MEFs, variability was observed in the vyields of
differentiations, ranging from 99 % to 33 % (MEF89, n=9) and 79.8 % to 0 % (MEF88,
n=6). This may have resulted from user variability if a MEF batch was prepared by
multiple users during processing prior to banking, or user variability in handling of

these cells after thawing.

Protocols for preparing MEF feeder cells required that they be grown to passage 3
before they were mitotically arrested through the use of Mitomycin C (see chapter
2 section 2.1.1) in order to allow medium conditioning to take place. Therefore,
these cells were a finite resource and as stocks became depleted, fresh batches
were used for continued routine culture. While other groups have demonstrated
that these lines could be immortalised (Choo et al., 2006), this was not attempted in

our labs.
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While capable of generating large numbers of spontaneously beating EBs,
harvesting cardiomyocytes of sufficient numbers to produce cell banks or to carry
out drug screening in multiple 96- or 384- well plates proved challenging. While
attempts were later made to simplify and speed up the process using automation
(chapter 4), the manual process of harvesting was both time consuming and low-
throughput using either the T/A or CDS methods. These were limited to a maximum
of 8 EBs dissociated at a time, yielding between 30-60,000 cells in a process lasting
approximately 20 minutes to 40 minutes depending on the age of the EBs (EBs older
than a month become considerably more difficult to dissociate). To place this in
context, approximately 30,000 cells were needed in one well of 96-well plate (or
10,000 per well of a 384-well plate) for drug screening. Harvesting entire plates of
EBs gave 0.6+/-0.3x10° cells per plate (n=9) indicating that 5 plates worth of EBs
would be needed to seed one 96-well plate or 6.5 plates for one 384-well plate for

drug screening.

3.3.3 mTeSR medium and the mTeSR monolayer differentiation method

The mTeSR monolayer method used fully defined maintenance media for both the
culture of cells and the differentiation process (albeit still on Matrigel, which was
undefined). This had the benefit of avoiding batch variations associated with using
MEFs. When growth curves were carried out, a steady rate of growth was achieved
and no karyotype abnormalities arose after 5 passages in this system over 17-19

days in culture. A comparison of HUES7 population doubling times between
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conditioned medium and mTeSR revealed a significant increase in the population
doubling time of these cells in mTeSR (69.9+/-7.7 hr vs 43.2+/-0.4 hr in conditioned
medium, p<0.01, t-test). However, the cost of using mTeSR (estimates include
manufacturer discounts where applicable) was much higher at £0.34/ml compared
to approximately £0.11/ml for MEF-CM (MEF-CM costs calculated by Maria
Barbadillo-Munoz). Finally, high cell seeding densities were required to prevent
crashing of cultures after splitting (80,000 cells/cm? compared to 50,000 cells/cm?

for conditioned medium) representing the equivalent of 1:2 to 1:3 splits and limiting

the rate of scale-up achievable with these cultures.

Despite its limitations, several benefits arose from changing to the mTeSR
monolayer differentiation method. Firstly, by carrying out the differentiations on
flat surfaces, cell confluence could be monitored and timing of differentiation
standardised/controlled with the aid of the Cellavista (when carried out in well
plates or RoboFlask formats), furthermore, the process of differentiation involved
changing media in flasks, a process that was more simple and less time consuming
than changing medium in 96-well plates using multi-channel pipettes. This also had
the benefit of simplifying the automation of this process (discussed in chapter 4).
Finally, dissociation of cardiomyocytes at the end of the differentiation process was
made considerably easier, using the existing cell passaging method but with T/A
enzyme mixture for 7 min and neutralising with foetal bovine serum containing
medium. The added benefit of carrying this process out in RoboFlask format was

that cell yields of 7.3+/-1.2 million cells could be achieved per flask, allowing cell
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banks of high purity (290 % by a-actinin and cardiac troponin T staining) to be
created and providing sufficient numbers of cells to seed 96-well (2.9x10° cells

needed) and 384-well (3.8x10° cells needed) plates for drug screening.

3.3.4 E8 medium and the E8 monolayer differentiation method

More recently, a monolayer differentiation method was published achieving
comparable cardiomyocyte purities of up to 95 % but with much higher yields of
100 cells to 1 input cell (Burridge et al., 2014), compared to yields of approximately
1:1 achieved with the mTeSR monolayer method. Additionally, there was the added
benefit that E8 medium was cheaper than mTeSR (after discount, £0.20/ml
compared to £0.34/ml for mTeSR) while removing batch variability due to the
complete removal of bovine serum albumin from the formulation (Chen et al.,
2011). A growth curve of HUES7 hESCs in E8 carried out over 6 passages gave a
population doubling time of 30.14 hr (the lowest of the three media conditions)
however, a trisomy of chromosome 12 was, suggesting the appearance of a
karyotypically abnormal clonal population. Acquisition of chromosome 12 has been
observed by others in both hESCs and hiPSCs (Robinton and Daley, 2012) and may
result from a selective advantage due to NANOG and growth/differentiation factor
3 over-expression (Ben-David and Benvenisty, 2011). That said karyotype
abnormalities did not arise in CPVT and LQT2 hiPSCs which were also cultured in E8
and had normal karyotypes after 7-passage growth curves. CPVT-hiPSCs derived and
cultured in E6/E8 had population doubling times even lower than that of HUES7 at

21.3 hr (EDTA) and 21.7 hr (TrypLE) while LQT2 hiPSCs were 39.2 hr (TrypLE).
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Compared to mTeSR, E8 cultures showed improved scalability with seeding as low
as 32,000 cells per cm? representing the equivalent of 1:6 split ratios. This was likely
aided by the routine use of ROCKi which promotes cell survival by selectively
inhibiting p160-Rho-associated coiled-coil kinase (Watanabe et al., 2007) and may
aid in preventing clonal selection mechanisms (such as cell death following passage)
that favour proliferation or improved survival of karyotypically abnormal
populations (Barbaric et al., 2014). However, ROCK inhibitor was not used in mTeSR
cultures and a fairer comparison of these media could have been achieved had this
been done. Furthermore, replicates of growth curves in E8 are needed before
accurate comparison could be made between E8 and other media as all E8 growth

curves were n=1.

In addition to benefits of using E8 in culture, improvements were also achieved with
the differentiation of the CPVT and LQT2 hiPSC lines in E8. Cell yields of up to 40
million (CPVT-hiPSC) were achieved when carried out in RoboFlasks (an automated
differentiation but dissociated manually), 5.5-fold higher than what was achieved
using HUES7s in the mTeSR differentiation method (7.3+/-1.2 million). This
represented an output of approximately 13 cells per 1 input cell (3 million cells
seeded), much lower than reported (Burridge et al., 2014) but representing a
considerable improvement over the mTeSR method (1.2 cells per 1 input cell, 6
million seeded). Furthermore, purity of these cells was comparably high at >90 %

(by a-actinin and cardiac troponin T staining) with both the published E8 monolayer
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method (Burridge et al., 2014) and the purities achieved with the mTeSR

differentiation method.

3.3.5 Plating and maintenance of hiPSC derived cardiomyocytes

Despite the considerable improvement in cardiomyocyte output with the E8
monolayer method, a key challenge arose when complete cell death occurred
following dissociation using the T/A method which had not been seen when
dissociating using mTeSR-method or EB-method cardiomyocytes. Using TryplLE
Express (Burridge et al., 2014) improved harvesting and cell survival but did not
remove all cells from the flask surface and cell death after dissociation was still high.
Images showing cells attached to a “basement membrane” appeared to suggest the
formation of an extracellular matrix during the differentiation process on which a
large proportion of cells remained firmly attached (figure 3.13B) during the
dissociation process. T/A and TrypLE Express appeared to be ineffective at
dissociating this matrix. Therefore, by using collagenase to digest these anchoring
proteins, improved cell survival and full dissociation from the flask surface was
achieved. However, this solution was not developed until after the experiments
carried out in 3.12 and therefore, purity of cardiomyocyte differentiations using
different small molecule concentrations could not be generated. Additionally, these

experiments could not be repeated later due to time limitations.

RPMI-B27 medium was used to maintain EB and mTeSR monolayer-derived

cardiomyocytes in culture and has been used for successful cardiomyocyte culture
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and differentiation by other groups (Laflamme et al., 2007, Burridge et al., 2014).
However, as E8 differentiation was carried out in CDM3, and because CDM3 was
cheaper than RPMI-B27 (£0.03 and £0.13 per ml respectively), this medium was
used for cardiomyocyte cultures. While CDM3 was capable of supporting
differentiation and maintenance of cardiomyocytes in situ following differentiation,
following dissociation, this medium proved unable to maintain cardiomyocytes with
varying levels of cell death observed from 5 days onwards (measured by confluence
of wells) (figure 3.16B) following cell seeding. For this reason, RPMI-B27 was used
and a comparison of the two media and the effect of thawing and seeding these
cells with or without ROCKi showed RPMI-B27 with ROCKi (92+/-1.6 % confluence)
to be significantly better (p<0.0001, one-way ANOVA, TMCT) at maintaining
cardiomyocytes for up to 12 days in culture than CDM3 with (58.6+/-6.3 %) or

without ROCKi (21.8+/-7.9 %) or RPMI-B27 without ROCKi (54.8+/-8.5 %).
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4 Developing Automated Processes for Cardiomyocyte
Differentiation and Drug Screening

4.1 Introduction

The purpose of this chapter was to develop processes on the Tecan Freedom Evo
200 robotic platform (henceforth referred to as the robot or robotic platform) to
produce cardiomyocytes from either HUES7 or hiPSC lines that could then be used
for drug screening. Secondary to this aim, was to maximise the total yield and
cardiomyocyte purity from differentiations carried out on the robot. When new
differentiation methods such as the mTeSR monolayer method and the ES8
monolayer differentiation method (Burridge et al.,, 2014) became available that

generated improved yields or purity, these were translated onto the robot.

4.1.1 The robot and integrated hardware

The robotic platform that was used for this work consisted of several core hardware
components (see figure 4.1 for an overview and figures 4.3 to 4.9 for more detailed
descriptions). Cell cultures were stored in a heated StoreX incubator (figure 4.3) at
37 °C, with 5 % CO, and a humidified environment. Additionally, there was a cold
StoreX incubator which was maintained at 4 °C for storage of media. Both StoreX
incubators were connected to the robot with access gates and flask transfer
stations that allowed for the transport of RoboFlasks, plates or media troughs
between the incubators and the robot work surface. Plasticware brought out by

either of the StoreX incubators was collected by the robotic manipulator arm
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(RoMa) by clasping plasticware between two eccentric gripper fingers (figure 4.4)
and transporting them to the desired position on the robotic work surface.
RoboFlasks were placed on the FlaskFlipper module (FlaskFlipper) in order to carry
out medium changes or cell harvests (figure 4.5) the FlaskFlipper was capable of
rotating clockwise and anticlockwise to create a rocking motion to enable mixing of
liquids in flasks as well as tapping flasks to dislodge cells. To facilitate removal or
addition of media, enzymes or DPBS in flasks, the FlaskFlipper could rotate anti-
clockwise 90° in order to present the septum of the flask cap (figure 4.2) to enable
the liquid handling arm (LiHa) to enter the flask and aspirate or dispense medium
accordingly. Pipetting of liquids with the LiHa was controlled by a series of syringes
and valves which precisely controlled the volume of internal system liquid (sterile
distilled water) in the tubing that in turn controlled the volumes of liquids aspirated
or dispensed by the LiHa tips (figure 4.6). Reagents such as fresh media or cell
suspension were stored either on a warm carrier to heat them or keep them warm
or they could be stored at RT in 100 ml troughs. Cell suspensions also were kept in
these troughs during cell harvests to allow cell counting and mixing of cell
suspension with the LiHa (figure 4.8). The LiHa tips dispensed unwanted media into
a waste station and tips were regularly cleaned during processes by rinsing with
system liquid (figure 4.10 second row far left image). During cell harvests, cell
suspensions were collected using the LiHa and dispensed (300 ul) into a collection
cup (figure 4.7Bii) to allow cell counts to be performed using an integrated Cedex
HiRes cell counter. The cell counter quantified viable cell number based on Trypan
Blue exclusion in live cells and uptake in dead cells. Cell counts were then used by

the robot to calculate dilutions of cell suspensions for re-plating. For seeding cells or
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changing media in 96- or 384-well plates, a MultiChannel Arm™ 96 (MCA96) was
used which could simultaneously aspirate or dispense from 96 channels when fitted
with disposable tips (figure 4.9). Medium or cell suspension was placed either in 96-
well source plates or a 300 ml baffled trough (figure 4.8C) to enable access for the

MCA96.

Figure 4.1 — Hardware of the Freedom Evo 200 Robotic Platform

Panoramic image of the Freedom Evo 200 robotic platform contained within a BigNeat
LAC class-ll type enclosure (robot enclosure) with key hardware components
highlighted in red. A) Warm StoreX incubator for storing cell cultures at 37 °C with 5 %
CO; with humidified atmosphere and attached cell transfer station (see figure 4.3). B)
LiHa liquid handling arm for addition and removal of medium (see figure 4.6). C) RoMa
robotic manipulator arm for carrying and moving plates, troughs and flasks across the
robot workspace (see figure 4.4). D) (i) Integrated Cedex HiRes cell analyser for cell
counting and D) (ii) collection cup for collecting cell suspension for cell counting (see
figure 4.7). E) FlaskFlipper module for holding plates, flasks or troughs and allowing
LiHa access for addition and removal of reagents to/from RoboFlasks (see figure 4.5). F)
LiHa wash/waste station for discarding reagents from the LiHa tips and washing tips to
remove waste reagent and cells from tips. G) Trough storage station for 100 ml troughs
which are used to store cell suspension after cell harvesting (see figure 4.8). H) Warm
carrier heated to 37 °C for placing troughs or plates containing medium to maintain
temperature at 37 °C (see figure 4.8). 1) MCA96 multichannel arm for pipetting 96
channels simultaneously (see figure 4.9).
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Figure 4.2 — Corning RoboFlask

The Corning® RoboFlask® (RoboFlask) has a culture surface of 92.6 cm?, is
stackable and comes with a pierceable and re-sealing septum (A) in the cap to
allow access of liquid handling tips such as the LiHa (see figure 4.4). As the cap is
removable, manual culture can also be carried out using these flasks. A gas
permeable membrane (B) is situated on the top to allow gas exchange and the
base of the flask (when positioned as shown in the left image) (C) is sloping
(highlighted in dotted red region) to allow residual liquid to collect (see arrow)
towards the cap-side (D, red box) to aid complete aspiration of media.

37% Store
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Figure 4.3 — StoreX Incubator (STX110)

A) Liconic Instruments automated STX110 incubator (StoreX) containing a clockwise-
rotating carousel with towers (highlighted in red) for holding plates and RoboFlasks
with a maximum capacity of 110 RoboFlasks or plates. The StoreX is heated to 37 °C,
maintains atmospheric CO, at 5 % and is humidified. B) Features a robotic access gate

to allow automated transfer of flasks or plates to and from the robot.
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Figure 4.4 — Robotic Manipulator Arm (RoMa)

RoMa arm for carrying and transferring plates or flasks throughout the robot.
Plasticware is clasped (A) between two eccentric gripper fingers (B). The RoMa arm is
capable of vertical movement (C) and rotating 380° (D).

= B |

Figure 4.5 — Flask Flipper™ module

The Flask Flipper™ module (FlaskFlipper) can hold up to 4 RoboFlasks simultaneously.
In the resting position, the FlaskFlipper is horizontal (left and right images) but can be
rotated 90° anticlockwise to expose the septum of a RoboFlask (A) to enable LiHa
access. An inbuilt holding mechanism prevents flasks from moving while the
FlaskFlipper is not in the horizontal position. RoboFlasks can be rocked (B) to enable
mixing of reagents by sequential clockwise and anticlockwise rotation or tapped (C) to
dislodge cells from the culture surface.
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Figure 4.6 - Liquid Handling Arm

The liquid handling arm (LiHa) equipped with four stainless steel 5 ml capacity fixed
tips (left image). Each LiHa tip is capable of up moving in a vertical direction. The
LiHa arm can move from left to right across the robot but is not capable of rotation.
Pipetting is achieved using a microfluidics system controlled by valves (right image,
A) and syringes (right image, B) which control the quantity and flow of system liquid
through tubing connected to the LiHa which in turn, determines the quantity of
liquid collected or dispensed by the LiHa tips. The LiHa was used in all protocols
where medium changes occurred in RoboFlasks (including passaging of cells). The
LiHa also mixes cell suspensions and transfers cell suspensions to the collection cup
for the Cedex HiRes to carry out cell counts (figure 4.7).
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Figure 4.7 — Cedex HiRes cell counter

The Cedex HiRes is a fully automated high resolution image scanning system for
guantifying cell number, cell viability (by Trypan Blue exclusion) and cell morphology
based on properties such as cell size and compaction. A) (i) Benchtop Cedex HiRes
Analyser used for manual cell counting (ii) Cell suspensions are loaded into collection
cups which are placed on a carrier (shown in black). B) (i) Cedex HiRes Analyser
integrated with the robot and used for automated cell counting. (ii) A collection cup
inside the robot for collecting cell suspension for automated cell counts. C) Six
images are taken of the cell suspension, these images are analysed using algorithms
to detect cells which are in turn, quantified and displayed to give total cell number
(i). Dead or dying cells stain with Trypan Blue and are also detected. This value is
then used by the software to determine the proportion of viable cells in the
population (ii). A final mean value of viable cell number is then calculated from the
six counts performed (iii). D) Sample image of the cell suspension being counted in
(C). Identified cells are either highlighted with green circles (viable cells) or red circles
(dead cells stained with Trypan Blue). Blue circles highlight clusters of >1 cell.
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Figure 4.8 — Heated microplate carrier and 100 ml trough carriers

(A) A heated carrier to keep medium, enzyme or other reagents at 37 °C
for use during processes such as medium changes or cell harvests. (B)
100 ml trough carriers to store reagents at room temperature. These
troughs (D) are used to hold cell suspension during counting and
dilution steps during the passaging procedure (see section 4.1.4). Cell
suspensions for seeding 96- or 384- well plates are diluted in troughs on
the heated carrier (C, a baffled trough) to enable MCA96-seeding.
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Figure 4.9 — MultiChannel Arm™ 96
The MultiChannel Arm™ 96 (MCA96) is a 96-channel head that can simultaneously
aspirate or dispense from 96 channels. Disposable tips are positioned below the
MCA96 which then loads these tips (left and right images represent before and
after tip loading respectively) by lowering itself into the tips. The MCA96 was used
for seeding cells, changing medium and dissociation of EBs in 96-well plates and
also used to seed cells and change medium in 384-well plates.
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4.1.2 Changing media on flasks using the robot

The medium change process for cultures in RoboFlasks on the robot was used to
maintain routine automated cell cultures and in the automated mTeSR and E8
monolayer cardiomyocyte differentiations carried out in RoboFlasks. Automated
processes such as medium changes consisted of a sequential list of instructions to
the robot (or other integrated hardware) to carry out tasks. These instructions
(scripts) were written and carried out using an integrated PC and EVOware®
software. Scripts allowed the user to command hardware components to carry out
functions such as moving to a particular location and aspirating or dispensing a
chosen medium. These processes in turn could be further optimised to control the
volume of medium pipetted or the speed of pipetting etc. For illustrative purposes,
the medium change script is described here (see also figure 4.10). Firstly, the warm
StoreX incubator removes a chosen RoboFlask from a tower and transfers it to the
robot work surface via the transfer station. The RoMa arm then moves to the flask
clasps it and transports it to the FlaskFlipper. The FlaskFlipper rotates 90°
anticlockwise so that the cap of the RoboFlask is facing upwards. The LiHa tips
sterilise themselves in IMS, dip a droplet of IMS on the outside of the RoboFlask
septum and waits (1 min) for it to evaporate to ensure sterility. Afterwards, the LiHa
enters the flask, removes the medium from the flask and dispenses this in the waste
station. Meanwhile the FlaskFlipper returns to its original position. The LiHa tips
then rinse themselves in the cleaning station. The LiHa tips then move to the trough
containing fresh medium, collect a suitable volume, the FlaskFlipper rotates again

90° anticlockwise and LiHa tips enter and dispense fresh medium into the flask.
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Figure 4.10 - lllustration of the medium change protocol on the robotic platform.
Hardware (highlighted in red outlines) and processes (highlighted in chronological
order) with red (first), blue (second) and yellow (third) that occur during a medium
change protocol. (Top row images) A RoboFlask is retrieved from the warm StoreX.
(A) The RoboFlask is brought out by the flask transfer station. (B) (see blue arrows
marked 2) RoMa arm moves to flask transfer station, retrieves the RoboFlask and
transfers to the FlaskFlipper module (C) (highlighted with yellow arrows marked 3).
(Second row images) Unwanted medium is removed from the RoboFlask. (A)
FlaskFlipper module (with flask locked in place) rotates 90° anticlockwise (highlighted
with red arrow marked 1) so that the RoboFlask septum is pointing upwards allowing
the LiHa arm (B) to enter the flask to aspirate medium (highlighted with blue arrows
marked 2). After collecting unwanted medium, the LiHa arm moves to waste station
(C) (see yellow arrows highlighted 3), the FlaskFlipper returns to its original position
and the LiHa arm dispenses unwanted medium into the waste station then moves to
the cleaning station (see far left image) and rinses tips in cleaning solution. (Bottom
row images) Fresh medium is added to the RoboFlask. (A) The LiHa arm navigates
from the cleaning station to the heated carrier (B)(highlighted with red arrows
marked 1) and collects fresh medium from a trough (example in far left image). (C)
The FlaskFlipper module rotates 90° anticlockwise again (see blue arrow marked 2)
and the LiHa arm moves to the flask (highlighted with yellow arrows marked 3) and
dispenses fresh medium into the flask. The LiHa returns to its original position, the
FlaskFlipper returns to its original position and the RoMa arm then collects the
RoboFlask and returns it to the flask transfer station and the flask is returned to the
warm StoreX for incubation.
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4.1.3 EB differentiation automation

The EB cardiomyocyte differentiation method (Burridge et al., 2011) was the first
method chosen for automation as it was widely used in our lab at the time (Matsa
et al., 2014, Pascut et al., 2013). This method was reported to differentiate both
hESCs and hiPSCs to spontaneously beating cardiomyocytes (yields of 94.7+/-2.4 %
beating EBs per plate) with cardiomyocyte purities between 64 % to 89 % (Burridge
et al., 2011). A core objective of this work was to generate cardiomyocytes from
hESCs and hiPSCs for drug screening; therefore at the start, this represented an
ideal differentiation method for achieving this (although the EB development work
was carried out using HUES7 only). The limitation of carrying out EB differentiations
manually was that using 8-channel pipettes to change medium on EBs or to transfer
EBs between V- and U-bottom 96-well plates was low throughput and time
consuming especially where multiple plates were involved. Furthermore, these
differentiations yielded 0.6+/-0.3x10° cells per plate and a 96 well plate for drug
screening required 2.9x10° cells and 384-well plate required 3.8x10° cells meaning
between 5 and 7 plates of EBs were needed to be able to seed a plate of either
format respectively. As a result, there was a need to increase the throughput of the
differentiations. The MCA96 (figure 4.9) could remove or add medium in 96-wells
simultaneously in a matter of seconds potentially increasing the speed of medium
changes and EB transfers from V- to U-bottom plates. It also had potential for
speeding up the process of dissociating EBs as manually this was also a time
consuming and low throughput process. Additionally, scaling up cell production to
RoboFlask format meant that existing robot cell harvesting processes could be used.

In RoboFlask format, if cell numbers were scaled accordingly (in T25s, 2x10° cells
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per were used for EB seeding per flask, or 80,000 cells per cmz), 7.4x10° cells could
be harvested per RoboFlask for EB seeding, which would be sufficient number to
make 18.5 x 96-well plates (at 4,000 cells per well) with a potential differentiation

output of approximately 11x10° cells.

4.1.4 Automation of monolayer differentiation methods

While the EB method appeared to be scalable with a potential yield of 11x10° cells
from 18.5 x 96-well plates, attempts to automate the method (discussed later in
this chapter) proved unsuccessful at the EB-setup stage. The mTeSR monolayer
method which became available later in the timescale of this work, was successfully
carried out manually in RoboFlasks with yields of 7.3+/-1.2x10° cells per RoboFlask
(>12-fold higher than in EB plates). This method also appeared to be less technically
challenging to automate as it could be carried out by passaging cells and carrying
out medium changes in RoboFlask format, both processes which had already been
established on the robotic platform by others in our group. Furthermore, up to 4
RoboFlasks could be seeded or fed at a time (the FlaskFlipper could hold 4 flasks
simultaneously, and 4 LiHa tips were fitted, enabling access to all 4 flasks
simultaneously) meaning the process could be scaled with existing protocols
already in place on the robot to produce up to nearly 30 million cells at a time. The
secondary objectives of this work were to achieve cardiomyocyte differentiations
with high purities as well as high yields. In addition to achieving increased vyields
relative to the EB method (on a flask vs plate basis), cardiomyocyte purity from the
monolayer method was also very high when differentiations were carried out

manually (98.7 % positive for a-actinin and 97.4 % positive for cardiac troponin T).
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Therefore, the decision was made to abandon EB development work on the robot

to develop the mTeSR monolayer method instead.

At a later stage in the work, a newer monolayer cardiomyocyte differentiation
method was published (Burridge et al., 2014) which relied on E8 for routine cell
culture, a medium which was cheaper than mTeSR (after discount, £0.20/ml
compared to £0.34/ml respectively) and less susceptible to batch variation as it did
not contain albumin (Chen et al., 2011). It was also claimed that purities of >95 %
hPSC-cardiomyocytes could be achieved and yields of 100 cardiomyocytes to each
input hPSC using this differentiation method (Burridge et al., 2014) suggesting that
this method was even more scalable than the mTeSR monolayer method (yields
were approximately 1:1 for input and output of cells respectively). To investigate
whether this method would be capable of generating improved cardiomyocyte
yields, it was also tested on the robot. As with the mTeSR monolayer method,
automating this method only required the passaging and medium change scripts on
the robot which meant that minimal process development would be required to

automate this method.

4.1.5 Choice of cell lines

The HUES7 hESC line was used for the automation of the EB differentiation method
and the mTeSR monolayer method development. This line was chosen because it
was the most commonly used cell line in our labs at the time, was used for EB

differentiation (Matsa et al., 2014, Pascut et al., 2013) and had also been used in
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the development of the mTeSR monolayer method before this method was used for
this work. It was also intended over the course of this work, that once a suitable
method had been automated, to carry out the process using hiPSC lines to make
patient specific cardiomyocyte banks so that drug screening could be carried out
using these cells. Efforts were made by others in the group (Gary Duncan) to
generate a library of integration-free hiPSC lines derived in E6/ES8. The first two lines
to become available from this work were the LQT2 and CPVT hiPSC lines (also used
in Chapter 3). It was for this reason that these two lines were used in the testing of

E8 culture on the robot and for differentiations on the robot.

4.1.6 Cell harvesting on the robot

Routine passaging of hPSCs on the robot was carried out by a process that could be
split into four stages, cell harvesting, cell counting, cell dilution and cell suspension
mixing/seeding. These processes were used for setting up both monolayer and EB
differentiations on the robot. To illustrate the context in which manual processes

were adapted for automation, an explanation of these four stages is warranted.

4.1.6.1 Cell harvesting (stage 1)

The script for cell harvesting on the robot was previously developed and optimised
by other in the group. This process was not modified for the work carried out in this
thesis. Cell harvesting began with a RoboFlask being brought out of the warm
StoreX, placed onto the FlaskFlipper and medium was removed and disposed of in

the waste station by the LiHa tips. DPBS was added, the flasks were then rocked by
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the FlaskFlipper to remove/dilute residual medium and DPBS was then discarded.
Enzyme (accutase) was added to the RoboFlask, which was then rocked to ensure
complete coverage of the cell surface. The accutase was then aspirated to leave a
thin film of residual enzyme and the FlaskFlipper set to the horizontal position. Cells
were incubated for 10 min, after which the FlaskFlipper tapped the flask to dislodge
cells. Plating medium was then collected by the LiHa tips and added to the flask, the
flask was rocked to ensure cells entered suspension and cell suspension was then
transferred to a 100 ml trough (Figure 4.11 top right image, A). A further wash with
plating medium was carried out to maximise the number of cells harvested and the

old flask was discarded.

Cell counting and dilution

wr my

b,
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Figure 4.11 — Cell counting, dilution, mixing and seeding on the robot

(Top images) Cell suspension is transferred to a 100 ml trough after harvesting from a
RoboFlask (A). A cell count is performed by collecting 300 ul cell suspension with a LiHa
tip and dispensing it into a collection cup (B) connected to the Cedex HiRes. After the
cell count is performed a dilution of the cell suspension is made by transferring an
appropriate quantity of medium from (C) into (A) and mixing with the LiHa tips then
transferring appropriate cell number into RoboFlask(s). For seeding EB differentiations,
cell suspension is taken from (A) and transferred to (C) instead. (Bottom images) To mix
and seed cell suspension for EB differentiations, the trough containing cells (B) is picked
up by the RoMa arm, placed on the FlaskFlipper and rocked then tapped. The trough is
then returned to the warm carrier and cell suspension is collected by the MCA96 and
seeded into a 96-well plate.

4.1.6.2 Cell counting (stage 2) and dilution (stage 3)

The cell suspension in the 100 ml trough was mixed by the LiHa and a 300 ul sample
was taken and dispensed into a collection cup connected to the integrated Cedex
HiRes cell counter for cell counting. When a cell count was generated, this was used
to calculate a suitable cell dilution to seed fresh flasks (these calculations were done
manually for routine seeding but could be carried out by the robot if needed). To
seed RoboFlasks for routine passaging, diluent medium was taken from a 300 ml
baffled trough (figure 4.11 bottom images B) to generate a cell suspension at
correct cell concentration for plating. To seed EBs, the process was modified
whereby; cell suspension was taken from the 100 ml trough (figure 4.11 top right
image A) and added to the diluent medium in the baffled trough. Stages 2 and 3

required 8 min to complete for the EB setup process.
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4.1.6.3 Cell mixing and seeding (stage 4)

The cell suspension prepared in stages 2 and 3 required mixing to ensure an evenly
distributed cell suspension so that even cell seeding could occur in the recipient
plates. To achieve this, the baffled trough containing cell suspension was
transported to the FlaskFlipper, rocked and tapped to mix the suspension. The
trough was then returned to the heated carrier, the MCA96 carried out a final mix
by pipetting up and down 3 times and then collected cell suspension which was

then seeded in recipient 96-well V-bottom plates for EB formation.

4.1.7 Chapter Aims

- Develop an automated method(s) for differentiating hESCs and hiPSCs to
cardiomyocytes. With the aim of maximising cell yield, throughput and
purity of output cardiomyocytes.

- Where necessary, develop processes for culturing hPSCs in new culture
conditions on the robot if they have not already been tested or developed
(ie. E8 culture).

- Develop and test automated methods for dissociation of differentiated EBs
or monolayers.

- Develop automated processes for Matrigel coating 384-well plates for cell
seeding, for even cell seeding in 384-well plates and for carrying out medium

changes.
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4.2 Results

4.2.1 Variables for developing and testing an automated process for EB
formation

The first objective of this chapter was to automate HUES7 harvesting and plating for
EB formation, which constituted the start of the EB differentiation process. To
achieve this, a comparison was made between the cell harvesting process used by
the robot and the manual process. Several variables arose from this comparison,
including: 1) different enzymes (trypsin 0.05 % manually and accutase on the robot);
2) manual passaging was carried out with enzyme incubation at 37 °C while robot
enzyme treatment was at RT; 3) harvested cell suspensions were centrifuged when
passaging manually and not centrifuged in robot passaging; and 4) duration of
enzyme exposure in manual passaging was 1 min and on the robot; 10 min. A series
of experiments were carried out to test these variables for their suitability in
forming EBs and whether these EBs would spontaneously beat between day 10 and

12 of differentiation.

4.2.2 Effect of different enzymes and room temperature enzyme incubation on
hESC EB formation and differentiation to cardiomyocytes

Routine hPSC passaging on the robot involved incubating cells treated with accutase
at RT, a process that was well established on the robot. However, routine manual
passaging and passaging to set up EB differentiations using HUES7 cells involved
carrying out this incubation step using 0.05 % trypsin at 37 °C (Matsa et al., 2014,
Pascut et al.,, 2013). Furthermore, the method from which our EB differentiation

protocol was derived used TrypLE in routine culture and during EB setup (Burridge
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et al.,, 2011). To determine whether RT cell harvesting was compatible with EB
formation and differentiation, the manual process was carried out using trypsin,
accutase and TrypLE at RT and at 37 °C. Following 37 °C incubation cell harvesting
was achieved by tapping the flask to dislodge cells and re-suspending cells in hESC
medium containing KnockOut serum replacement to neutralise enzyme. Cells were
centrifuged and then re-suspended in day O EB differentiation medium and plated
in 96-well V-bottom plates for EB formation. To harvest cells at RT, enzyme was
added and the flask was rocked periodically to assess when cells had fully
dissociated from the culture surface, when this was achieved, the time was
recorded and as before, cells were re-suspended, centrifuged, then plated for EB
formation. With 37 °C enzyme incubation, EB transfer was achieved in >95 % of
wells (95.5+/-0.7 % for trypsin, 99+/-0 % for accutase and 96+/-1.4 % for TrypLE)
(table 4.1). With RT enzyme harvest, EB transfer was >97 % (99+/-1.4 % for trypsin,
98.5+/-0.7 % for accutase and 97.5+/-0.7 % for TrypLE, (all SD, all n=2 plates per
condition)) and there was no significant difference between any of these conditions
(one-way ANOVA with TMCT). When differentiation outcome was assessed by
qguantifying the proportion of wells with beating EBs (for 37 °C enzyme setups),
accutase achieved the highest proportion with 92.5+/-7.8 % followed by trypsin at
73.5+/-5 % and TrypLE achieved the lowest with 67+/-14.1 %. With all three
enzymes, proportion of beating EBs declined with RT enzyme incubation relative to
37 °C enzyme incubation however, for trypsin and TrypLE, this change was only
significant between trypsin at 37 °C (73.5+/-5 %) or TrypLE at 37 °C (67+/-14.1 %)
and TrypLE at RT (3.5+/-0.7 %) (p<0.001 and 0.01 respectively, one-way ANOVA with

TMCT). For accutase, the difference was significant between accutase at 37 °C
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(92.54/-7.8 %) and all EB setups with RT enzyme harvest (trypsin, 48.5+/-5 %
p<0.01, accutase, 58+/-7.1 % p<0.05, TrypLE, 3.5+/-0.7 % p<0.001). As accutase
gave the highest proportion of beating EBs from 37 °C and RT harvest and because it
was already being used on the robot, it was used for all further EB automation

work.

Table 4.1 - Effect of varying enzyme and temperature of incubation on EB
formation and differentiation success.

HUES7 cells were harvested using trypsin, accutase or TrypLE at either room
temperature (21 °C) or 37 °C. Duration at room temperature was determined by the
time taken for cells to fully detach by rocking (n=1 flask per condition), for 37 °C
incubations, duration of enzyme exposure was determined by existing lab protocols.
Two replicate 96 well plates were set up for each differentiation (values +/- SD).

Trypsin 37°C + spin 95.5+/-0.7 % 73.5+/-5%
Accutase 37 °C 3 + spin 99+/-0 % 92.5+/-7.8 %
TrypLE 37 °C 3 + spin 96+/-1.4 % 67+/-14.1 %
Trypsin RT 2:13 + spin 99+/-1.4 % 48.5+/-5 %
Accutase RT 2:35 + spin 98.5+/-0.7 % 58+/-7.1%
TrypLE RT 3:30 + spin 97.5+/-0.7 % 3.5+/-0.7 %

4.2.3 Effect of harvesting cells by contact method using accutase on hESC EB
formation and differentiation to cardiomyocytes

There were several other variables (than temperature of enzyme treatment) in the
automated cell harvesting process compared to manual cell harvest. In the
automated process, 0.03 ml/cm? (3 ml) of enzyme was added the flask to coat the

cells in enzyme before most of this (excluding some residual volume) was aspirated
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to leave a thin film of enzyme. It required 10 min of incubation before cells were
then dissociated by gentle repeated tapping using the flask handling device. Fresh
medium was then added to the cells which were then harvested from the flask and
deposited into a collection trough without a centrifugation step (there was no
capacity for centrifugation on the robot). By contrast, the manual method involved
adding 0.1 ml/cm? enzyme, incubating for 1 min at 37 °C, tapping the flask and then
adding hESC medium containing KnockOut serum replacement to the enzyme and
cells. This suspension was then centrifuged and cells were re-suspended in plating
medium. Therefore, two variables were tested (all carried out manually) to further
assess the compatibility of the robot method with EB formation and differentiation
of HUES7 hESCs. Firstly, enzyme incubation time was extended to 5 min and 10 min
and secondly, the process of aspirating enzyme to leave a thin film, with RT
incubation, followed by harvesting cells using gentle tapping of the flask and re-
suspension of cells directly in “plating media” was tested (i.e. in the absence of

4

centrifugation, referred to as “—spin” in table 4.2, “+spin” refers to cells being
harvested using the manual method with centrifugation). Where cells were
harvested with 10 min incubation and “—spin”, EB transfer was 99+/-0 % and
proportion of beating EBs was 81.5+/-3.5 % (table 4.2). With the same conditions
and 5 min incubation, EB transfer and proportion of beating EBs were both lower at
94+/-5.6 % and 68+/-18.4 % (both n=2 plates). These data suggested that 10 min
enzyme treatment was better than 5 min (using accutase) and that the conditions
used by the robot (10 min incubation at RT, gentle tapping and resuspension

directly in plating medium) were compatible with the EB differentiation method and

even gave good differentiation outcomes for both EB transfer and proportion of
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beating EBs. For this reason, the robot cell harvesting method was tested without

any modifications.

Table 4.2 — Effect of increasing incubation time at room temperature and
comparison of centrifugation and non-centrifugation prior to EB setup.

Accutase dissociation at 37 °C for 3 min with centrifugation was used as a control to
test that the starting HUES7 cell population and reagents were able to give
successful differentiations as this condition was shown to work previously (table
4.1). Incubation time in accutase was increased to 5 min and 10 min at RT to
determine whether these durations were compatible with EB differentiation (10
min is needed by the robot to carry out cell harvesting). Cell harvest without
centrifugation involved adding enzyme, aspirating to leave a thin film of enzyme,
tapping flasks to dislodge cells at the end of the incubation period and re-
suspending in desired media for plating. Two replicate plates were set up for each
condition unless otherwise stated (values+/- SD).

Accutase 37 °C + spin 96 % 72 % (n=1)
Accutase RT 5 + spin 97.5+/-0.7% 88 +/-7.1%
Accutase RT 5 - spin 94 +/-5.6 % 68 +/-18.4 %
Accutase RT 10 - spin 99 +/-0 % 81.5+/-3.5%

4.2.4 Comparison of incubators, manual and robot cell suspension seeding and
effect of penicillin/streptomycin on the formation and differentiation of
EBs

Before the robot could seed a 96-well plate, the harvested cell suspension in the
collection trough was mixed with plating medium in a larger, 300 ml baffled trough.
From this trough, the MCA96 could then collect cell suspension to seed a 96-well
plate. At this stage, three further variables required testing. Firstly, whether HUES7-
EBs could form and differentiate after the robot MCA96 seeded the cell suspension

into a 96-well plate. Secondly, whether HUES7 cells seeded by the robot could be

110



Chapter 4 Developing Automated Processes for
Cardiomyocyte Differentiation and Drug Screening

stored in the StoreX warm incubator and still form EBs and differentiate. The StoreX
incubators consist of 5 towers for holding culture flasks and plates resting on a
rotating plate. This plate rotated whenever the incubator door was opened or when
the robot needed to retrieve a flask or plate from the incubator. This test was
needed to confirm that the rotation did not have an adverse effect on the
formation of EBs. Thirdly, whether the addition of 0.5 % penicillin/streptomycin
(pen/strep) to EB differentiation medium would impact EB formation or
differentiation. Standard practice for all cultures on the robot was to add pen/strep
to avoid contaminations as the process of decontamination was both costly and
time consuming while the standard practice in the manual labs was to not use
pen/strep in cultures. When a 96-well plate was seeded by the robot using a
manually-prepared, counted and mixed cell suspension in a baffled trough, stored
in the StoreX and differentiated with medium containing pen/strep, the proportion
of EBs transferred was high at 98 % and proportion of beating EBs was 100 % (figure
4.12). Manually seeded EBs with the same conditions also gave 100 % beating EBs
but with fewer EBs transferred (88 %) (n=1 for each). These results indicated that
cell suspensions seeded by the robot could successfully differentiate, that EB
formation and differentiation was not negatively affected by pen/strep or

incubation in the StoreX incubator.
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Figure 4.12 — Testing robot cell suspension seeding, HUES7 EB formation in the
StoreX incubator and Pen/Strep incubation with EB formation.

Manually harvested and counted cell suspensions were either plated manually or
by the robot where shown. A) Table comparing storage of EBs in either robot
StoreX incubator or manual incubator and comparing EB formation from robot
seeded cell suspension with manually seeded. One 96 well plate seeded per
condition tested. B) Images show EB formation after 24 hr in the presence or
absence of pen/strep in the day 0 differentiation medium. Scale bar =2 mm.

4.2.5 Automating the process of hESC harvesting and seeding for EB formation
and differentiation to cardiomyocytes

In the previous section, a manually prepared suspension was dispensed by the
robot MCA96 into 96-well plates and gave good EB transfer and differentiation
outcome. However, to fully automate the process, the robot was required to
perform a cell harvest, count and dilution prior to seeding 96-well plates. Several
initial attempts to do this in one continuous process were unsuccessful with no EB
formation and therefore no successful differentiation. Therefore, to identify the
cause of the issues, the process was broken up into 4 separate stages: 1) cell
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harvest; 2) cell count; 3) cell dilution and 4) cell suspension mix and seed (figure
4.13). These stages were carried out by the robot or manually or a combination of
the two. For each condition, 10,000 cells were seeded per well and EB formation
was tested after 24 hr by staining cells with Calcein AM, Hoechst33342 and PI to
determine cell viability. When all four stages were carried out by the robot, 0 % EB
formation occurred but 10,621+/-1054 cells transferred (92.7+/-0.7 % PI positive
and therefore dead), indicating that the robot process led to the death of most cells
(figure 4.13C). When the process was carried out manually (mimicking the robot
harvesting method), 8078 cells transferred, (57.5 % Pl positive) but EB formation
had occurred indicating the process had worked and that the input cells and

reagents were permissive to cell survival and EB formation.

Since EB formation was successful when all four stages were carried out manually
(mimicking the robot process for harvesting; counting; diluting; mixing and seeding)
each step was systematically carried out manually in isolation and the remaining
steps carried out by the robot to identify where the failure in the process was
occurring (figure 4.13A). Therefore, when the cell harvest was carried out manually
(stage 1) but the remaining stages (counting; dilution; mix and seeding) were
carried out by the robot, most cells died (9436+/-317.3 cells transferred, 93.9+/-1.1
% Pl positive) and no EBs formed. Similarly, when the robot carried out the first
three stages, no EB formation occurred and most cells died (7638+/-1730 cells
transferred, 87.6+/-3.3 % PI positive). Finally, when stages 1 and 4 (harvesting and

cell suspension mix and seeding) were carried out manually and stages 2 and 3
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carried out by the robot (cell counting and cell dilution) again, no EB formation
occurred and most cells died (11046+/-1249 cells transferred, 96.7+/-0.6 % PI

positive). This suggested that the issue was with either stage 2 or 3 (or both) in the

process.
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Figure 4.13 - Testing automation of the different steps of day 0 HUES7 EB setup
for differentiation.

A) The EB setup process was split into four steps: cell harvest, cell count, cell
dilution and mixing/seeding of cell suspension. Boxes in grey denote processes
carried out by the robot, boxes in blue denote processes carried out manually.
After 24 hr, EB formation was tested by transferring the entire contents of
randomly selected wells or columns in V-bottom plates to flat bottom plates for
staining with Calcein AM, Hoechst33342 and PI for imaging. Second row, contents
of two wells were pooled into one flat-bottom well for analysis (represents n=2
wells). All other conditions were n=8 wells. B) Quantification of cell number
transferred from v-bottom to flat-bottom wells for each condition. C) Percentage
of cells staining positively for Pl per condition. Scale bars =2 mm
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4.2.6 Investigation of problems with EB formation during automated cell
counting and dilution steps

To identify whether the problems with EB formation were originating from stage 2,
stage 3, or both stages in the differentiation process, another experiment was
carried out to isolate each process (figure 4.14). Where stages 2 and 3 were tested
by the robot, cell suspension was kept in a collection trough to enable counting,
while diluent medium was kept in a 300 ml baffled trough. When all four stages
were carried out manually, EB formation was achieved (and 7433+/-801.3 cells
transferred) confirming there were no issues with the cells or reagents. However,
where only stage 2 (cell count only, 5209+/-598.1 cells transferred, 95.6+/-2 % PI
positive) or stage 3 and 4 (cell dilution and cell seeding, 8617+/-622.2 cells
transferred, 95.9+/-0.8 % Pl positive) was carried out by the robot, EB formation did
not occur suggesting that the issue was either with both processes or something

occurring in the background.
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Figure 4.14 - Testing the automated cell count and cell dilution steps to
determine the cause of no HUES7 EB formation.
A) EB setup for differentiation was carried out with either automated cell
counting process only or automated cell dilution process only (blue boxes —
processes carried out manually, grey boxes — processes carried out by the
robot). Cells were kept at room temperature in an autoclaved 300 ml baffled
trough while each process was carried out by the robot. Cell harvest and
mix/cell seeding were carried out manually from these troughs. After 24 hr, EB
formation was tested by transferring the entire contents of randomly selected
wells or columns in V-bottom plates to flat bottom plates for staining with
Calcein AM, Hoechst33342 and PI for imaging. B) Quantification of cell number
transferred from v-bottom to flat-bottom wells for each condition. C)
Percentage of cells staining positively for Pl per condition. Scale bars = 2 mm.
Top row n=4 wells second and third row n= 16 wells.

4.2.7 Testing incubation time and its effect on EB formation during the

automated cell counting and dilution steps

In order to test whether EB formation problems were a result of background issues

instead of the process of cell counting or dilution by the robot, an experiment was

set up to replicate the environmental conditions the cells underwent during the cell
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count and dilution stages without physically carrying out a count or dilution using
the robot. To ensure no issues were occurring with reagents or cells, the process
was carried out manually and EB formation was achieved with 6724+/-411.9 cells
transferred (figure 4.15B). Carrying out stages 3 and 4 with the robot led to no EB
formation as seen in figure 4.14A with 10990+/-435.7 cells transferred and most
cells died (94.1+/-3.4 % cells positive for Pl). Cells harvested manually were then
counted, diluted and the cell suspension was plated by the robot, this led to EB
formation (8525+/-238.1 cells transferred). The length of time taken for the robot
to carry out a cell count and cell dilution was 8 min. To test whether following
harvest, incubating cells at RT for this length of time may be the reason for lack of
EB formation, cells were incubated in a 30 ml universal tube (routinely used during
manual EB setups) for 8 min, afterwards, the cell suspension was transferred to a
baffled trough and seeded by the robot. This led to successful EB formation,
suggesting that this added incubation time was not the problem (cell transfer was
6766+/-789.7). When the same process was carried out but cells were incubated in
an autoclaved 300 ml baffled trough, this led to no EB formation and most cells died
(cell transfer was 10663+/-481.3 and 98.1+/-0.5 % PI positive cells) suggesting that

the issue lay with the choice of plasticware used during this incubation step.
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Figure 4.15 - Testing duration of incubation and format on HUES7 EB formation after

24 hours.

(A) (Top row) hESCs were seeded for EB differentiation manually, (far right) a
representative image of an EB formed after 24 hr. (Second row) hESCs were incubated in
a baffled trough while the robot carried out a cell dilution from a manual cell count and
then seeded the cells for EB formation, a representative image shows no EB formation
after 24 hr (far right). (Third row) hESCs were harvested, counted and diluted manually in
a 30 ml universal tube prior to adding the cell suspension to a baffled trough for the robot
to seed for EB formation, a representative image shows EB formation occurred after 24
hr. (Fourth row) Cells harvested manually were incubated for 8 min (the time taken for
the robot to carry out a count and cell dilution) in a 30 ml universal tube prior to adding
cell suspension to a baffled trough for the robot to seed hESCs for EB formation, a
representative image shows EB formation after 24 hr (far right). (Bottom row) manually
harvested hESCs were incubated for 8 min in an autoclaved 300 ml baffled trough from
which cells were seeded by the robot for EB formation. A representative image shows no
EB formation after 24 hr (far right). EB formation was tested by transferring the entire
contents of randomly selected columns in V-bottom plates to flat bottom plates for
staining with Calcein AM, Hoechst33342 and Pl for imaging. (B) Quantification of cell
number transferred from v-bottom to flat-bottom wells for each condition. (C) Percentage
of cells staining positively for Pl per condition. Scale bars = 2 mm, all n=8 wells.
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4.2.8 Testing different trough formats for their effect on EB formation

In the next set of experiments surface area and type of plasticware were tested to
see whether either of these factors was the cause of EB formation issues. Different
types of trough of different sizes were tested to identify whether there was a
relationship between exposed surface area and the effect on EB formation (figure
4.16A). When HUES7 cells were incubated for 8 min in a 30 ml universal tube as in
figure 4.15, EB formation was achieved, with 6849+/-646.5 cells transferred. When
this incubation was carried out in one well of a fresh 24 or 4 well trough in both
cases EB formation was achieved (8950+/-658.2 and 5377+/-1339 cells transferred
respectively). When carried out in a fresh 300 ml baffled trough, EB formation was
achieved (8208+/-1288 cells transferred), but when carried out in an autoclaved
baffled trough, EB formation did not occur, cell transfer was 10102+/-4585 and
most cells died (92.3+/-3.7 % cells positive for PI). This identified the issue as being a
result of using autoclaved plasticware. As a result, autoclaved plasticware was not

used in any further EB setups on the robot.
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Figure 4.16 — Testing different trough formats for effect on HUES7 EB formation
at 24 hr post-seeding.

(A) Cells were harvested, counted, diluted and seeded manually. During the cell
count and dilution step, cells were incubated for 8 min in either a 30 ml universal
tube, one well of a fresh 24-well trough, one well of a fresh 4-well trough, in an
autoclaved 300 ml baffled trough and a non-autoclaved (fresh) 300 ml baffled
trough. After 24 hr, EB formation was tested by transferring the entire contents of
randomly selected wells or columns in V-bottom plates to flat bottom plates for
staining with Calcein AM, Hoechst33342 and PI for imaging. (B) Quantification of
cell number transferred from v-bottom to flat-bottom wells for each condition.
(C) Percentage of cells staining positively for Pl per condition. Scale bars = 2 mm.
All n=8 wells.

4.2.9 Robot liquid handling pipette vectors and speeds for medium changes in
96 well U-bottom and V-bottom plates

In order to carry out medium changes in 96-well plates containing EBs, experiments
to test and identify appropriate vectors and dispense speeds were performed. To
avoid issues such as tip collisions with wells (which would cause the robot to enter
an “error” state and prematurely interrupt any process being carried out),
inappropriate aspiration of EBs or damage to EBs, three variables required

optimising for medium changes in 96 well plates (figure 4.17). These were: 1) tip
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positioning vectors (the “Z” (or vertical) vector, “X” vector (from left to right when
facing the robot) and “Y” vector (from closer to further away when facing the
robot)); 2) aspiration rate for collecting spent medium from the well and 3) fresh
medium dispense rate within the well. The “Z” vector was set at 158 mm (termed Z-
maximum) below the starting location of the MCA head which was sufficiently
above the well bottom to avoid collision. Below this point there was also a risk that
the EB would be aspirated with the medium, damaged by the tip or by the
dispensing of medium. This vector was also optimised to ensure the maximum
amount of medium was removed from the well during medium changes, which is
particularly important on day 2 of EB-differentiation to ensure maximum
removal/dilution of insulin from the medium which can prevent successful
differentiation (Burridge et al., 2011). This vector was found to be suitable for both
U-bottom and V-bottom 96-well plates. In order to avoid directly dispensing
medium on to the EB which could damage it or increase the risk of it being
aspirated, an offset was needed in either the Y- or X-axis. The Y-axis was left
unchanged and an offset in the X-axis of 2.5 mm to the left of the centre of the well
(0.75 mm from the well edge) was set for routine medium change scripts. To further
minimise risk of EB aspiration or damage, the rate of medium aspiration or
dispensing was also adjusted (normally 100 pl/sec). This was reduced to 10 pl/sec
for aspirations and 20 pl/sec for dispensing. At this rate, dispensed medium had the
effect of dislodging and lifting the EB in the wells but this was not enough to cause
damage to EBs (which remained intact even following feeds on day 2 when EBs

were relatively newly formed).
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Figure 4.17 — The vectors for medium changes carried out in 96 well U-bottom and
V-bottom plates using the robot from day 8 onwards.

(Left two columns) illustrated examples of potential issues encountered when non-
optimal tip positioning vectors, aspiration rates or dispense rates are chosen for
medium changes with explanations associated with each potential issue. (Right three
columns) illustrated examples of ideal vectors for optimal medium changes with
vectors chosen through testing with EBs in 96 well U-bottom and V-bottom plates
and relevant comments.
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4.2.10 Robot liquid handling pipette vectors and speeds for transferring EBs from
96 well V-bottom plates to 96-well U-bottom plates

As in 4.2.9, it was also necessary to identify suitable vectors and aspirate/dispense
speeds for transferring EBs from V-bottom plates to U-bottom plates. In order to
achieve this, tests were carried out to identify the correct vectors and pipetting
speeds needed to dislodge the EBs suitably so that they could then be taken up by
aspiration and then dispensed into fresh U-bottom wells without damaging them
(figure 4.18). To ensure this, EB-collection was achieved by dispensing medium at 20
ul/sec with the offset used in 4.2.9 (2.5 mm to the left of well centre in the X-axis)
to cause the EB to be dislodged. The MCA tips were then moved to the centre of the
well (X,Y = 0,0) and Z-height was raised by 2 mm above Z-maximum to allow
improved clearance in the well. Aspiration speed was increased to 40 pl/sec and
this was sufficient to enable EB capture in the tip and a suitable volume of media
transfer to the U-bottom plate (EBs required 4 days without a medium change so
maximum transfer of medium was desirable). EBs were dispensed using the 2.5 mm
X-axis offset and at 3 mm above Z-maximum giving suitable clearance to avoid

dispensing / impaling the EBs directly against the bottom of the well.
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Figure 4.18 — Vectors for enabling EB transfer from V-bottom to U-bottom plate
on day 4 of differentiation.

(Left two columns) illustrated examples of potential issues encountered when
non-optimal aspiration rates or dispense rates are chosen for EB transfer with
explanations associated with each potential issue. (Right three columns)
illustrated examples of ideal aspiration and dispense rates for successful transfer
of EBs from V-bottom to U-bottom plates chosen through testing and relevant
comments.
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4.2.11 Testing automation of the complete HUES7 EB differentiation process

In section 4.2.9 the appropriate vectors and liquid aspiration and dispense rates
were established for the medium changes on day 2, 4 and 8 of differentiation while
in section 4.2.10, these were established for the EB transfer process from V-bottom
to U-bottom plates. Having also identified the issues preventing correct EB
formation in 4.2.7, the next step was to test whether all the different steps in the EB
differentiation process could now be carried out and give good differentiation
efficiencies (proportion of beating EBs). To this end, different combinations of
processes were carried out either manually or by the robot (figure 4.19A), these
included the day 0 EB setup, day 2 medium change, day 4 medium change with
transfer to U-bottom plates and the day 8 medium change. When the robot carried
out the EB setup step, EB formation occurred (figure 4.19B images 1-4) indicating
that the EB formation problem had been solved by replacing autoclaved plasticware
with fresh plasticware. EB transfer was >98 % across all plates seeded by the robot.
Mean size of EB measured after transfer on day 4 ranged from 222.7+/-32.2 to
262.8+/-61.3x10° um?. However, although the EBs formed successfully, none of the
EBs generated by the robot were beating at day 10. However, in all cases where EBs
were set up manually, differentiations succeeded with proportion of beating EBs
ranging from 85.4 % to 96.8 % on day 10. EB formation and transfer on day 4 was
>99 % in all cases and mean EB sizes ranged from 468.5+/-55.3 to 550.4+/—54.2x103
um2 representing an approximately 2-fold increase over the size of EBs seeded by
the robot. EB maintenance by the robot from day 2 onwards gave 95.8 % beating
EBs indicating that all processes except for day 0 setup were amenable to successful

differentiations. Although problems remained with the process of EB setup on day
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0, overall, the rest of the processes were capable of generating good differentiation
outcomes of (in all but one case where the outcome was 85.4 %) >90 % beating EBs.
The presence of fully formed/intact EBs from day 2 of robot handling onwards
demonstrated that the vectors and liquid transfer speeds from 4.2.9 and 4.2.10
were adequate in avoiding damage to EBs across all stages and that medium

transfers were sufficient to allow EBs to survive and differentiate successfully.

A B
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Cell |EBMedium % EBs Mean EB size | EB Medium
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Figure 4.19 — Testing the full 8-day EB differentiation process using the robotic
platform.

Day O cell harvest and EB setup, day 2 media change, day 4 media change and EB
transfer and day 8 media change were all tested with automated scripts or
manually for ability to generate beating EBs by day 10 of differentiation, measured
as percentage of total EBs beating by day 10 (A). Percentage EB formation and EB
size were also determined on day 4 by imaging using the Cellavista plate reader.
(B) Representative images of EBs taken from each plate shown in A). Row 7,
highlighted with * was discarded on day 6 due to loss of the plate lid. Scale bars =
2 mm, values +/- SD. One 96 well plate set up per condition with all 96 wells
seeded per plate.
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4.2.12 Developing a centrifugation-free EB dissociation method

As mentioned in chapter 3, manual dissociation of EBs was low throughput with
only 8 EBs being dissociated at a time. To increase the rate at which EBs could be
dissociated to generate cardiomyocyte cell suspensions, an automated dissociation
method was developed to take advantage of the MCA96’s capability to add, remove
or mix medium in 96 wells simultaneously. Manual testing of different dissociation
conditions revealed that while the existing T/A method was effective at dissociating
EBs (figure 4.20 ii, far left image), addition of RPMI-PVA to the enzyme mix had the
effect of increasing the rate at which cells deposited on the bottom of the well
following 10 min incubation. In the absence of PVA, (figure 4.20A ii — far left image)
cells still remained in suspension however, where T/A and RPMI-PVA were
combined in a 3:1 ratio, good dissociation was achieved and full deposition of cells
was achieved after 10 min incubation (figure 4.20Aii - far right image). This
deposition property offered a potential alternative to plate centrifugation which
was not possible on the robot. T/A:RPMI-PVA (3:1) dissociation was tested with a
range of pipetting speeds and incubation (37 °C, warm StoreX) times on the robot
until EBs were sufficiently dissociated (figure 4.20B i). The maximum “safe” (for the
equipment) pipetting speed for the MCA96 was 300 pl/sec and this was chosen as
the highest speed used decreasing with graduations of 50 pl/sec down to 150 pl/sec
. At higher pipetting speeds less enzyme incubation time was required to achieve
full dissociation (see images - figure 4.20 B ii)). When cells were transferred to flat
bottom plates and incubated for 24 hr, cell viability was 74.9+/-0.5 and 75.6+/-1 %
for 300 pl/sec and 250 pl/sec respectively decreasing (p<0.0001) to 53+/-1.1 and

52.8+/-2.5 % at 200 pl/sec and 150 pl/sec suggesting that further rounds of enzyme
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treatment and pipetting had the effect of decreasing cell viability. For this reason,
Accumax/RPMI-PVA (3:1), with 2 rounds of 4 min incubation and pipetting at 300

ul/sec was chosen as the desired EB dissociation method on the robot.
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Figure 4.20 — Developing a centrifugation-free dissociation strategy for EBs on the

robot.

(A) hESC derived beating EBs were manually dissociated using the trypsin/Accumax
method or Accumax combined with RPMI-PVA at a 1:1, 2:1 or 3:1 ratio. (i) EBs prior
to dissociation. (ii) After 20 min of incubation in the presence of enzyme, the
solution was neutralised with either RPMI-PVA containing 20 % FBS (right three
columns) or regular RPMI with 20 % FBS (left column) and cells were incubated for
10 minutes to allow sedimentation. Cells in PVA containing media had deposited on
the bottom of the well (right three columns) while cells not in the presence of PVA
were still in suspension (left column). (B) (i) This method was tested on the robot
with pipetting speeds of 300, 250, 200 and 150 pl/sec (20 up/down pipetting
actions per round) to break up day-17 hESC EBs following 4-min rounds of
incubation in enzyme prior to pipetting. Cells were then transferred to flat-
bottomed 96 well plates and viability was measured by combined Hoescht33342, Pl
and CalceinAM staining after 24 hr (error bars = SD) (from left to right, n=6, 7, 8 and
8 wells). No difference between 300 pl and 250 pl/sec but 200 ul and 150 pl were
significantly lower than 300 (p<0.0001, One-way ANOVA) (B) (ii) Representative
images of 20 day old EBs before and after dissociation by this method. Scale bars in
(A) = 100 um, scale bar in (B) (ii) =2 mm.

4.2.13 Testing a lactate-based method for enriching cardiomyocytes in EBs

While the EB differentiation method was capable of achieving yields of up to 100 %
beating EBs per 96-well plate (figure 4.12), this did not reflect the cardiomyocyte
purities in HUES7-derived EBs which were found to be as low as 32.6+/-0.5 % (figure
4.21 A). In order to test whether a combined process of automated purification and
harvesting of cardiomyocytes could be used to generate high purity cardiomyocyte
cell suspensions from EB differentiations, cardiomyocyte enrichment and
dissociation was testing on the robot (figure 4.21) using a lactate-based enrichment
method (Tohyama et al.,, 2013). EBs manually treated with glucose-free lactate
containing medium for 4 days and dissociated manually were enriched 2.8-fold up
to 90.1+/-2.1 % cardiomyocytes compared to untreated controls with purities of

32.6+/-1.1 %. When enrichment and dissociation was carried out by the robot the
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value was marginally lower at 89.5+/-6.6 %. That this difference in purity was likely
a result of lactate purification was supported by 3.2-fold and 6.5-fold decreases in
total cell number per well compared to untreated manual dissociated controls, in
manual treated/manual dissociated (from 16036+/-1002 cells to 5033+/-347
(p<0.0001, all one-way ANOVA with Dunnet’s multiple comparison test (DMCT)) and
robot treated/robot dissociated wells (from 16036+/-1002 cells to 2473+/-1734
(p<0.0001). EBs enriched and dissociated by the robot (total cell number of 2473+/-
1743 and cardiomyocyte yield of 2239+/-1658) gave lower cell and cardiomyocyte
yields compared to EBs treated by the robot but dissociated manually (4691+/-792
and 4414+/-707.4 (p<0.0001 for both) and EBs treated manually and dissociated
manually (5033+/-347 and 4534+/-317.9 (p<0.05 for both) suggesting that the
combination and purification and dissociation by the robot may have been causing

additional cell death and reducing potential cardiomyocyte yields.
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Figure 4.21 - Testing lactate enrichment of cardiomyocytes in hESC-derived
beating EBs.

Day 13 hESC EBs from the same plate were treated with RPMI (no glucose)
supplemented with lactate for 4 days to enable cardiomyocyte enrichment either
by manual or robot addition of medium to the EBs. After treatment, EBs were
given RPMI-B27 for 24 hr to recover prior to dissociation either manually or by the
robot using the 300 pl/sec 4 min enzyme incubation protocol. (A) Cells harvested
and seeded in flat bottom-96 well plates were stained for a-actinin and DAPI and
quantified by the Cellavista to give % cardiomyocytes for each method. (B) Total
cardiomyocyte cell number per well for each condition. (C) Total cell number per
well from EB differentiations set up with 10,000 cells per well.
(Manual/untreated/manually dissociated n=4 wells, manual/treated/manually
dissociated n= 3 wells, robot treated/manual dissociated n=24 wells, robot
treated/robot dissociated n=30 wells).

131



Chapter 4 Developing Automated Processes for
Cardiomyocyte Differentiation and Drug Screening

4.2.14 Developing an automated process for monolayer differentiation using an
in-house differentiation protocol

Limitations of the EB differentiation method included low cell yields (0.6+/-0.3x10°
cells per plate) and reliability issues due to batch variations resulting from the
undefined nature of MEF-CM used to culture hESCs prior to differentiation. An in-
house, fully defined, monolayer differentiation method using mTeSR was developed
to overcome these issues (developed by Vinoj George, covered in section 3.2.8). In
order to improve differentiation reproducibility and increase cardiomyocyte yields
in the automated cardiomyocyte differentiation process, this method was chosen to
replace EB differentiation. The existence of robust processes for changing medium
and harvesting cells from robot flasks meant that this method was amenable to

automation on the robotic platform and required a minimal amount of testing in

order to be achieved.
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Figure 4.22 — The automated monolayer differentiation process for HUES7 cells in
mTeSR.

(Chronologically from left to right) HUES7s are harvested and seeded into a
RoboFlask at 6x10° cells per flask (65,000 cells per cm?) and a medium change is
performed every 24 hr. When cells reach between 80 % and <100 % confluence,
medium is changed to day 0 medium (see Chapter 2 section 2.2.2 for recipes). After
48 hr this medium is replaced with day 2/4 medium. After a further 48 hr, medium
is replaced again with fresh day 2/4 medium. From day 6 onwards, medium
changes are carried out with RPMI-B27. Dissociation is carried out using T/A (see
Chapter 2 section 2.3.2.2) using the existing cell harvesting scripts on the robot and
is carried out after day 13.

4.2.15 Generation of hESC derived cardiomyocytes by automation

In order to confirm whether the mTeSR monolayer differentiation method could
successfully generate cardiomyocytes using HUES7 hESCs, the process outlined in
figure 4.22 was carried out. mTeSR cultured cells were dissociated by the robot in
RoboFlasks, seeded in mTeSR and maintained by the robot with daily medium
changes of mTeSR until suitable confluence was reached (as determined by
scanning with Cellavista)(achieved by 72 hr). Differentiation was initiated and
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carried by the robot over the required 10-day period after which cells appeared as
spontaneously beating sheets in both robot-maintained RoboFlasks and parallel
manual control RoboFlasks. These beating sheets were dissociated by the robot
using existing passaging protocols but exchanging accutase with T/A). Cells were
seeded in flat bottom 96-well plates for immunostaining quantification (by
Cellavista) with a-Actinin or fixed in suspension for quantification by flow cytometry
for both a-actinin and cardiac troponin T. Manually differentiated and dissociated
cells were 97.4 % and 98.7 % positive for a-actinin and cardiac troponin T
respectively by flow cytometry and 96.9 +/- 1.2 % positive for a-actinin by
immunostaining quantification while robot differentiated cells were 96.9 % and 98.5
% positive for both a-actinin and cardiac troponin T respectively and 92.8+/-1 %
positive by immunostaining (figure 4.23). Immunostained cells also showed
evidence of stained sarcomeres confirming specificity of antibody staining (figure
4.24A left and right pairs of images). These results demonstrated that
cardiomyocytes of high purity could be generated using the robot although total cell
yields were lower in the robot differentiation compared to the manual
differentiation (4.5x10° and 6.5x10° cells respectively). Nevertheless, the robot
differentiation outcome represented a 7.5-fold increase compared to the mean

total cell yield from EB differentiations (per plate, 0.6+/-0.3x10° cells).
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Figure 4.23 — Quantification of cardiomyocytes generated by manual or robot
monolayer differentiation of mTeSR hESCs to cardiomyocytes.

(A) Representative images of cardiomyocytes stained for DAPI and a-Actinin from
manual differentiations (left) and from robot differentiations (right). (B) Flow
cytometry histograms showing quantification of cells stained for cardiac troponin
t and a-actinin from robot differentiation (top row) and manual differentiation
(bottom row). (C) Cellavista quantification of cardiomyocytes stained for a-actinin
from robot differentiation and manual differentiation difference between manual
and automated significant (p<0.0001, t-test) n=7 wells.

4.2.16 Dissociation and viability of monolayer differentiations carried out
manually and by automation

In order to use these cells for drug screening or other applications, successful
dissociation and cell survival were necessary. To assess the viability of
cardiomyocytes generated by the robot and dissociated by the robot using the T/A

method, viability after dissociation was measured at 24, 48 and 72 hr by staining
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with Hoechst33342, Pl and CalceinAM in 96-well flat bottom plates (figure 4.24).
Cell viability from dissociations was 87.3+/-0.9 %, 86.9+/-0.8 % and 88.7+/-0.2 % at
24, 48 and 72 hr respectively, showing no significant change over time but being
significantly higher (p<0.0001 for all timepoints) than cells dissociated manually at
81.1+/-1 %, 79.4+/-1.3 % and 81.8 +/-0.4 % for 24, 48 and 72 hr respectively. The
difference between manually dissociated cells at 48 and 72 hr was also significant
(p<0.05). Representative images of stained cells (Figure 4.24B) also showed that
cells dissociated by this method were seeded as a near-single-cell suspension as
demonstrated by the absence of cell clusters at 24 hr indicating that the method did
not have a sizeable negative effect on cell viability, that viability remained stable for
72 hr and that single-cell suspensions of cardiomyocytes could be generated using

the T/A method to dissociate monolayers.
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Figure 4.24 — Viability of dissociated manually generated/manually
harvested and robot generated/robot harvested mTeSR Hues7 monolayer
differentiated cardiomyocytes.

Cardiomyocytes were dissociated using the T/A method either manually or by
the robot and neutralised with RPMI-B27 with 10 % (v/v) FBS. (A) Manually
generated cells were dissociated manually (blue) and robot generated cells
were dissociate using the robot (grey). (B) Viability of cardiomyocytes was
measured with Hoescht33342, Pl and Calcein AM at 24, 48 and 72 hr after
seeding. Scale bar = 200 um, n=3 wells for each condition.
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4.2.17 Automating E8 culture of CPVT and LQT2 hiPSC lines for use in monolayer
differentiations

While successful in increasing the scale of hESC-derived cardiomyocyte production
up to 7.3+/-1.2 million cells per RoboFlask, the mTeSR method required the use of
expensive defined media such as mTeSR (£0.34/ml) and StemPro34 (£0.30/ml),
whereas MEF-CM cost was £0.11/ml (excluding staff costs). Additionally, while
HUES7 differentiations were successful, this was not the case across several hiPSC
lines tested (with the exception of the AT1 hiPSC line). When the CPVT and LQT2 E8-
derived lines were derived, these were successfully differentiated with the E8
monolayer differentiation method manually (chapter 3, section 3.2.12). In order to
replicate this success on the robot, E8 culture of these lines was attempted. These
lines were cultured over 5 (CPVT) or 7 (LQT2) passages on the robot in parallel with
manual cultures in order to generate growth curves (figure 4.25A and B). The
population doubling time for CPVT hiPSC cultured manually was 21.8 hr compared
to 24.7 hr on the robot while, LQT2 hiPSCs had a longer population doubling time of
30.9 hr in manual culture and 29.3 hr on the robot. In both cases however, growth
rate was stable and karyotype assessment of both lines showed they all had normal
karyotype (46XY for CPVT and 46XX for LQT2 for manual and robot growth curves,
figure 4.25C and D). Therefore, these results indicated that culture of hiPSCs in E8

medium with TrypLE passaging was compatible with our robotic platform.
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Figure 4.25 — Culture of CPVT and LQT2 hiPSC lines on the robot in E8 medium.
(A) CPVT and (B) LQT2 hiPSCs in E8 were cultured manually and by the robot
using TrypLE for harvesting for 5 or more passages. (C) and (D) representative
karyograms of CPVT and LQT2 hiPSCs cultured for 5 or more passages either
manually or by the robot.

4.2.18 Automated differentiation of E8 cultured hiPSC lines to cardiomyocytes

In order to demonstrate that the E8 monolayer differentiation method could also
be automated, CPVT hiPSCs were seeded at approximately 30,000 cells per cm?in a
RoboFlask and the differentiation process carried out using the same process as the
mTeSR monolayer method (figure 4.22) but using reagents specific to the E8
monolayer method (CDM3 medium with 4 uM Chir on day 0 and 2 uM Wnt-C59 on
day 2 (same as chapter 3, section 3.2.12). This differentiation was successful and
generated monolayers that beat as uniform waves (video still figure 4.26D, see
video file, video 17, appendix). These cells were harvested by sequential treatments
using TrypLE (TrypLE Select) to harvest cells on day 14 of differentiation. TrypLE was
used as the collagenase method had not yet been developed. 39.3x10° cells were
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harvested from one RoboFlask and cryopreserved to create a stock of cells for drug
screening experiments. Differentiated CPVT cells thawed and immunostained for
cardiac markers a-actinin and cardiac troponin T, were 91.4+/-2.1 % and 96.85+/-
0.9 % pure for both respectively (figure 4.26A) indicating that this differentiation
method when carried out on the robot generated cardiomyocytes with high purity
and a vyield of 4.24x10° cells per cm?. A subsequent differentiation carried out
manually to supply additional CPVT cardiomyocytes for drug screening also gave
high purity when immunostained with a-actinin (97.1+/-3.4 % positive). These two
banks were sufficient to supply all the cardiomyocytes needed for the drug

screening optimisations and experiments carried out in chapter 5.

A Robot Differentiated CPVT hiPSCs

% Positive Cells

T T T
o-actinin CTNT a-actinin CTNT
CPVT CPVT HUES7 Fib HUES7 Fib
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Figure 4.26 — Automated differentiation of CPVT and LQTS2 hiPSCs cultured in E8
to cardiomyocytes.

Cardiomyocytes generated using the CPVT line were differentiated by the robot,
dissociated manually using the sequential TrypLE method and cryopreserved to
make a cardiomyocyte bank for drug screening. (A) Cells were thawed and seeded
in a 96-well plate and immunostained to quantify purity of the bank for a-actinin
and cardiac troponin T with HUES7 fibroblasts used as a negative control. (n=4
wells) (B) A representative immunostaining image of cardiomyocytes stained with a-
actinin showing cells with characteristic actin banding (see inlay). (C) Still image
taken from a video recording showing cells spontaneously beating as a wave (see
video 17, supplementary folder).

4.2.19 Automating hiPSC derived cardiomyocyte seeding in 384-well plates for
drug screening

Although considerable work had been carried out using 96-well plates on the robot,
no work had been attempted with 384-well plates. However, by scaling out to 384-
well plates, 96 variables could be tested in quadruplicate compared to 24 in a 96
well plate (or 32 variables in triplicate). This required seeding 1 million more cells
per plate than in 96-well plates (3.84 million compared to 2.88 million). However,
when a comparison was made for the number of cells needed to test a variable in
quadruplicate in each plate format, the number of cells needed was 4x10* cells per
condition in 384-well plates compared to 1.2x10° cells in 96-well plates (ie. 3-fold
higher number of cells required in 96-well plates). Therefore, it was decided that
processes for cell seeding and drug screening in 384-well plates should be
developed. To achieve this, appropriate vectors were identified to carry out cell
seeding and medium changes without disrupting cells. For aspiration of medium
from 384-well plates, these vectors were set at X=0, Y=0 (ie. the centre of the well)

and Z-maximum was set at 1699 mm, to ensure most medium could be aspirated
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without tips coming into contact with cells or dispensing directly onto cells
potentially dislodging them (figure 4.27Ai and ii). Additionally, issues with the plate
holder (or MCA96) not being level meant medium was not removed uniformly
across the plate. To ensure equal volume of medium removal across the plate,
processes were developed to ensure a residual volume of 20 ul was left in the wells

at all times.

To test cell seeding in 384-well plates, and well-to-well variation, a manually
dissociated, pre-counted cardiomyocyte cell suspension was supplied to the robot
for seeding at 10,000 cells per well. This suspension was seeded into two robot-
Matrigel-coated 384-well plates. After 24 hr, cells were stained with Hoechst33342
to quantify the number of cells seeded per well using the Operetta confocal plate
reader. A comparison of the two plates gave 4634+/-471.6 cells and 3904+/-550.8
cells per well (only 1/3 of each well was screened to avoid excessively long scans,
figure 4.27B ii, scanned areas shown in dark grey). The second plate had a
significantly lower mean seeding density than the first (p<0.0001, unpaired t-test)
suggesting that there was plate-to-plate variation with cell seeding. In the first
plate, the coefficient of variation (CV) was 10.2 % (10 was considered the limit of
what was acceptable) and the second plate was 14.1 % (outside the acceptable
range). These results suggested that there was scope to improve the uniformity of
seeding density in 384-well plates. However, as there was limited time available to
attempt such optimisations and to conserve cardiomyocyte stocks for drug

screening experiments, no changes to the 384-well seeding process were made.
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Figure 4.27 — Matrigel coating and cell seeding in 384-well plates for high
throughput and high content drug screening.

(A) Illustration showing cross-section of wells from a 384-well plate with
representation of the position of tips in 384-well medium change scripts indicating
that some residual volume is left be behind (by design) in order to achieve equal
amounts of medium across the plate (see section 4.2.20 for more detail). (B) LQT2
hiPSC cardiomyocytes were seeded at 10,000 cells per well and after 24 hr, stained
with Hoescht3334 (i) the chosen fields of view for imaging occupied approximately 30
% of the well (ii). (C) Quantification of cell numbers per well for two 384-well plates
seeded by the robot back-to-back showing significant difference between plate 1 and
2 (p<0.0001) n=384 wells per plate.

4.3 Discussion

4.3.1 Automation of EB differentiations

In order to develop a method for automated and scalable generation of EB-derived
cardiomyocytes, the manual EB setup and maintenance methods were translated
into processes that could be carried out on the robot. Testing robot EB transfer on

day 4 gave 299 % EB transfer; while robot medium changes on the EBs at days 2, 4
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and 8 along with EB transfer on day 4 gave 100 % EB transfer and 95.8 % beating
EBs. This demonstrated that robot medium changes and EB transfers were
compatible with generating high proportions of beating EBs. However, where EBs
were set up by the robot, differentiations failed completely (no plates >0 % beating
EBs). Although the issue with autoclaved plasticware was identified and corrected,
additional unknown variables appeared to also be negatively affecting both EB
formation (a near two-fold decrease in the size of EBs at day 4 compared to manual
EBs) and differentiation at the cell harvesting/counting/dilution stages. Seeding cell
suspensions on day 0 and maintenance of EBs onwards gave 100 % beating EBs
(figure 4.12) indicating that this issue was not likely to originate in the interim
period between day 0 and 2 of differentiation either. Experiments that tested the
duration of time of cell harvest with manual setup (table 4.2) did not reveal any
negative effects of prolonged incubation time (up to 10 min) on ability of EBs to
differentiate (81.5+/-3.5 % EBs beating when 10 min setup was carried out at room
temperature) suggesting that time of incubation throughout the setup process was
not likely to be the cause, however a test of both enzyme incubation periods and
the time taken to carry out the cell count and dilution steps was not carried out.
Under-seeding of wells was also an unlikely cause. When the number of cells
seeded by the robot was quantified after 24 hr (figure 4.13) 10621+/-1054 cells
were counted (when all steps had been carried out by the robot) and when the cells
were manually harvested but counted by the robot and seeded by the robot, this

gave 9436+/-317.3 cells after 24 hr.
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Further investigations may have revealed the cause of the failure of the robot
plated EBs to differentiate, in fact, others have demonstrated the formation and
differentiation of EBs is possible in automated systems. This was achieved by
spontaneous differentiation of EBs and identifying expression of early-stage
differentiation markers including BllI-tubulin, a-fetoprotein and brachyury in mouse
ESCs (mESCs) (Hussain et al., 2013) but also using directed differentiation of mESC-
EBs (although cardiomyocyte purities were relatively low at 43 %)(Kowalski et al.,
2012). However, as the mTeSR monolayer differentiation method was less
technically challenging to automate, was scalable and generated >7.5-fold increases
in cell yields with high cardiomyocyte purities (>90 %), this meant that the EB
method development was abandoned in order to use time and resources more

efficiently.

4.3.2 Automation of monolayer differentiation methods

To provide cardiomyocytes for use in drug screening at sufficient scale to seed 384-
well plates (3.84 million cells per 384-well plate plus further 4 million cells to
provide adequate dead-volume in a baffled trough for the robot to seed accurately),
significant scale up of differentiation capabilities was needed. The EB method
generated 0.6+/-0.3x10° cells per plate meaning approximately thirteen 96-well
plates of EBs would be needed to supply sufficient cells for one 384-well plate. In
some cases, the proportion of cells that were cardiomyocytes was as low as 30 % of
the total per well (figure 4.21). Using these cells in drug screening for example,
would make it difficult to determine whether any response observed was due to

cardiomyocytes or the other 70 % of cells of different cell type. While purification of
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EBs using lactate treatment could improve the purities of cardiomyocytes (Tohyama
et al., 2013, Burridge et al., 2014), this caused a reduction in cell number, meaning

that >13 plates of EBs would be needed to set up drug screening in a 384-well plate.

In contrast to this, the manual mTeSR monolayer differentiations in RoboFlasks
gave up to 6.5 million cells (purity >90 %) and 4.5 million cells when fully automated
(purity >90 %) which represented approximately 10- to 7.5-fold improvement in
absolute cell yields over the EB method. A further improvement in yields was made
when differentiations with CPVT hiPSCs in E8 using the E8 monolayer method on
the robot generated 39 million cells of purity >91 % in a RoboFlask meaning up to
9x384-well plates could be seeded from one differentiation (this equates to 864
different drug concentrations in quadruplicate, for example) and raising the
possibility of making large-scale, high-purity cardiomyocyte banks. In a trial
investigating post infarct myocardial repair with non-human primates, 1x10°
cardiomyocytes were manually generated using a monolayer differentiation
method that gave 73 % purity and demonstrated improved cardiac function (Chong
et al., 2014) as such, achieving such scales of production are desirable to enable
high throughput screening or therapeutic application of hiPSC derived

cardiomyocytes.

While automated culture of hESCs (Thomas et al., 2009), mouse ESCs (Kowalski et
al., 2012) and hiPSCs (Valamehr et al., 2011), (Conway et al.,, 2015) in both 2D

systems and in 3D suspension systems (Soares et al., 2014, Wang et al., 2014) has
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been demonstrated including derivation and differentiation of hiPSCs (Paull et al.,
2015), few groups have demonstrated automated differentiation of hiPSCs or hESCs
to cardiomyocytes. Cardiomyocyte differentiations have been carried out in
automated suspension culture yielding up to 40 million cells (up to 59 % or
approximately 23.6 million of which were positive for a-actinin) per 100 ml of
medium (Kempf et al.,, 2014) while the automated E8 monolayer differentiation
method generated up to 39 million cells with 20 ml medium (5-fold less) and
achieved a 34 % higher yield of cardiomyocytes (35.5 million compared to 23.6
million). Additionally, achieving nearly complete automation with minimal human
intervention is challenging. This was largely achieved for the production of
cardiomyocytes (see supplementary video 17 of cardiomyocytes generated using a
completely automated process from routine cell passaging to beating
cardiomyocytes) certain elements were performed manually (provision of enzyme,
flasks for seeding cells and media) and a prediction of differentiation timing needed
to be made in advance of the experiment commencing. Systems exist for imaging-
based feed-back for automated user-free passage decision making (Ker et al., 2011)
which could also be used to aid differentiation decision making. With this in mind,
other systems for monitoring biomarkers in situ and non-invasively such as
impedance, extracellular pH and oxygen consumption (Weiss et al., 2013) could also
be employed to aid in automated feed-back controlled culture process decision

making.
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5 Developing Platforms for Drug Screening Using Cardiomyocytes

5.1 Introduction

5.1.1 CPVT hiPSC cardiomyocytes for drug screening experiments.

In order to maximise consistency between optimisation experiments and drug
testing experiments, the decision was made to use one method of differentiation to
produce stocks of hiPSC cardiomyocytes. To this end, CPVT cardiomyocytes
generated using the E8 monolayer method carried out by the robot were used in
these experiments. This line was chosen because, at the time, it was the only one
from which suitably-sized cardiomyocyte banks had been generated for use in this
work. Unless otherwise stated, all data shown in this chapter was generated using
CPVT-hiPSC cardiomyocytes (from here on referred to as “hiPSC cardiomyocytes” or

“cells”).

5.1.2 Assessing cell death in vitro

5.1.2.1 Apoptosis

Apoptosis is a controlled process of cell death first identified in 1972 (Kerr et al.,
1972). During this highly regulated process, intracellular components such as
cytoskeleton proteins and protein complexes are broken down leading to
endonuclease release, cell shrinkage, plasma membrane blebbing, cell detachment
from culture surfaces, nuclear condensation, DNA fragmentation and formation of

apoptotic bodies (Krammer et al., 2007, Brauchle et al.,, 2014). In vivo, these
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processes culminate in the cells expressing markers such as phosphatidyl serine on
the cell surface marking them for clearance by phagocytosis (Krammer et al., 2007,

Czabotar et al., 2014).

5.1.2.2 Programmed Cell Necrosis

Cell necrosis is another regulated process of cell death mediated by alternative
pathways to apoptosis. Traditionally necrosis was thought to be exclusively a result
of sudden unregulated/uncontrolled response to physiochemical triggers but more
recent studies using inhibitors of necrosis have revealed it to also be highly
regulated (Vanden Berghe et al., 2014). A number of processes have been described
including, necroptosis, parthanatos, oxytosis, ferroptosis, ETosis, NETosis,
pyronecrosis and pyroptosis all falling under the umbrella of regulated necrosis
(Vanden Berghe et al.,, 2014). In contrast to apoptotic cells, cells undergoing
programmed necrosis do not fragment but remain intact with a “balloon-like”
appearance, intact nucleus/nuclear swelling and organelle swelling. Like apoptosis
however, cell membrane does lose its integrity (Vandenabeele et al., 2010,

Pietkiewicz et al., 2015).

5.1.2.3 Measuring apoptosis and necrosis in vitro using Propidium lodide

Propidium lodide (Pl) is an irreversible DNA-binding, membrane impermeable dye
that is excitable at 488 nm and is detected between 520-570 nm (Chen et al., 2012).
The use of Pl in measuring apoptosis was first developed as a flow cytometric

method for quantifying percentage of cells undergoing apoptosis (Nicoletti et al.,
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1991). As Pl is not membrane permeable, in live cells, it is not capable entering the
cell to bind to the DNA. At later stages of apoptosis or early stages of necrosis,
membrane integrity is lost and Pl is able to enter the cell and bind to the DNA
(Pietkiewicz et al., 2015) (figure 5.1). As a result, both apoptotic and necrotic cell
death can be identified by Pl staining. Studies investigating the effect of co-
incubating human cancer lines with Pl for up to 72 hr have found no evidence of
toxicity (Wlodkowic et al., 2009) making this dye suitable to real-time monitoring of

cell death in vitro as well.

Healthy Early Apoptotic Late Apoptotic Programmed
Necrosis
Brightfield PI Brightfield PI PI Brightfield PI

Brightfield

Figure 5.1 — Representative images of cells undergoing apoptosis or programmed
necrosis.

Healthy, early- late- apoptotic and programmed necrotic cells as seen through an
imaging flow cytometer. Left, healthy cells have a uniform spherical shape and do
not stain for PI. Left of centre, early apoptotic cells adopt an uneven spherical shape
as a result of irregular protrusions (blebbing) from the plasma membrane (marked
with green arrows) but still do not stain positively for PI. Right of centre, in late
apoptosis, cells become more irregular in shape, in some cases (marked with white
arrows) dividing up into smaller apoptotic bodies and staining positively for Pl. DNA
fragmentation from apoptosis means the Pl stained area is small and may be broken
up into more than one spot per cell. Right, in programmed necrosis, cells maintain a
uniform spherical shape with no signs of blebbing but stain positively for Pl with a
high nuclear to cytoplasm ratio. Figure taken and adapted from (Pietkiewicz et al.,
2015).
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5.1.2.4 Caspases and Cell Event Caspase 3/7 reagent

Caspases are a group of cysteine-dependent aspartic-acid-directed proteases
unique to the process of apoptosis which are found in cells in an inactive form and
when activated function to trigger effectors or directly carry out cell breakdown
(McStay and Green, 2014). There are two types of caspases, initiators (caspases 2,
8, 9 and 10) and executioners (also referred to as effectors) (3, 6 and 7). Initiator
caspases are activated by death ligands or mitochondrial outer membrane
permeabilisation and in turn, directly or indirectly trigger the cleavage and
activation of executioner caspases (McStay and Green, 2014). Executioner caspases
are responsible for cleaving cellular substrates such as organelles, leading to the
formation of apoptotic bodies (Czabotar et al., 2014). Therefore, activation of
caspases marks an irreversible commitment to cell death and as such, caspase
activity can be used to identify cells that are undergoing apoptosis. CellEvent
Caspase 3/7 reagent (CEC) is a commercially available substrate can be used to
detect active caspases 3 and 7 in cells. This substrate (DEVD) is a 4-amino acid
sequence (Asp-Glu-Val-Asp) which is selectively cleaved by activated caspases 3 and
7 (Walsh et al., 2008) and is conjugated to a nucleic acid binding dye. When the
DEVD substrate is cleaved, the dye is released, binds to DNA and fluoresces,
(excitation at 502 nm and emission at 530 nm — FITC/green channel) (Life

Technologies CellEvent Caspase 3/7 reagent product manual, 2015).
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5.1.2.5 Staurosporine as a positive control for caspase activation

Staurosporine (STA) is a protein kinase C inhibitor first identified in bacterial
extracts from Streptomyces sp (Omura et al., 1977) from which chemical analogues
were synthesised as potential anti-cancer drugs (Gescher, 2000). STA has been
shown to induce apoptosis/caspase activity and in cases where caspase activity is
compromised, has also been shown to induce programmed cell necrosis (Dunai et
al., 2012). STA induced caspase-mediated apoptosis has been demonstrated in a
range of cell lines including in human cancer cell lines such as HelLa and U-20S (Life-
Technologies, 2011), rat neonatal cardiomyocytes (Yue et al., 1998), rat adult
ventricular cardiomyocytes (Henaff et al., 2000) and hiPSC derived cardiomyocytes

(Cellular Dynamics International, 2015a, Cellular Dynamics International, 2015b).

5.1.3 Doxorubicin cardiotoxicity in vitro and in vivo

Doxorubicin (DOX) is a member of the anthracycline antibiotic family of compounds
and has been used for over 30 years in the treatment of a range of cancers including
haematological malignancies, soft tissue sarcomas and solid tumours (Holmgren et
al.,, 2015). The anti-cancer properties of DOX originate from its ability to target
Topoisomerase 2 and induce DNA breaks, its primary mode of action in killing
proliferating cancer cells and reducing tumour growth. Clinical trials of DOX
identified a dose dependent cardiotoxic effect of the drug in patients (3 %, 7 % and
18 % of patients experiencing heart failure resulting from cumulative doses of 400,
550 and 700 mg/m?) and therefore, to minimise adverse effects, maximum
cumulative DOX dosage was set at <550 mg/m? (Lefrak et al., 1973). Improved

cardiac functional assessment techniques increased the detection of heart failure
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post DOX treatment with cumulative percentage estimates of 5 %, 16 %, 26 % and
48 % from cumulative dosages of 400, 500, 550 and 700 mg/m?” respectively (Swain
et al., 2003) leading to a further reduction in recommended cumulative dosage to
400-450 mg/m?* (Vejpongsa and Yeh, 2014). In a follow-up study of 2625 patients
who received anthracycline therapy, 226 (9 %) experienced cardiotoxicity
(determined by reduction in left ventricular ejection fraction) following mean
cumulative dose of 359+/-172 mg/m2 with 98 % of these cases occurring within a
year of treatment (Cardinale et al., 2015). Other estimates have suggested that >50
% of individuals treated with some form of anthracycline experience cardiac
dysfunction in the 20 years post treatment with 5 % developing heart failure
(Lipshultz et al.,, 2014). Combined, these studies suggest a high prevalence of

adverse effects from DOX/anthracycline therapy.

Cardiomyocytes are rich in mitochondria, metabolically active and have relatively
low antioxidant producing enzymes (Roca-Alonso et al., 2015) making them a
uniquely susceptible cell type to DOX-induced oxidative stress and production of
reactive oxygen species in the mitochondria (the site of DOX metabolism). Another
proposed method of toxicity is via Topoisomerase 2 which comes in two forms, 2a
and 2B. DOX forms a DNA cleavage complex with Topoisomerase 2 and DNA in
proliferating cells where Top2a is normally present. Top2a is not found in
mammalian cardiomyocytes but Top2pB is (Capranico et al., 1992). DOX induced
cardiotoxicity has been proposed via DNA breaks induced by DOX complex
formation with Top2B in cardiomyocytes (Zhang et al.,, 2012b). Additionally,

secondary alcohol metabolites from DOX metabolism have been implicated in
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disrupting regulation in redox balance and energy metabolism and have been
shown to be retained in mitochondria even after DOX treatment has ended due to
poor clearance mechanisms suggesting that these too may play a role in DOX-

cardiotoxicity (Minotti et al., 2010).

5.1.4 Drugs that may reduce doxorubicin cardiotoxicity in vitro

Identifying compounds with the potential to reduce DOX/anthracycline induced
cardiotoxicity without negatively affecting its therapeutic effect would provide
considerable clinical benefit. Several groups have assessed the use of compounds to
reduce DOX cardiotoxicity such as dexrazoxane (DEX) (Lipshultz et al., 2004)(the
only US Food and Drug Administration (USFDA)-approved drug for use as an
anthracycline cardioprotectant (Salvatorelli et al., 2015)), carvedilol (CAR) in a 50-
patient clinical study (Kalay et al., 2006) and sildenafil (SIL) using in vivo mouse
models and isolated mouse ventricular cardiomyocytes in vitro (Fisher et al., 2005).
However, the efficacy of these compounds has never been compared to one

another in models of DOX/anthracycline cardiotoxicity.

5.1.4.1 Dexrazoxane

DEX is a free radical scavenger which has also been shown to block DOX binding to
topoisomerase 2 (Lyu et al., 2007) protecting cardiomyocytes from DOX damage.
DEX has been approved by the USFDA for use as a cardioprotectant with
anthracycline treatment (including DOX) (Salvatorelli et al., 2015) and combined

data from 10 studies with a total of 1600 patients found that DEX reduced heart
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failure risk relative to placebo controls. Despite this, there exist concerns that DEX
may reduce anthracycline efficacy, allow secondary malignancies to occur and elicit
a myelosuppressant effect (Colombo et al., 2013). The American Society of Clinical
Oncology only recommends its use for patients with metastatic breast cancer
(Colombo et al., 2013) while in 2011, the European Medicines Agency determined
that DEX was contraindicated in children (Lipshultz et al., 2014) which has limited its
use in the clinic as a DOX cardioprotectant and necessitating further studies and/or

alternative strategies to be developed.

5.1.4.2 Carvedilol

CAR is a B1, B2 and al-adrenergic receptor blocker that also functions as an
antioxidant, anti-inflammatory and anti-apoptotic agent (Dulin and Abraham, 2004).
A small number of patients treated with either DOX or epirubicin and given
prophylactic CAR treatment had reduced left ventricular dysfunction in a 50 patient
(25 treated, 25 placebo) trial (Kalay et al., 2006) although, since then, no other
randomised/placebo-controlled trials have been attempted (Colombo et al., 2013).
Therefore, there is need for further studies to identify whether CAR could be used

as a DOX-cardioprotectant.

5.1.4.3 Sildenafil
SIL is a phosphodiesterase-5 inhibitor that causes the opening of mitochondrial Karp
channels (Fisher et al., 2005) which have been shown to confer cardiac protection

following reperfusion-mediated reactive oxygen species insult (Ertracht et al., 2014,
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Zhao et al., 2015). Additionally, sensitivity of cancer cell lines to DOX treatment was
not affected by co-treatment with SIL (Di et al., 2010) suggesting that it may be a
promising candidate for testing in a clinical setting. Despite this, no clinical trials
have been attempted to assess the efficacy of SIL in preventing DOX or

anthracycline toxicity.

5.1.4.4 Isoprenaline

Isoprenaline (ISO) is a B1, B2 and B3 adrenergic receptor agonist (Shin et al., 2014).
In the healthy human heart the estimated ratio of 1 to B2 is 70 %:30 %, however,
in instances of heart failure, reductions in B1 receptor and mRNA of up to 50 % have
been observed (Lohse et al., 2003). B1 and B2 receptors have been shown to elicit
different responses on stimulation, with 1 being primarily associated with
apoptosis via cyclic AMP signalling pathways while B2 stimulation is associated with
survival signals via Gj-coupled signalling and downstream increases in Bcl-2
expression (Shin et al., 2014). Electrophysiological analysis of hiPSC derived
cardiomyocytes has shown that these cells express B adrenergic receptors as
demonstrated by their response to ISO-mediated B-adrenergic stimulation up to 1
UM (Khan et al., 2013) and subsequent B-adrenergic block using B-blockers in
healthy and disease models such as LQT2 (Matsa et al., 2011). In a previous model
of STA-induced cardiotoxicity using adult rat ventricular myocytes, ISO was shown
to reduce toxicity at 1 uM (Henaff et al., 2000), while more recently, another study
in adult rat ventricular cardiomyocytes found that ISO treatment alongside H,0; or
ionomycin insult gave no significant change in cell death at ISO concentrations of 1

or 10 uM but at 10 nM there was a significant decrease (both p<0.05, t-test)(Shin et
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al., 2014). This cardioprotective effect was associated with increased Bcl-2
expression at 10 nM ISO (Shin et al., 2014). ISO was therefore chosen in order to
investigate this process in a human model to identify whether a cardioprotective or

cardiotoxic effect would be observed.

5.1.5 Chapter Aims

High throughput in vitro models of anthracycline cardiotoxicity using hiPSC derived
cardiomyocytes could be used to both confirm the ability of existing drugs and to
identify novel compounds that can reduce toxicity. Furthermore, different
individuals show varying levels of susceptibility to anthracycline induced
cardiotoxicity. hiPSC derived cardiomyocytes may be useful in modelling this
variability to provide a tool for predicting susceptibility or increased tolerance to
anthracyclines and in turn, allowing tailored patient treatment. In order to
demonstrate that both drug-induced cardiotoxicity and cardioprotective effects
could be modelled in vitro, using hiPSC derived cardiomyocytes, a drug screening
platform was created and validated to enable quantification of DOX cardiotoxicity
over 24 hr and to test the cardioprotective effects of DEX, CAR and SIL in vitro.
Furthermore, this chapter sought to demonstrate that this process was amenable to
high-throughput by scaling it out to 384-well plates which were seeded and treated
using the Freedom Evo 200 robotic platform and screened in time course
experiments over 24 hrs using the Operetta confocal plate reader to monitor drug

toxicity.
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5.1.6 Key objectives

- Develop end-point and time course data acquisition and analysis methods
using the Operetta confocal plate reader for the purpose of visualising and
quantifying key markers such as Pl, CEC and Hoechst33342.

- Develop the capability to monitor multiple markers simultaneously (Pl and
CEC) in 96- and 384- well format.

- Test the developed processes by evaluating cardiotoxicity from known
cardio-toxic compounds such as DOX and STA.

- Carry out a drug screen testing compounds for their ability to reduce DOX

cardiotoxicity.

5.2 Results

5.2.1 Designing analysis scripts for Operetta

To manually count stained cells accurately for high content assays is technically
challenging, time consuming and highly subjective/error prone in nature. These
limitations were overcome with the use of the Operetta High Content Imaging
System (Operetta). For drug screening experiments, analysis protocols were
designed to allow accurate quantification of fluorescent signals generated either in
time course experiments or as end point assays. A pipeline was designed for the
guantification of Pl positive cells in time course experiments (figure 5.2).
Identification of PI stained nuclei was achieved (figure 5.2A) with each nucleus
being recorded as a separate “object” the edges of which were marked by green

borders.
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In this example, the region of interest was segregated three ways: background (400
fluorescence units (FU)), low fluorescence/auto-fluorescent objects (<2000 FU,
figure 5.2A v — blue circles) where 277 objects were detected with mean
fluorescence was 924+/-504 FU (all +/- values SD unless otherwise stated) and PI
positive objects (22000 FU) where 128 objects were detected with a mean of
4634+/-2329 FU. Low fluorescence/auto-fluorescent cells were excluded using two
building blocks. In the first, the mean fluorescence intensity (the mean intensity of
all pixels falling within the green borders of each object) was calculated for all
objects in the field of view (figure 5.2 B). In the second, a threshold defined by the
operator was set to “select” any objects with mean fluorescence intensity above a
chosen value (ie. 2000 FU) (see example in figure 5.2C). In time course experiments

this method was used to quantify dead cells.

To calculate a value for percentage cell death, a total cell number was needed. This
was achieved by adding Hoechst33342 dye (Hoechst) to the wells at 24 hr and then
counting cell number by nuclear staining. This way, percentage cell death could be

calculated using the following equation:

Number of Objects Positive for
Hoescht and Dead Cell Marker 100
Number of Objects Positive for Hoescht

Percentage Cell Death =

For time course assays, co-staining with Hoechst during the assay was not possible.

Hoechst is a membrane permeable nuclear dye that is toxic to cardiomyocytes over
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prolonged incubation periods (i.e. 24 hr, figure 5.3) and so could only be used as
part of end point analyses. In the absence of a non-toxic pan nuclear stain, the
number of objects positive for dead cell marker(s) was converted to a percentage
cell death value by using the mean number of Hoechst-positive objects in the
untreated wells stained at the end of the assay to give percentage “death marker”

positive cells relative to 24 hr untreated controls and was calculated as follows:

Number of Objects Positive for Dead Cell Marker
x 100

Percentage Cell Death =

Mean Number of Objects Positive for Hoescht
at 24 Hr in Untreated Wells
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Figure 5.2 — Image analysis on the Operetta confocal plate reader for toxicity
assays, potential issues and identifying Hoechst toxicity.

(A) Representative analysis “pipeline” used in the Harmony software associated with
the Operetta platform. Analysis pipelines were laid out as sequential chains of image
analysis algorithms termed “building blocks” (running from top to bottom). (i) Cells
or nuclei were identified as “objects” (shown with green borders) for further analysis
irrespective of fluorescence intensity. (ii) Pl positive cells (examples marked with a 1)
were identified with high fluorescence (>2000 FU, mean 4634+/-2329 FU (SD)) while
auto-fluorescent/low fluorescence cells (marked with a 2) were lower (<2000 FU,
mean 924 +/- 405 FU SD). Background fluorescence was (<400 FU). Exclusion of
unwanted cells was achieved using building blocks in iii and iv. (iii) Objects from i)
were analysed to calculate mean fluorescence intensity. (iv) Objects were selected
using an intensity threshold determined by the user. (v) Representative image
showing objects that met that criteria (green borders) and those that didn't and were
excluded (blue borders). (B)(i) At high concentrations of doxorubicin (250 uM)
fluorescence background was high (>3000 FU) and dead cell aggregation resulted (ii).
(iii) These aggregates made object recognition inaccurate (cells appeared merged as
large objects or not identified at all). (iv) Accurate object recognition was achieved at
lower (1 uM) doxorubicin concentrations. Scale bars = 100 um.

7] . 139 .

Hoechst [30 minutes] Hoechst [24 hours]

Figure 5.3 — Toxic effects from incubation of hiPSC derived
cardiomyocytes in Hoescht33342.

CPVT hiPSC cardiomyocytes were incubated with Hoechst33342 in RPMI-
B27 and images taken after 30 min and 24 hr of incubation on the
Operetta confocal plate reader using the Hoechst and brightfield
channels. When incubated in Hoechst33342 for 30 min cells appear
healthy (left image). The same cells after 24 hr showed features of cell
death including blebbing and detachment from the cell surface (right
image). Scale bar = 100 um.
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5.2.2 Testing time course viability data acquisition using Pl and CEC Markers

In this section, tests were carried out to identify whether Pl and CEC were suitable
for use in time course experiments where these markers would be incubated with
cells over a 24 hr period and the fluorescent signals they generated would be

quantified periodically.

5.2.2.1 Evaluating toxicity of Pl and CEC incubation with cardiomyocytes

If reagents used to detect cytotoxicity are themselves cytotoxic in prolonged
incubation (i.e. 24 hr) then the accuracy of any time course measurement would be
compromised. In order to test whether this was the case when using Pl or CEC,
(figure 5.4) cardiomyocytes were incubated in the presence of Pl or CEC reagent for
24 hr and positively stained cells quantified. At the beginning of the assay (0 hr),
7.54/-2.5 % cells stained positively for PI. Over the subsequent 24 hr the number of
Pl positive cells ranged from 7.3+/-2.3 % (25 min) to 8.5+/-2.3 % (22 hr 30 min) but
this did not represent a significant increase relative to 0 hr (one-way analysis of
variance (ANOVA), Tukey multiple comparison test (TMCT) figure 5.4B and 5.5A).
This confirmed that Pl did not induce toxicity in cardiomyocytes with 24 hr

incubation.

162



Chapter 5 Developing Platforms for Drug
Screening Using Cardiomyocytes

A I Brlghtfleld Pl Merge “ Pl Recognition

EE

Untreated Control 24Hr Time Course

- T
03
En
N
[
- c
o s

v
-]
v 9 H
g =9
Q.,S.p
“w
© E]
Q

B 100- —& UNT CEC
801 -a UNTPI
|

e
04 Apcbpdtd st st pbbas b i e s B aEEE oo B REEAELE
0 6 12 18 24

Time (Hours)

Figure 5.4 — Quantifying Pl or CEC staining of untreated CPVT cardiomyocytes
over 24 hours.

CPVT hiPSC cardiomyocytes that were not treated with any drug were
incubated in the presence of either CEC or Pl over a period of 24 hr in a 96-well
plate in fresh RPMI-B27 maintenance medium and images were taken at 25
min intervals for 24 hr. (A) (i) Representative images showing CPVT
cardiomyocytes after 24 hr in Pl-containing medium with a small proportion of
cells staining positively (left and centre images). (Right image) Object
identification (white circles) following analysis. (ii) As in (i) but in separate wells
where CEC was substituted for Pl. (B) Quantification of detected objects over a
24 hr period. Experiment was carried out uninterrupted at 37 °C in a contained
5 % CO, but non-humidified environment. (n=3 wells for Pl and for CEC, error
bars = SD, scale bars = 100 pum).
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A parallel experiment was carried out to evaluate potential toxicity of CEC. Cell
death detected at 0 hr for CEC was significantly lower (0.5+/-0.1 %) than for PI
(7.5+/-2.5 %, p< 0.05, t-test) (figure 5.4B). This was also true at the 24 hr time point
(8.5+/-2.3 % for Pl compared to 1.2+/-0.4 % for CEC, p<0.05, t-test). At O hr, the
percentage of CEC positive cells were 0.5+/-0.1 % (0 hr) increasing significantly to
1.2+/-0.3 % (17 hr 5 min p<0.05) and remaining significantly higher until 24 hr
(1.2+/-0.4 % p<0.05) (at three time points, p<0.01 at 20.4 hr (1.3+/-0.3 %), 22.9 hr
(1.3+/-0.5 %) and 23.7 hr (1.3+/-0.6 %) (one-way ANOVA) (figure 5.4B). When
identical time points were compared between Pl and CEC at different points over 24
hr (figure 5.5A, B) a significant increase can be seen for CEC (p<0.01 0.5+/-0.1 % at
T=1 hr 15 min, increasing to 1.2+/-0.2 % at T=17 hr 55 min and 1.2+/-0.4 % at T=24
hr 10 min) whereas no significant increase was observed with Pl (one-way ANOVA).
When the net change in number of positively stained cells was calculated for Pl and
CEC wells at 24 hr (figure 5.5C) the increase in cell death was low, 26.7+/-21.8 cells
for Pl and 21.7+/-9.2 cells for CEC relative to the mean cell number of those wells of
2703.7+/-245.9 (n=6 wells) and there was no significant difference between the two
groups (two-way ANOVA, TMCT). In conclusion, a low level of cell death occurred
over 24 hr in both in Pl and CEC wells over 24 hr but this was not considered large

enough to warrant abandoning time course experiments with these markers.

164



Chapter 5 Developing Platforms for Drug
Screening Using Cardiomyocytes

A Pl Positive Cell Detection Over 24Hrs
124

10
C Cumulative Change In Number Of Detected Events
From T =0 Hours
-o- P|

% PI Positive
(-2}

1.5+

60 & Caspase
2
24
0
2
o4 E 404
» » o 2] S w
O > § 6 >
< & * & N o
~ <& s ) A 2
U
Timepoint g 20 k
s v W) i
. . s Pl
B CEC Positive Cell Detection Over 24Hrs  § i1 i
£
2.0 E
£
(]
an
c
&
=
=)

i A

20
Time (Hours)

% Caspase 3/7 Positive
-
o

0.0-

] & W\
& & $ & &
& & ™ & &
S & N A o
Timepoint

Figure 5.5 — Effects of incubating Pl or CEC with CPVT cardiomyocytes over
24 hours.

(A) A comparison of percent Pl objects at selected time points over 24 hr
revealed no significant increase (one-way ANOVA). (B) Comparison of percent
CEC positive objects at selected time points over 24 hr indicated a significant
increase in CEC positive objects (one-way ANOVA, p<0.05). (C) Comparison of
change in number of detected Pl and CEC objects over 24 hr shows a marginal
increase in number of objects but no significant difference (two-way ANOVA)
between conditions. Experiment was carried out uninterrupted at 37 °Cin a
contained, 5 % CO, but non-humidified environment. (n=3 wells for each
condition, error bars = SD).

5.2.2.2 Evaluating photo-bleaching of Pl and CEC markers over 24 hours

Over 24 hr, positively stained cells in time course experiments underwent repeated
photo-excitation. To assess whether photo-bleaching of these markers was taking
place, mean object fluorescence intensity was measured over the 24 hr assay period
(figure 5.6). For CEC, there was a significant increase in signal intensity between 0
and 5 hr (1167.7+/-119.3 FU to 1664.9+/-339.3 FU respectively, p<0.05), but from 5

hr onwards there was no significant change (both one-way ANOVA with Dunnet
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multiple comparison test (DMCT). For PI, there was no significant change in
intensity over 24 hr (one-way ANOVA, DMCT). Additionally, in unstained wells there
was no fluorescent signal for Pl and one auto-fluorescent debris-like object that was
detected at 2 hr and disappeared at 5 hr (figure 5.6 A iii, B iii) and was ignored. In
summary, Pl and CEC reagent did not show any evidence of photo-bleaching over 24

hr despite repeated photo-excitation at 25 min intervals throughout.
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Figure 5.6 — Quantifying mean object fluorescence intensity over 24 hours.

An assessment of fluorescence intensity was carried out to determine if photo-
bleaching occurred over 24 hr. (A) (i) Mean fluorescence intensity of Pl-positive
objects (no significant change over 24 hr, one-way ANOVA), (ii) CEC-positive objects
(significant change between 0-5 hr p<0.05, no significance from 5 hr onwards, one-
way ANOVA) and (iii) unstained controls. (B) Representative images showing
brightfield and fluorescence images corresponding to (A) (i), (ii) or (iii). Experiment
was carried out uninterrupted at 37 °C in a contained, 5 % Co, but non-humidified

environment. For all conditions, n=3 wells. Scale bar = 100 um.

5.2.3 Testing DMSO concentrations to assess vehicle toxicity
Having demonstrated that Pl and CEC had no cytotoxic effect over 24 hr on
cardiomyocytes, the next question was whether this platform could be used to

accurately detect and quantify cell toxicity. To do this staurosporine was needed as
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a positive control for caspase-dependent apoptosis. However, staurosporine and
most of the compounds tested in later sections were dissolved in DMSO, which can
induce toxicity in cells (Rowley and Anderson, 1993). Therefore before this test
could be performed, an assessment of DMSO toxicity was needed in order to

determine a suitable concentration range that could be used.

5.2.3.1 Measuring DMSO toxicity by PI staining

In two recent technical notes, Cellular Dynamics tested the effect of staurosporine
on cardiomyocytes with a final DMSO concentration of 1 % implying that no toxicity
would be observed at this concentration (Cellular Dynamics International, 20153,
Cellular Dynamics International, 2015b). Other groups have also suggested that 1 %
DMSO can be tolerated by cells such as human pluripotent stem cells (Chetty et al.,
2013). To confirm whether this was the case with hiPSC cardiomyocytes, a range of
concentrations were chosen for testing above and below 1 % DMSO. To this end, 5
% was chosen to see whether a toxic response would be observed while 1 %, 0.5 %,

0.1 %, 0.05 % and 0.01 % were also tested.

Time course measurements (figure 5.7 B) were taken at 25 min intervals over 24 hr.
At 0.5 % DMSO and lower, the fold change in percentage Pl positive cells between 0
and 24 hr was <1.1, implying that these concentrations were not toxic. For 1 %
DMSO, there was no toxic response between 0 and 18 hr (fold change was <1)
however, between 18 and 24 hr there was a 2.2-fold increase (from 1.04 % at O hr
or 0.94 % at 18 hr to 2.07 % at 24 hr) suggesting a low level toxic response was

occurring. At 5 % DMSO, the starting toxicity was 0.93 % at 0 hr. This increased to
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2.81 % (3-fold), 9.9 % (10-fold) and 24.7 % (26.6-fold) at 6, 12 and 24 hr, showing
that at this concentration DMSO was causing overt toxicity on the cells. Brightfield-
Pl overlay images (figure 5.7 A - top and bottom panel) confirmed that Pl was
selectively staining dead cells as they displayed features of programmed cell
necrosis (high Pl-stained nucleus to cytoplasm ratio, detachment from culture

surface and absence of blebbing) (see figure 5.1 and figure 5.7 C).
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Figure 5.7 — Testing DMSO concentrations for toxicity in CPVT cardiomyocytes with
Pl staining.

(A) (top panel) Object quantification (graphs top of panel) over 24 hr, (middle row of
images) representative images of object identification at 1,12 and 24 hr and (bottom
row of images) representative brightfield/Pl overlay images of Pl positive cells
incubated with 5 % DMSO over 24 hr. (Bottom panel) as with top panel but with
DMSO at 1 %. (B) Quantification of Pl positive objects detected at 25 min intervals over
24 hr for DMSO concentrations (shown in key-top right). (C) (top row) Brightfield/PI
merged images of one field of view at 1, 12 and 24 hr (corresponding to 5 % DMSO)
with associated Pl object recognition images (bottom row), show Pl staining typical of
programmed necrosis (an example is marked with red arrows) (see figure 5.1). Cells
maintain a “regular” spherical shape throughout the time course instead of forming
blebs and apoptotic bodies typical of apoptosis. Adherent, unstained, live cells were
also present in the culture (marked with green arrows). The absence of Pl staining in
these cells confirmed PI staining showed specificity towards dead/dying cells. An
example of an initially live cell undergoing cell death (yellow arrow) indicated it to be
unstained and adherent at 1 hr (left image), stained with Pl at 12 hr (centre image)
with a spherical morphology and detaching from the cell surface. At 24 hr the same
cell had a spherical morphology no longer attached to the cell surface (green arrow-
marked cell for comparison) with a high Pl to cell size ratio consistent with
programmed necrosis. Scale bars = 100 um. N=1 for each condition.

5.2.3.2 Measuring DMSO toxicity by CEC staining

As in 5.2.3.1, DMSO toxicity was assessed with the same experimental conditions
but cells were instead stained with CEC. At all DMSO concentrations investigated,
an increase in %CEC positive cells was detected between 0 hr and 24 hr, 423-fold for
5 % DMSO (0.08 to 33.8 %), 91-fold for 1 % (0.12 to 10.9 %), 7.2-fold for 0.5 % (1.97
to 14.09 %), 2.5-fold for 0.1 % (4 to 9.95 %), 4.7-fold for 0.05 % (0.7 to 3.29 %) and
8-fold for 0.01 % (0.99 to 7.96 %) (figure 5.8 B, D). For concentrations between 1 %
and 0.01 % the amount of cell death detected did not show a concentration-
dependent change in response at either 12 or 24 hr suggesting a lack of specificity
of CEC (figure 5.8 D). At 24 hr, 5 % DMSO toxicity (33.8 %) was higher than other
concentrations: 3-fold greater than 1 % DMSO (11 %) and 2.4-fold greater than 0.5

% DMSO (14.1 %). Brightfield / fluorescent merge images showed positively stained
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cells with signs of apoptosis in brightfield images (blebbing and irregular spherical

shape, see figure 5.1 and figure 5.8 C — highlighted with red arrows).
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Figure 5.8 — Testing DMSO concentrations for toxicity in CPVT cardiomyocytes with
CEC staining.

(A) (top panel) Object quantification (graphs top of panel) over 24 hr, (middle row of
images) representative images of object identification at 1,12 and 24 hr and (bottom
row of images) representative brightfield/CEC overlay images of CEC positive cells
incubated with 5 % DMSO over 24 hr. (Bottom panel) as with top panel but with
DMSO at 1 %. (B) Quantification of CEC positive objects detected at 25 min intervals
over 24 hr for DMSO concentrations (shown in key-top right). (C) (top row)
Brightfield/CEC merged images of one field of view at 1, 12 and 24 hr (corresponding
to 5 % DMSO) with corresponding CEC object recognition images (bottom row),
brightfield/fluorescent merge images showed cells with signs of apoptosis, including
blebbing and irregular spherical shape — red arrows. The presence of unstained and
adherent cells suggests that CEC was staining cells with specificity. (D) Change in
percent CEC positive cells for all DMSO concentrations at 0, 12 and 24 hr. Scale bars =
100 um. N=1 for each condition.
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In untreated wells, the change in the number of dead cells detected between 0 and
24 hr using either Pl or CEC was the same, in this experiment; this was not the case
(figure 5.9 A). At all DMSO concentrations tested, the change in number of dead
cells detected over 24 hr in CEC wells was higher than in Pl wells. In 1 % DMSO, this
change was 5.8-fold greater in the CEC well than PI (55 objects in Pl compared to
320 in CEC) or 2 % of the cells in the Pl well and 11.6 % in CEC. For 0.5 % DMSO,
there was an 11-fold difference (32 objects in Pl, 356 objects in CEC, or 1.1 % and 13
% respectively). At 24 hr the ECso for DMSO with PI was 2.1 % which was 35.5 %
higher than the ECso for CEC at 1.55 % (figure 5.9 B) reflecting the difference in
toxicity levels detected. The results from the CEC and the Pl wells both suggest that
between 1 and 5 % DMSO there was a toxic response with some evidence of late
stage toxicity in 1 % DMSO. It was decided that in future experiments DMSO
concentration would not exceed 1 % (1 % being considered the highest “safe”

concentration to be used) and where possible, would be used at or below 0.5 %.
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Figure 5.9 — Comparing Pl and CEC data outputs for DMSO toxicity.

(A) A comparison of the change in number of objects detected at 24 hr between
Pl treated wells and CEC treated wells for DMSO concentrations tested (shown
top right). (B) Toxicity curves showing the effect of DMSO on CPVT hiPSC
cardiomyocytes at 24 hr. Values plotted as percent of well population positive
for either Pl or CEC.

5.2.4 Validating PIl, CEC and PI-CEC co-staining quantification using staurosporine
As a positive control for caspase-mediated cell death (Yue et al.,, 1998),
staurosporine (STA) was used to induce toxicity in cardiomyocytes to assess the
accuracy of CEC. To achieve this, a pilot study (n=1 for each condition, due to
limited space on 96-well plates and to conserve cells) was carried out where wells
were treated with STA at 10, 5, 1, 0.5 or 0.1 uM (10 uM having been shown to

induce toxicity in rat ventricular cardiomyocytes (Henaff et al., 2000) and 1-0.25 uM
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in rat neonatal cardiomyocytes (Yue et al., 1998)) and co-incubated with PI, CEC or

Pl and CEC combined for 24 hr and images taken at 25 min intervals.

5.2.4.1 Quantifying Pl staining with or without CEC co-incubation in
cardiomyocytes treated with STA

In order to validate Pl staining in models of cell toxicity and to determine whether PI
and CEC could be used simultaneously in drug screening assays, cardiomyocyte
toxicity was quantified over 24 hr using these markers. When the percentage

cell death detected with Pl was plotted, (figure 5.10 C) a concentration-dependent
change in the rate of toxicity (change in percentage PI positive cells per hour) was
observed. In the first 12 hr, for 10 uM and 5 puM STA, rate of cell death was 6.7 %
and 6.1 % per hour, lowering to less than 0.5 % from 12 hr to 24 hr indicating
maximal cell death had been achieved in the first 12 hr. Representative images
taken from the wells (figure 5.10 A i) indicate complete cell death at 12 hr due to all
cells staining positively with Pl at 10 uM STA and cells undergoing apoptosis as
indicated by membrane blebbing (brightfield/fluorescence merge images). When PI
and CEC were co-incubated (PI-CEC), this did not have an effect on the detection of
cell death by PI staining with the time course graphs (figure 5.10 C) showing similar
rates of cell death in the first 12 hr (6 % for PI-CEC vs 6.7 % for Pl-only) for 10 uM,
6.3 % vs 6.1 % for 5 uM, 3.7 % vs 3.5 % for 1 uM, for 1.6 % vs 2.4 % for 0.5 uM and
0.4 % vs 0.4 % for 1 uM). When percentage Pl positive cells at 24 hr were compared
between Pl only and Pl from PI-CEC staining at 24hr, the difference never exceeded
6 %, with the exception of 1 uM staurosporine at 13 % (figure 5.10 D). Therefore,

these preliminary data suggest that CEC does not have an effect on the
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guantification of PI staining when the two markers are incubated together over 24

hr.
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Figure 5.10 — Time course measurements of STA toxicity in cardiomyocytes using PI.
Cardiomyocytes were incubated with STA at 10, 5, 1, 0.5 and 0.1 uM in wells (n=1 for
each concentration) either treated with Pl (shown here) or CEC (shown in figure 5.11).
PI-CEC co-treatment (but only displaying Pl fluorescence is shown in (A) (ii) (n=1 for each
condition). (A) Toxicity of STA at 10 uM over 24 hr. (i) (top row) Quantification of
number of Pl-positive objects detected at selected time points (highlighted as orange
bars) of 1, 12 and 24 hr (from left to right). (Middle row) PI positive objects detected at
1, 12 and 24 hr (shown with white circles). (Bottom row) Brightfield and Pl merge
images at 1, 12 and 24 hr. (ii) As with (i) but with Pl and CEC reagent co-incubation, with
only Pl objects quantified. (B) As with (A), but with STA at 0.5 uM. (C) Time course plot
of STA toxicity. Wells incubated in the presence of Pl only are plotted in blue, wells
incubated with Pl and CEC combined (but displaying Pl-positive objects only) plotted in
red. (D) Comparison of number of Pl positive objects detected in wells treated with STA
and co-incubated with either PI or PI-CEC to assess the effect of CEC co-incubation on
detection of Pl-positive objects.
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5.2.4.2 Quantifying CEC staining with or without PI co-incubation in
cardiomyocytes treated with STA

To demonstrate that CEC could be used to detect toxicity on its own or when also
incubated with Pl, wells were treated with STA and staining quantified. When
incubated with CEC only, the rate of cell death in the first 12 hr was 6.3 % vs 6.7 %
per hr for Pl at 10 uM (6.2 % for CEC vs 6.1 % for Pl at 5 uM, 4.2 % vs 3.5 % for 1 uM,
2.4 % vs 2.4 % for 0.5 uM and 0.4 % vs 0.4 % for 1 uM). These results indicated that
CEC staining and PI staining gave very similar values for toxicity quantification. This

was confirmed when the data from both were plotted together (figure 5.12 A).

In the PI-CEC co-incubation wells intensity of CEC staining was lower than in CEC-
only wells (figure 5.11 A ii brightfield/fluorescence merged images) affecting the
detection of CEC-stained objects and causing some apoptotic (blebbing visible in
brightfield images) cells to appear negative for CEC. When percentage CEC positive
objects and percentage CEC (from CEC-PI wells) were plotted together, CEC-PI gave
lower toxicity values (figure 5.11 C). The rate of cell death in CEC-PI wells measured
by CEC staining was >2-fold lower per hour for all concentrations tested (at 0.1 uM
staurosporine this represented a 22-fold decrease) (figure 5.13). At 24 hr (figure
5.11 D) the difference between percentage CEC positive cells detected in CEC only
and CEC-PI was 33.9 % at 10 uM STA (78.9 % for CEC-only and 45 % for CEC from
CEC-PI), 60 % at 5 puM (80.3 % vs 21 %), 42 % at 1 uM (66.4 % vs 23.8 %), 45 % at 0.5
UM (64.8 % vs 19.9 %) and 8.9 % at 0.1 uM (10.3 % vs 1.4 %). Additionally, when

plotted together, the cell death detected by Pl and by CEC incubated in the same
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wells differed from one another (figure 5.12C) demonstrating clearly that different

levels of toxicity detection were taking place when the markers were co-incubated.
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Figure 5.11 — Time course measurements of STA toxicity in cardiomyocytes using
CEC.

(A) Toxicity of STA at 10 uM over 24 hr. (i) (top row) Quantification of number of CEC-
positive objects detected at selected time points (highlighted as orange bars) of 1, 12
and 24 hr (from left to right). (Middle row) CEC positive objects detected at 1, 12 and
24 hr (shown with white circles). (Bottom row) Brightfield and CEC merge images at
1, 12 and 24 hr. (ii) As with (i) but with CEC and PI co-incubation, with only CEC
objects quantified. (B) As with A, but with STA at 0.5uM. (C) Time course plot of STA
toxicity. Wells incubated in the presence of CEC only are plotted in blue, wells
incubated with CEC and Pl combined plotted in red. (D) Comparison of detected CEC
objects at 24 hr between wells stained only with CEC and wells stained with CEC and
PI. N=1 for each drug concentration.
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Figure 5.12 — Toxicity detected in cardiomyocytes treated with STA over 24 hr
and stained with either Pl or CEC.

(A) Time course measurement of toxicity in cardiomyocytes treated with STA for
24 hr and incubated either with Pl or CEC reagent plotted together to enable
comparison of the two markers over 24 hr. (B) Side-by-side comparison of STA-
treated cardiomyocyte toxicity at the 24 hr time point of the time course
experiment in (A). (C) Quantification of CEC staining and Pl staining when both
markers were incubated together along with STA. N=1 for each drug
concentration.
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Figure 5.13 — Comparing the rate of cell death at different concentrations of STA
over the first 12 hours of the time course experiment.

Rate of cell death was calculated as change in cell death between 0 hr and 12 hr
divided by time. 12 hr was chosen as after this point; 10 uM and 5 uM wells
showed a “levelling” off of cell death (maximal effect achieved). Bars displayed
(from left to right) correspond to Pl positive only, Pl positive objects detected when
co-treated with CEC, CEC positive objects and CEC positive objects detected when
co-treated with Pl for each concentration of STA investigated.

5.2.4.3 Comparing TDs¢ and ECso values with results from Cellular Dynamics
Technical Notes

In order to gauge whether the results of the STA testing were accurate, a
comparison was made with data published by Cellular Dynamics in two technical
notes which tested STA caspase induction and cardiotoxicity respectively in hiPSC
derived cardiomyocytes (Cellular Dynamics International, 2015a, Cellular Dynamics
International, 2015b). STA toxicity measured by Pl staining at 24 hr (figure 5.14 B
and C) gave a TDsq of 470 nM for Pl-only and 510 nM for Pl when co-incubated with

CEC, or combined, 490 +/- 28.3 nM, 123 nM less than the ECsg result from CDI (613
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nM — figure 5.14 A). Given the similarity of these values, the Pl staining results were

considered accurate.
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Figure 5.14 — Determining the TDso and ECs of STA on cardiomyocytes after 24

hr with PI staining.

(A) Cytotoxicity measured at 24 hr using the MultiTox-Fluor Multiplex
Cytotoxicity assay and a fluorescent plate reader. Graph taken from Cellular

Dynamics International application note

entitled “Assaying Cytotoxicity”(Cellular

Dynamics International, 2015b). (B) Change in percent cardiomyocytes staining
positively for Pl between 0-24 hr at different concentrations of STA with TDso and
ECso values shown. (C) As in (B) but data taken from wells co-stained with CEC.

The tests carried out by Cellular Dynamics to quantify caspase activity were done

after 6 hr incubation in STA. For comparison, CEC values measured at 6 hr were

plotted (figure 5.15 A ii and iii) for CEC

only and CEC-PI wells. In both cases, TDsg

values could not be calculated as toxicity had not occurred in 50 % of cells.
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Therefore, ECso was calculated and the values generated were >2-fold lower at
either 650 nM (CEC only) or 700 nM (CEC-PI) compared to 1.49 uM for CDI. A TDsq
of 1.5 uM wasn’t achieved until 11 hr 15 min in the CEC only well. Toxicity curves for
CEC only wells gave a TDsqg of 330 nM, which was 140 nM lower than the Pl-only
wells (470 nM). At 24 hr, the CEC toxicity curve from the CEC-PI wells could not be
used to derive a TDsg value while ECsg was calculated as 780 nM (>3-fold higher than

in the CEC-only well).

The discrepancies observed in CEC staining from CEC-PI wells indicated that CEC was
not suitable for multiplexing with PI. This meant that simultaneous quantification of
apoptosis and programmed cell necrosis could not be achieved. Additionally, the
erratic staining profile observed at concentrations of DMSO <0.5 % in section
5.2.3.2 also highlighted some concerns with CEC staining accuracy. Furthermore,
continued use of CEC in screening assays would have required staining separate
wells in turn, reducing the number of variables that could be tested per plate. For

these reasons, the use of CEC was abandoned in future work.
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Figure 5.15 — Determining the TDso and EC5, of STA on cardiomyocytes after 24
hr with PI staining.

(A) (i) Caspase activity quantification at 6 hr using Promega Caspase Glo 3/7
reagent and a fluorescent plate reader. Graph taken from Cellular Dynamics
International application note entitled “Assaying Caspase Activity and Apoptosis”.
(ii) Change in percent of cardiomyocytes staining positively for CEC between 0-6
hr and (iii) when co-stained with Pl at different concentrations of STA with TDsq
and ECsp values shown for comparison with data shown in (A) (i). (B) As in (A) (ii
and (iii) but data collected at 24 hr.

5.2.5 Investigating cardiotoxicity with doxorubicin

DOX is an auto-fluorescent compound that fluoresces in the same channel as PI
(excitable at 488 nm and emission is detectable between 520-570 nm (Chen et al.,
2012)). In order to investigate whether Pl was compatible with testing DOX
cardiotoxicity, a pilot study time course and end point experiment was carried out
over a 24 hr period. If successful, the toxicity curve generated could be used to
estimate the TDsg of DOX which would aid in choosing DOX concentrations for

future toxicity testing experiments. DOX was incubated with cardiomyocytes at 100
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UM, 50 uM, 10 puM, 5 uM, 1 uM and 0.5 pM mimicking concentrations previously
tested with hESC derived cardiomyocytes (100 uM to 1 uM (Andersson et al.,

2010)). The highest concentration of DMSO vehicle used was 0.12 % (100 uM DOX).

At 50 uM DOX in the first 6 hr, a spike in percentage Pl-positive objects was
detected, starting at 4.1+/-1.5 % at O hr, increasing to 61.4+/-1.9 % at 4 hr (figure
5.16) decreasing to 20.7+/-0.8 % at 5 hr 30 min and then increasing to 56.4+/-1.2 %
by 12 hr. This pattern was also observed at 100 uM but crossed above 100 % PI-
positive in the first 6 hr before declining to 60 %, so this data was excluded from the

time course graph. This pattern was not observed at 10 uM DOX or lower.

Doxorubicin Toxicity 24 Hours

100

50uM Doxorubicin
80+ 10uM Doxorubicin
5uM Doxorubicin

1uM Doxorubicin

¢+t

0.51M Doxorubicin

% PI Positive
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Figure 5.16 — Measuring DOX toxicity over 24 hr with PI staining.
Cardiomyocytes were treated with DOX at 50, 10, 5, 1 and 0.5 uM with each
concentration co-incubated with Pl. Images were taken over a 24 hr period at
30 min intervals (n=3 wells for each DOX concentration).
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As Pl binds irreversibly to DNA, the increase and subsequent decrease (“spike”) in
number of detected objects observed at 50 uM DOX was unexpected. To investigate
this further, representative images from 50 UM DOX at 2 hr (pre-spike) 4 hr 30 min
(at the peak of the spike), 6 hr 30 min (post-spike) and 22 hr 30 min (near the end of
the assay) (figure 5.17) were taken to visualise this effect. The increase and
decrease in signal detected was not localised to the nuclei of cells (figure 5.17 image
rows 1-3, see inlays with green arrows). Furthermore, cells staining at this stage did
not show signs of cell death by either apoptosis (blebbing, formation of apoptotic
bodies, and detachment from culture surface) or programmed necrosis (high
nucleus to cytoplasm ratio with Pl staining and detachment from culture surface).
This suggested that the signal detected was not Pl. By 22 hr 30min, there was
complete cell death in these wells (figure 5.17 - bottom row images) with blebbing
cells detected (yellow arrows) and presence of apoptotic bodies (green arrows)
indicative of apoptosis. Due to the tight clustering of apoptotic bodies accurate cell
recognition was not possible (see figure 5.17 bottom row — far right image for
object recognition). At 1 uM, DOX had higher levels of cell death than at 10 uM and
5 uM and the highest level of toxicity after 50 uM so, for comparison, images were
taken (figure 5.18). At this concentration, no fluorescence spike was visible between
2 and 6 hr. Furthermore, quantification of Pl-objects was accurate as no clustering
of dead cells or apoptotic bodies was observed indicating that this was an issue

primarily found with more toxic drug concentrations.
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Figure 5.17 — Measuring DOX toxicity at 50 M over 24 hr.

Representative images were taken from the same field of view at four different
time points to illustrate the toxic response observed over 24 hr. Between 4 to 6 hr
a spike in fluorescence was detected in the red channel which decreased in
intensity only to increase again afterwards. Images taken to illustrate this spike
were taken before (at 2 hr - top row) during (4 hr 30 min - second row),
immediately afterwards (6 hr 30 min - third row) and at 22 hr (bottom row). (From
left to right) Representative images taken from the same field of view at each time
point showing, brightfield, fluorescence and object quantification. Scale bar = 100
um.
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Figure 5.18 — Measuring DOX toxicity at 1 uM over 24 hr.

Representative images were taken from the same field of view at four different
time points to illustrate the toxic response observed over 24 hr. At this
concentration, no spike in fluorescence was detected between 4 and 6 hr. To
provide comparison, images were taken at the same time points as in figure 5.17.
Time points were 2 hr, 4 hr 30 min, 6 hr 30 min and 22 hr. (From left to right)
Representative images taken from the same field of view at each time point
showing, brightfield, fluorescence and object quantification. Scale bar = 100 pum.
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After 24 hr, an endpoint scan was performed on the plate and a dose response
curve plotted from the data (figure 5.19). The TDso for DOX was 16 uM, while the
results taken from the time course experiment at 24 hr gave a TDso of 37 uM. A
comparison of toxicities detected at 50 uM gave 61.5+/-0.7 % (time course) vs
96.4+/-0 % (end point) (identical triplicate values, as all were 100 % prior to
normalising with controls), 10 uM gave 3.8+/-0.7 % vs 31.4+/-1.4 %, 5 uM gave
5.8+/-1.5 % vs 18.9+/-2.7 %, 1 uM gave 9.9+/-2.2 % vs 9.3+/-0.9 % and 0.5 uM gave
4+/-0.4 % vs 7.9+/-0.7 %. All concentrations except for 1 uM, were significantly
different between both sets of data (p<0.0001 for 50 uM, 10 uM, 5 uM and p<0.05
for 0.1 uM). Due to the different results from both approaches, it was decided that
a concentration range of between 50 uM and 1 uM DOX would be used in future

experiments to ensure both TDsq values fell within the range being tested.
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Figure 5.19 — DOX toxicity measured at 24 hr with Hoechst staining.

At 24 hr, wells treated with DOX at 50, 10, 5, 1 and 0.5 uM were stained with Hoechst
and percent cell death determined as proportion of Hoechst positive cells co-staining
positively for PI. (A) Dose response toxicity curve for DOX treated cardiomyocytes at
24 hr when co-stained with Hoechst. (B) Representative images at 50 uM (highest)
and 0.5 uM (lowest) DOX showing merged fluorescence with brightfield as well as
guantification of Pl-positive cells. (C) Toxicity curve corresponding to doxorubicin
toxicity at 24 hr from the time course scan and immediately following Hoechst
staining and re-scanning to compare outputs of both methods.

5.2.6 Identifying suitable concentrations of rescue drugs for doxorubicin-toxicity
rescue

Four drug compounds were highlighted for their potential to reduce DOX
cardiotoxicity: DEX, CAR, SIL and ISO (combined, referred to as “rescue drugs”). In
order to test these drugs in vitro, it was necessary to identify concentrations of
these compounds that could be used that would maximise the dose given while not

inducing toxicity in cardiomyocytes.

5.2.6.1 Dexrazoxane toxicity testing

In order to identify the highest non-toxic concentration of DEX that could be used, it
was prepared to its maximum soluble concentration in DMSO and then diluted to
give a final DMSO concentration of 1 % (the highest safe DMSO concentration — see
section 5.2.3). This gave a concentration of 7455 uM. A further three
concentrations (74.55 uM, 7.45 uM and 0.75 uM) were tested each 10-fold lower

than the former.
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At 745.5 uM DEX, between 1 hr and 12 hr, there was a significant increase in
toxicity from 0.9+/-0.8 % to 1.6+/-0.8 % (p<0.05). This increased further to 12.1+/-
0.9 % at 24 hr (from 13 hr onwards, p<0.0001 compared to 1 hr) (figure 5.20 B). For
DEX at 74.5 uM, there was a significant increase in the toxicity starting at 18 hr (3.9
+/-2.1 % compared to 2.9+/-1.5 % at 1 hr) (p<0.05, p<0.01 at 24 hr). At 7.45 uM and
0.745 uM there was no significant change in toxicity. Only two concentrations for
each rescue drug could be taken forward due to limitations in the number of
variables that could be tested. At 745.5 uM, DEX proved too toxic to justify its use in
future experiments, therefore the next two highest concentrations were used
instead (74.55 uM and 7.45 uM) corresponding to DMSO vehicle concentrations of

0.1 % and 0.01 %.
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Figure 5.20 — Assessing toxicity of DEX over 24 hr.

Cardiomyocytes were treated with DEX at 745.5 uM (1 % vehicle), 74.55 uM,
7.455 uM or 0.7455 uM for 24 hr. Images were taken at 1 hr intervals. (A)
Representative images of fluorescent signal and brightfield taken at 24 hr
following DEX treatment of cardiomyocytes at 745.5 uM, 74.55 uM and
0.7455 uM. (B) Quantification of PI staining measured at 1 hr intervals over
24 hr. N=3 for each concentration.

5.2.6.2 Cavedilol toxicity testing

In order to test the toxicity profile of CAR, as with DEX, the drug was dissolved in
DMSO to its highest soluble concentration and diluted to 1 % DMSO with serial 10-
fold dilutions thereafter starting at 492 uM then 49.2 uM, 4.92 uM and 0.492 pM.
When 490 uM was prepared, CAR formed precipitates in the culture medium (figure
5.21 A bottom row of images) which also auto-fluoresced in the Hoechst and PI
detection channels when imaged, making the data from this concentration
unsuitable and was excluded. At 49.2 uM and lower, no precipitates were formed in
the media. At this concentration, CAR was toxic to cardiomyocytes (see figure 5.21
A top left image). The initial rate of cell death was 1 % per hour accelerating from 5
hr onwards to 11 % per hour up to 12 hr before decelerating and eventually
reaching 100 % cell death at 20 hr (figure 5.21 B). This toxic response was significant
from 6 hr (17.3+/-3 %) onwards compared to 1 hour (3.4+/-0.6 %) (p<0.0001). For
CAR at 4.92 uM there was a low level, but significant increase from 16 hr onwards
(see graph inlay) from 0.12 +/- 0.9 % at 1 hr to 1 +/-1.4 % (p<0.05 reaching p<0.01
from 20 hr onwards) reaching 1.5+/-1.9 % at 24 hr. At 0.492 uM there was no
change in cell death observed over 24 hr. As the two highest concentrations tested

either formed precipitates or proved toxic over 24 hr, the lower two concentrations
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were taken forward (4.92 uM and 0.492 uM) corresponding to DMSO vehicle

concentrations of 0.01 % and 0.001 %.
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Figure 5.21 — Assessing toxicity of CAR over 24 hr.

Cardiomyocytes were treated with CAR at 492 uM (1 % vehicle), 49.2 uM, 4.92
UM or 0.492 uM for 24 hr. Images were taken at 1 hr intervals. (A) Representative
images of fluorescent signal and brightfield taken at 24 hr following CAR
treatment of cardiomyocytes at 492 uM, 49.2 uM and 0.492 uM. (B)
Quantification of Pl staining measured at 1 hr intervals over 24 hr. Due to
precipitate formation at 492 uM, accurate quantification of cell death could not
be achieved so data was not plotted. N=3 for each concentration.
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5.2.6.3 Sildenafil toxicity testing

SIL was prepared in DMSO to the highest soluble concentration with 1 % DMSO
vehicle corresponding to 299.9 uM with subsequent concentrations of 29.99 uM,
2.99 pM and 0.29 pM. When 299.9 uM SIL was added to media it formed
precipitates but unlike with CAR, these precipitates did not affect object recognition
(figure 5.22 A left image) meanwhile, 29.9 uM and lower did not form precipitates
in the media. At 299.9 uM SIL, a toxic response was observed which, when
compared to 1 hr (2.8+/-0.8 %) was statistically significant from 12 hr onwards
(5.4+/-0.7 %, p<0.05, p<0.01 at 14 hr, p<0.0001 19 hr onwards) reaching 9.2+/-2.8 %
at 24 hr (figure 5.22 B). At 29.99 uM a significant increase in toxicity was observed
(relative to 1 hr, 1.1+/-0.7 %) from 18 hr (2.5+/-1.7 %, p<0.05, p<0.01 from 20 hr
onwards) reaching 2.9+/-1.7 % at 24 hr. For 2.99 uM and 0.299 uM SIL there was no
significant change in toxicity. As toxicity was observed with 299.9 uM SIL, 29.99 uM
and 2.99 uM were taken forward for future testing corresponding to vehicle

concentrations of 0.1 % and 0.01 % DMSO respectively.
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Figure 5.22 — Assessing toxicity of SIL over 24hr.

Cardiomyocytes were treated with SIL at 299.9 uM (1 % vehicle), 29.99 uM, 2.999
UM or 0.2999 uM for 24 hr. Images were taken at 1 hr intervals. (A) Representative
images of fluorescent signal and brightfield taken at 24 hr following SIL treatment of
cardiomyocytes at 299.9 uM, 29.99 uM and 0.2999 uM. Precipitate formation was
observed at 299.9 uM but did not affect toxicity quantification. (B) Pl staining
measured at 1 hr intervals over 24 hr. N=3 for each concentration.

5.2.6.4 Isoprenaline toxicity testing

ISO was prepared in H,O and the highest concentration used was 100 uM
corresponding to a vehicle concentration of 1 % with subsequent concentrations of
10 uM, 1 uM and 0.1 uM tested. ISO treated cells did not show any statistically
significant toxicity at any of the concentrations tested (figure 5.23 A). While ISO did
not show any toxicity even at 100 uM, recent evidence has shown that at higher
concentrations, potential ISO cardioprotection is impaired (Shin et al., 2014). 10 uM

and 1 uM were taken forward as these concentrations had been previously tested
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to model I1ISO-mediated cardioprotection from chemical insult (Shin et al., 2014,
Henaff et al., 2000) corresponding to final vehicle concentrations of 0.1 % and 0.01

% H,0.
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Figure 5.23 — Assessing toxicity of ISO over 24 hr.

Cardiomyocytes were treated with ISO at 100 uM (1% vehicle), 10 uM, 1 uM or
0.1uM for 24 hr. Images were taken at 1 hr intervals. (A) Representative images of
fluorescent signal and brightfield taken at 24 hr following ISO treatment of
cardiomyocytes at 100 uM and 0.1 uM. N=3 for each concentration.

5.2.7 Endpoint analysis of “rescue” drugs
In order to support the results seen in the time course experiments shown in
sections 5.2.6 (and figures 5.20-5.23) an endpoint screen was carried out to
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quantify cell death at 24 hr with the addition of Hoechst (figure 5.24). This screen
(figure 5.24 graph) reinforced what was found at the end of the real time tests: DEX
was toxic at 745.5 uM CAR at 49.2 uM and SIL at 299.9 uM. Increased toxicity was
also detected for SIL at 2.99 uM. This result was partly due to one of three wells
having an unusually high amount of cell death (6.9 %) compared to the other two
wells (mean 2.1+/-0.14 %). The results from this test did not alter the decisions for

drug concentrations to be carried through to the toxicity rescue experiments.
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Figure 5.24 — Quantification of DEX, CAR, SIL and ISO toxicity at 24 hr with Hoechst
and Pl staining.

At the end of the 24 hr time course experiments (figures 5.20-5.23), wells were
stained with Hoechst and percent cell death determined as proportion of Hoechst
positive cells co-staining for Pl. Representative images of Hoechst and Pl staining at
different drug concentrations are shown. A graph comparing the toxic response to
these drugs at 24 hr is displayed bottom left. N=3 for each condition.
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5.2.8 Time course quantification of DOX toxicity with or without co-incubation
of rescue drugs

Earlier, the TDso for DOX was calculated as between 37 uM and 16 uM based on
time course and end point assays. With this in mind, in order to test whether the
rescue drugs might be able to reduce DOX toxicity, a concentration range was
chosen containing the predicted TDsq but also ensuring that a change in TDsq could
be detected without falling outside the chosen concentration range. Additionally, in
the endpoint assay, the difference between DOX toxicity at 10 uM and 50 uM was
65 %, placing the TDso between these concentrations (figure 5.19). A range of
concentrations that would give better resolution of this “gap” was sought. To this
end, DOX was used at 50 uM, 40 uM, 30 uM, 20 uM, 10 uM and 1 puM each with
two concentrations of the rescue drugs as well as DOX on its own. In order to
facilitate such a large number of variables (64 variables, which in quadruplicate gave
216 wells excluding controls), 384-well plates were used. To carry out drug
screening on this scale, the robotic platform (chapter 4) was used to enable rapid
medium exchanges in these plates. Due to the increased number of wells, the time
required for imaging each plate was higher; therefore sequential scans were carried

out at 2 hr intervals.

At concentrations of 40 uM and 50 uM, the toxicity of DOX was enough to cause
complete cell death with dead cells and apoptotic bodies forming aggregates that

made dead-cell recognition unreliable, rendering the data inaccurate. For this
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reason and because of high DOX background, this data was not plotted in real time
graphs. At 30 uM DOX (figure 5.25), a significant (p<0.0001 — all two way ANOVA,
DMCT) decrease of 13 % in toxicity was achieved with DOX-CAR at 4.92 uM (11.2+/-
5.1 % at 8 hr) compared to DOX-only at 24.3+/-7.6 %. The difference remained
significant until 20 hr (48.9+/-3.9 % for DOX-CAR and 56.9+/-5.8 % for DOX-only,
p<0.05) and at 22 hr was no longer significant. With DOX on its own, time taken to
reach TDsg was 13 hr. With DOX-CAR 4.92 uM this was extended to 20.8 hr. No
other rescue drugs at this concentration of DOX caused a significant decrease in
toxicity. At 16 hr, there was as significant increase (p<0.05) in toxicity from 55.3+/-
5.8 % to 63.1+/-5.8 % with DOX-ISO at 10 uM which remained significant up to 22 hr
(56.1+/-5.9 % and 65.6+/-13.2 %, p<0.01). With 1 uM DOX-ISO there was also a
significant increase in toxicity between 8 hr (24.3+/-7.6 % and 32.7+/-3.7 % p<0.05)

and 16 hr (55.3+/-5.8 % and 63.9+/-5.9 %, p<0.05).
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Figure 5.25 — Quantification of 30 uM DOX-induced toxicity over 24 hr with or
without co-treatment with rescue drugs.

Cardiomyocytes were treated with 30 uM DOX-only or in combination with DEX, CAR,
SIL or ISO at the concentrations shown (top right). Cardiomyocytes were co-incubated
with Pl and images were taken at 2 hr intervals up to 22 hr. Experiment was carried out
in two rounds using 384-well plates incubated in an enclosed non-humidified chamber
at 5 % CO, and 37°C for the duration of the test. N=8 wells tested for each condition.
Error bars = SD.

At 20 uM DOX (figure 5.26) another significant decrease in toxicity occurred with
co-incubation using CAR at 4.92 uM with this effect starting to occur at 4 hr,
becoming significant at 8 hr (26+/-5.9 % for DOX, 15.3+/-4.4 % for DOX-CAR,
p<0.001, p<0.0001 at 10 hr onwards) and remaining significant until the end of the
assay at 22 hr (72.4+/-7.5 % for DOX and 55.5+/-3.9 % for DOX-CAR, p<0.0001). The
time taken to reach TDsg was 11.6 hr for DOX and this was extended by CAR 4.92
MM co-treatment to 17.7 hr. Between 12 hr and 16 hr there was also a significant
effect observed with SIL at 29.99 uM (at 12 hr this was 52.1+/-8 % for DOX and
45.3+/-2.9 % for DOX-SIL and at 16 hr, 66.3+/- 8.9 % and 59+/-4 % respectively,
p<0.05). At 18 hr and at 22 hr there was also a significant decrease in toxicity with
SIL at 2.99 uM (68.8+/-7.7 % for DOX and 62+/-7.6 % for DOX-SIL at 18 hr and
72.4+/-7.5 % and 64.8+/-5.9 % respectively at 22 hr, p<0.05). Between 10 and 22 hr,
a significant increase in toxicity was observed between DOX and DOX-DEX at 7.455
UM (at 10 hr, 40.4+/-7.2 % for DOX and 47.2+/-4.1 % for DOX-DEX and at 22 hr,

72.4+/-7.5 % and 79.5+/-7.1 % respectively, p<0.05).
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Figure 5.26 — Quantification of 20 uM DOX-induced toxicity over 24 hr with or
without co-treatment with rescue drugs.

Cardiomyocytes were treated with 20 uM DOX-only or in combination with DEX, CAR,
SIL or ISO at the concentrations shown (top right). Cardiomyocytes were co-incubated
with Pl and images were taken at 2 hr intervals up to 22 hr. Experiment was carried
out in two rounds using 384-well plates incubated in an enclosed non-humidified
chamber at 5 % CO, and 37°C for the duration of the test. N=8 wells tested. Error bars
=SD.

At 10 uM DOX (figure 5.27), the only significant effect observed was a decrease in
toxicity with DOX-CAR at 4.92 uM from 16 hr to 22 hr (35.4+/-5.2 % for DOX and
26.6+/-4.5 % for DOX-CAR at 16 hr and at 22 hr, 47+/-5.6 % and 35.5+/-4 %
respectively)(p<0.05 at 16 hr and 18 hr and p<0.01 20 hr and 22 hr). There was no
change in the TDsg as it was not reached by DOX at this concentration. At 1 uM DOX
(figure 5.28) there were no significant reductions in toxicity achieved. However,
between 14 hr and 22 hr there were statistically significant increases observed with

both of the ISO co-treatments. For ISO at 10 uM, the increase was up to 27.9+/-3.7
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% from 20.9+/-3.6 % for DOX-only (p<0.05, at 14 hr) (p<0.01 between 16 hr to 20
hr) and at 22 hr, 43.9+/-5.2 % for DOX-ISO and 33.9+/-3.7 % for DOX-only (p<0.001).
For 1 uM ISO at 14 hr, toxicity was 28.1+/-5.6 % while DOX-only was 20.9+/-3.6 %

(p<0.05 to 20 hr) and at 22 hr, ISO was 42.2+/-7.3 % compared to DOX at 33.9+/-3.7

% (p<0.01).
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Figure 5.27 — Quantification of 10 puM DOX-induced toxicity over 24 hr with or
without co-treatment with rescue drugs.

Cardiomyocytes were treated with 10 uM DOX-only or in combination with DEX, CAR,
SIL or ISO at the concentrations shown (top right). Cardiomyocytes were co-incubated
with Pl and images were taken at 2 hr intervals up to 22 hr. Experiment was carried
out in two rounds using 384-well plates incubated in an enclosed non-humidified
chamber at 5 % CO, and 37°C for the duration of the test. N=8 wells tested. Error bars
=SD.
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Figure 5.28 — Quantification of 1 uM DOX-induced toxicity over 24 hr with or
without co-treatment with rescue drugs.

Cardiomyocytes were treated with 1 uM DOX-only or in combination with DEX, CAR,
SIL or ISO at the concentrations shown (top right). Cardiomyocytes were co-
incubated with Pl and images were taken at 2 hr intervals up to 22 hr. Experiment
was carried out in two rounds using 384-well plates incubated in an enclosed non-
humidified chamber at 5% CO, and 37°C for the duration of the test. N=8 wells
tested. Error bars = SD.

In summary, DOX concentrations of 40 uM and 50 uM, were sufficiently toxic to
prevent accurate object identification and quantification and no beneficial or
negative effect was observed with any of the rescue drugs. At 30 uM DOX, CAR at
4.92 uM significantly reduced toxicity between 8 hr and 20 hr while I1SO at 10 uM
increased toxicity between 16-22 hr and ISO at 1 uM increased toxicity between 8-
16 hr. In cardiomyocytes treated with 20 uM DOX, CAR at 4.92 uM decreased
toxicity between 8- 22 hr. SIL at 29.9 uM decreased toxicity between 12-16 hr and
SIL at 2.99 uM decreased it between 18-22 hr while between 10-22 hr DEX at 7.455

MM increased toxicity. With 10 uM DOX, a decrease in toxicity occurred in CAR-
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treated wells at 4.92 uM between 16-22 hr. Finally, at 1 uM DOX no reductions in
toxicity were seen but increases were observed with ISO at 10 uM and 1 pM

between 14 to 22 hr.

5.2.9 Endpoint quantification of doxorubicin toxicity and rescue drug effects

In order to support the data generated in figures 5.22-5.25, endpoint screens of the
plates used in those figures were carried out by adding Hoechst at the 24 hr time
point and quantifying cell death. A comparison of drug responses measured by
endpoint scans revealed that at 30 uM, 40 uM and 50 uM DOX killed >90 % of cells
by 24 hr with no sign of reduced toxicity from CAR at 4.92 uM (figure 5.29a B).
Images of object recognition illustrate the clumping effect observed with dead cells
(figure 5.29a A, 40 puM and 50 pM images) and a heterogeneous mixture of
apoptotic cells (green arrows), apoptotic bodies (yellow arrows) and programmed

necrosis cells (red arrows).

At 10 uM and 20 pM DOX, significantly lower toxicities were observed with CAR at
4.92 uM. For 20 uM the toxicity was 78.8+/-6 % for DOX and 63.5+/-14.4 % for DOX-
CAR at 4.92 uM (all one-way ANOVA, p<0.05, DMCT) (figure 5.29b B- bottom right
graph). For 10 uM DOX, the difference was from 57.1+/-8.4 % for DOX to 37.4+/-
11.2 % (bottom centre graph, p<0.0001). At 1 uM DOX toxicity was 47.5+/-6.5 % and
a significant decrease observed in DOX-CAR at 4.92 uM (27.6+/-6.8 % p<0.001)

despite not appearing to be the case in the time course scan. There were also
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significant decreases observed with DOX-DEX at 74.55 uM (29.4+/-12.7 % p<0.01,)
and SIL at 29.99 uM (33.7+/-7.1 % p<0.05). A significant increase in DOX toxicity was

observed with ISO at 10 uM up to 61.8+/-4.5 % (p<0.05).

A

30pM Doxorubicin dOuM Doxorubicin 50uM Doxorubicin
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Figure 5.29a — Quantification of DOX toxicity at 24 hr with Hoechst and PI
staining.

Cardiomyocytes were treated with 30 puM, 40 uM or 50 uM DOX-only or in
combination with DEX, CAR, SIL or ISO at the concentrations shown (bottom key)
for up to 24 hr. Cardiomyocytes were stained with Hoechst and images taken.
Quantification of Hoechst and PI staining was carried out. Three 384-well plates
were used to generate the data shown. As the duration of scanning took
approximately 2 hr, 384-well plates were incubated in an enclosed non-humidified
chamber at 5 % CO, and 37°C while scanning took place. (A) Representative
images of fluorescent/brightfield merged images and fluorescent images showing
object identification. (B) Graphs for toxicity observed in cardiomyocytes treated
with the conditions shown (bottom key). No significant effect detected at any
concentrations shown. N=12 for each condition tested. Error bars = SD,
significance test = one-way ANOVA.
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5.2.10 Determining and comparing TDs value for doxorubicin with and without
rescue drug co-treatment

Using the data from the end point assays in 5.2.9, dose response curves were
plotted for all drug conditions (figure 5.30) tested with DOX and TDsy values
calculated. This was not possible for both ISO concentrations as they never went
below 50 % toxicity. The estimated TDso for DOX based on these results was 2 uM,
8-fold lower than the predicted TDs in figure 5.19 A, but was still within the range
of concentrations used for this experiment. A comparison of the fold-change in TDsq
values from rescue drug co-treatments compared to DOX-only showed that both
DEX at 74.55 uM and SIL at 29.99 uM increased the TDsq by 3.5- and 3.75-fold, to 7
MM and 7.5 uM respectively. At 4.92 uM and 0.492 uM CAR a 7.5-fold and 2-fold
increase to 15 uM and 4 uM was observed, respectively. DEX and SIL at 7.45 uM
and 2.99 uM respectively, also achieved 1.5-fold increases in the TDsg to 3 M in
both cases. These results confirmed that DEX, CAR and SIL were capable of reducing
DOX toxicity in cardiomyocytes but the extent to which this was possible was dose-
dependent for DOX and for DEX, CAR and SIL, with high concentrations (230 uM) of
DOX not showing any decreases in toxicity and lower concentrations of DEX, CAR
and SIL showing reduced toxicity reduction. Additionally, co-treatment with 1SO (10
uM) did not reduce DOX toxicity, but increased it even though, on its own, I1SO

proved non-toxic to cardiomyocytes at as high as 100 uM.
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Figure 5.29b — Quantification of DOX toxicity at 24hr with Hoechst and PI
staining.

Cardiomyocytes were treated with 1 puM, 10 uM or 20 pM DOX-only or in
combination with DEX, CAR, SIL or ISO at the concentrations shown (key, right) for
up to 24 hr. Cardiomyocytes were stained with Hoechst and images taken.
Quantification of Hoechst and Pl staining was carried out. Three 384-well plates
were used to generate the data shown. As the duration of scanning took
approximately 2 hr, 384-well plates were incubated in an enclosed non-humidified
chamber at 5 % CO, and 37°C while scanning took place. (A) Representative images
of fluorescent/brightfield merged images and fluorescent images showing object
identification. (B) Graphs for toxicity observed in cardiomyocytes treated with the
conditions shown (key, right). Significant decreases in cell death were observed
with CAR (4.92 uM), at DOX concentrations of 20 uM (p<0.0001), 10 uM (p<0.0001)
and 1 uM (p<0.001). At 1 uM DOX, significant decreases were also observed for SIL
at 29.99 uM (p<0.05) and DEX at 74.55 uM (p<0.01) while a significant increase was
detected with ISO at 10 uM (p<0.01). N=12 for each condition tested. Error bars =
SD, significance test = one-way ANOVA.
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Figure 5.30 — The effect of rescue drug co-treatment on DOX TDsqin hiPSC
cardiomyocytes.

TDso values were calculated by plotting toxicity curves for DOX-only or after co-
incubation with DEX, CAR, SIL or ISO at the concentrations shown (key, top right) for
24 hr as quantified with Hoechst and Pl staining. (A) DOX toxicity at 24 hr without
co-treatment. (B) DOX toxicity when co-treated with DEX, CAR, SIL or ISO for 24 hr
(n=12, error bars = SD). (C) Fold change in the TDso of DOX in cardiomyocytes when
co-incubated with DEX, CAR or SIL for 24 hr. ISO could not be calculated as TDsq
could not be determined (toxicity too high).
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5.3 Discussion

5.3.1 Time course drug screening validation

For this chapter, a novel process was developed adapting the work of Wlodkowic et
al. (Wlodkowic et al., 2009), to allow time course monitoring of toxicity in vitro
using cardiomyocytes. As this method had not been used in our group before,
several experiments were carried out to validate it. Stability of reagent signal was
demonstrated over 24 hr with no photo-bleaching detected following repeated
photo-excitation. Additionally neither of the reagents induced cell death when
incubated with cells over 24 hr. To show that they could be used to accurately
quantify cell death in time course experiments, STA, a known inducer of apoptosis
was used as a positive control and data was compared to results generated by
Cellular Dynamics in two published technical notes where STA was used to induce
toxicity in hiPSC derived cardiomyocytes (Cellular Dynamics International, 2015a,
Cellular Dynamics International, 2015b). This highlighted very similar results with PI
staining, (490 +/- 28.3 nM, 123 nM less than the ECsq result from CDI at 613 nM —
figure 5.14 A) but discrepancies with CEC staining were observed 650 nM (CEC only)
or 700 nM (CEC-PI) compared to 1.49 uM for CDI (figure 5.15). Additionally, CEC was
not compatible Pl in co-staining experiments although Pl was compatible with CEC
as demonstrated by different levels of staining obtained in the same wells (figure

5.12 C). For these reasons, CEC was not used in subsequent experiments.
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5.3.2 Time course and end-point screening of DOX cardiotoxicity with or without
rescue drugs

After initial validation, time course monitoring of drug toxicity in vitro was achieved
using Pl to screen each rescue drug for cardiotoxicity and later, to model DOX
cardiotoxicity and to test the potential cardioprotective effect of rescue drugs. This
method identified unique toxicity profiles in some drugs such as varying initial
toxicity “lag” phases of 0-11 hr for DEX (745.5 uM figure 5.20) and 0-5 hr for CAR
(49.2 uM figure 5.21) for example. Additionally, when 30 uM DOX and 30 uM DOX-
CAR (4.92 uM) toxicity were quantified, (figure 5.25) a significantly decreased level
of toxicity was observed from 8 hr to 20 hr in DOX-CAR (13.1 % lower at 8 hr, 19.2
% at 14 hr and 8 % at 20 hr) which was no longer significantly different at 22 hr. As a
result, this effect was not detected in the corresponding end-point screen however;
30 uM DOX is 30-fold higher than peak plasma levels (approximately 1 pM)
following therapeutic DOX administration ((Barpe et al.,, 2010) figure 5.31)
demonstrating that CAR had a partial cardioprotectant effect on DOX toxicity at
high concentrations. CAR was also more effective at reducing DOX cardiotoxicity
than the other rescue drugs which showed no beneficial effect in endpoint screens
at 30, 20 or 10 uM. At 1 uM DOX however, DEX (74.55 uM), CAR (4.92 uM) and SIL
(29.99 uM) all showed significantly lower (p<0.01, p<0.001 and p<0.05 respectively)
levels of cardiotoxicity than in DOX-only wells. In patients, peak plasma levels
following administration reach 36.5 pug/ml (from SOOmg/m2 infusion, FDA Label,
2012), equivalent to 136 uM for DEX, 75ng/ml (following 25 mg oral dose) for CAR
(equivalent to 0.184 uM) ((Zarghi et al., 2007), figure 5.32) and following 200 mg

dose, achieved a peak plasma concentration of 1000ng/ml (equivalent to 2.1 uM)
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for SIL (Nichols et al., 2002). In 10 uM ISO treated wells with 1 uM DOX, toxicity
significantly increased in the endpoint screen (p<0.05) while for the time course, at
both 10 uM and 1 uM significant increases were observed from 14 hr to 22 hr (for
10 uM ISO, p<0.05 at 14 hr, p<0.01 between 16 hr to 20 hr and p<0.001 at 22 hr).
For 1 uM ISO at 14 hr, p<0.05 up to 20 hr and at 22 hr, p<0.01. It is worth noting
however, that when comparing patient plasma levels to concentrations used in
these assays, albumin was present in the RPMI-B27 medium used and has been
shown to bind drugs (Kerns, 2003). The concentration of free drug in these wells

was not assessed but this would allow more accurate comparison with clinical data.

5.3.3 Limitations of the time course assay

As a cautionary note, although the time course experiments did provide useful
information on toxicity kinetics over time, there were some limitations to these
assays. Firstly, incubating cardiomyocytes with Hoechst for 24 hr induced apoptosis
in these cells (figure 5.3) therefore, cell number could not be quantified in wells
from the start and so, cell numbers from control wells had to be used to derive
percentage cell death values. This implied equal numbers of cells seeded in all the
wells across a 96- or 384-well plate but as demonstrated in chapter 4 section 4.2.19,
cell seeding across 384- well plates was not perfectly uniform (4634+/-471.6 and
3904+/-550.8 cells across two plates seeded back-to-back). Additionally while
guantification of dead cells lifting off the culture surface did not present a challenge
for Operetta software at lower drug concentrations such as <5 uM for STA (figure
5.10 and 5.11) and <30 puM for DOX (figure 5.19). At higher (highly toxic

concentrations; >30 uM DOX, >5 uM STA) dead cells or apoptotic bodies aggregated

208



Chapter 5 Developing Platforms for Drug
Screening Using Cardiomyocytes

in the wells preventing resolution between cells (i.e. figure 5.17 bottom row),
reducing accuracy of quantification hence, some conditions which achieved
maximal cell death did not reach 100 % in time course assays (see DOX 30 uM figure
5.29a with >90 % cell death at 24 hr and figure 5.25 DOX 30 uM 24 hr time course
levelled off at 56.14+/-5.9 % achieved at 22 hr). Endpoint screens had improved
accuracy as Hoechst staining could be carried out allowing total cell number and PI-
Hoechst co-stained cell numbers to be quantified. Combined therefore, both
methods proved beneficial in assessing cardiotoxicity but there remains scope to

improve accuracy of the time course assays.
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Figure 5.30 — Change in DOX plasma concentration in females over 24 hr.

DOX plasma concentrations in females (n=3) with normal weight (mean 62.2+/-6.9
kg) following administration at 60 mg/m? of body surface area. Mean age 55.7+/-4.4
years, mean body mass index 24 +/-1.4, mean body surface area 1.77 +/-0.13 m? (y-
axis is shown as log scale). DOX plasma concentration at 40 min; 630.4+/-22.1
ng/ml, 1 hr 40 min; 478+/-7.9 ng/ml, 8 hr 40 min; 52.5+/-13.3 ng/ml, 24 hr 40 min;
39.8+/-15.3 ng/ml. For comparison, 580 ng/ml = 1 puM in drug screening
experiments. Taken from (Barpe et al., 2010). See also (Mou et al., 1997).
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Figure 5.31 — Change in CAR plasma concentration over 24 hr.
CAR plasma concentration following administration of single 25 mg oral dose to

healthy volunteers (n=12) (taken from (Zarghi et al., 2007)). CAR concentration of
75 ng/ml is equivalent to 0.184 uM.
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Figure 5.32 — Change in plasma concentration of SIL over 24 hr.

SIL plasma concentrations following oral administration at 25 mg (o), 50 mg (), 100
mg (0), or 200 mg (4)(n=32 per group) (taken from (Nichols et al., 2002)). Sildenafil
concentration of 1000 ng/ml is equivalent to 2.1 uM.
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6 Discussion

In this thesis three different protocols for differentiating hPSCs to cardiomyocytes
were adopted and carried out manually. Attempts were then made to translate
these to automated processes on the robotic platform. Although EB setup was
unsuccessful at generating beating EBs, maintenance of EBs using the robotic
platform from day 2 of differentiation onwards was considered successful,
generating 95.8 % spontaneously beating EBs. Attempts to automate two
monolayer methods, one using cells cultured in mTeSR and the other using cells
cultured in E8 also both successfully automated generating 4.5x10° cells and 39x10°

respectively both with cardiomyocyte purities >90 %.

Cryopreserved cardiomyocytes generated by the robot were then used in drug
screening experiments set up in 384-well plates to quantify the toxicity of the anti-
cancer drug DOX in real time and to test the potential cardioprotective effects of
four other drugs, DEX, CAR, SIL and ISO. Drug toxicity kinetics were quantified over
24 or 22 hr periods and revealed that DEX, CAR and SIL were capable of significantly
reducing cardiotoxicity of DOX and furthermore all led to >3-fold increases in the

TDso of DOX.

6.1 hPSC culture and differentiation
Feeder free culture of HUES7 hESCs using MEF-CM was a low cost (estimated at

£0.11/ml) and scalable process that enabled the production of cardiomyocytes
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using the EB differentiation method (Matsa et al., 2014, Pascut et al., 2013).
Dissociating EBs from 96-well plates yielded 0.6+/-0.3x10° cells per plate but when
carried out manually was time consuming to carry out and low throughput. While
not explored in this work, improved EB-differentiation yields could be achieved by
developing bioreactor-based differentiation systems to replace 96-well plates (Liu
et al., 2014). Indeed, up to 2x10°® hiPSCs have been generated in bioreactor systems
containing 100 ml of medium (mTeSR) (Olmer et al., 2012), by comparison, 100 ml
of medium was sufficient to sustain 5 x RoboFlasks with a maximum vyield of
approximately 1x10® hiPSCs. In chapter 3, EB differentiations were manually set up
with 0.4x10° cells per plate and gave yields of 0.6x10° cells, an increase of 50 %.
Therefore, in bioreactor systems generating 2x10° pluripotent cells, up to 3x10®
cells could potentially be generated if the method could be translated into a
bioreactor format, indicating that EB differentiation methods have the potential to
generate large numbers of cardiomyocytes. However, before this can be achieved,
issues such as batch variation from MEF-CM and subsequent variability in
differentiation outcomes would require addressing. The proportion of beating EBs
generated from manual differentiations ranged from as high as 94+/-0.3 % (MEF93)
and 82+/-22.8 % (MEF89) to as low as 39+/-15.6 % (MEF70) and 25.6+/-39.7 %
(MEF88) with considerable variability observed even within the same batches,
ranging between 99 % and 33 % beating EBs (MEF89) and 79.8 and 0 % (MEF88).
Undefined and batch variable reagents limit the usefulness of differentiation
processes and as a result, there is a need to adopt more defined methods to avoid
these limitations (Zanella and Sheikh, 2014). An EB differentiation method

compatible with defined medium culture conditions has been achieved, generating
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up to 8x10’ cells of which 80 % were positive for cardiac troponin T following
culture in mTeSR in a 100 ml bioreactor (Matsuura et al., 2012) but it remains to be
seen whether these systems can be used to scale up cardiomyocyte production

even further in a consistent and cost-effective manner.

Adopting both the mTeSR culture system and monolayer differentiation method
increased the quantity of cells that could be generated per-differentiation (4.9+/-
1.4x10° total cells per T75 and 7.3+/-1.2x10° total cells per RoboFlask) as well as
yielding high cardiomyocyte purities (98.7 % for a-actinin and 97.4 % for cardiac
troponin T). Others have also demonstrated improved yields and purities >90 %
from adopting monolayer methods over existing conditioned-medium based EB
methods (Lian et al., 2012, Zhang et al., 2012a). The mTeSR monolayer method also
simplified the differentiation process technically, removing lower throughput and
time consuming procedures such as changing medium in 96-well plates using 8-
channel pipettes or transferring EBs to U-bottom plates from V-bottom plates and
replacing them with a simple medium change per flask. Dissociations of
differentiations were also made simpler as the process was almost identical to
routine cell passaging but the duration of enzyme exposure was increased.
Differentiation of hiPSCs was attempted using this method but proved difficult and
unreliable to achieve with the exception of the AT1 hiPSC line where purities of 99.5
% (a-actinin) and 90.9 % (cardiac troponin T) were achieved. Furthermore, mTeSR
and StemPro-34 (used during the differentiation process) were both expensive

media (£0.34/ml and £0.30/ml respectively) and to a lesser extent, still batch
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variable because they both contained albumin (Chen et al., 2011). Additionally, cell
lines cultured in mTeSR proved difficult to scale up due to the need for high seeding
densities (2x10° cells per T25 or 80,000 cells/cm?), while high population doubling
times (69.9+/-7.7 hr for mTeSR and 43.2+/-0.4 hr for MEF-CM) meant that cultures

took longer to achieve appropriate confluence for passaging.

A newer monolayer differentiation method for cells cultured in E8 (Burridge et al.,
2014) was adopted using 2 hiPSC lines derived in E6/E8 conditions (LQT2 and CPVT).
This had the effect of bringing down the cost of culture as E8 was less expensive
(£0.20/ml) than mTeSR (£0.34/ml) while the population doubling time was also
more than 2-fold lower (30.1 hr, n=1). Differentiations carried out using this method
gave improved yields of up to 39 million cells from one RoboFlask (4.2x10 cells per
cm?) equivalent to 13 cells for each input cell. Cardiomyocyte purity was also high
with a-actinin at 91.4+/-2.1 % and cardiac troponin T at 96.85+/-0.9 %. This cell
yield was sufficient to seed 9 x 384 well plates for drug screening (3.8x10° required
per plate), which was in theory was sufficient to test up to 864 different variables in
guadruplicate. However, this represented the result of one flask. When the mean
was calculated for the 22 other differentiations that were carried out using CPVT
hiPSCs, (in RoboFlask format) mean cardiomyocyte yields per flask were lower, at
12.6+/-7.5x10° cells with differentiation outcomes ranging from 22.5x10° down to
1.75x10° per harvested flask, indicating that some degree of optimisation was still
required and that differentiation outcomes using this method were variable.

Despite this however, this mean value still represented an improvement compared
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to the yields achieved with the mTeSR monolayer method, in line with findings by
others which suggest that using small molecules instead of growth factors in
monolayer differentiation methods improved both overall differentiation yields and

cardiomyocyte purities (Lian et al., 2013).

6.2 Automating differentiation and drug screening

In order to carry out high throughput drug screening or cell therapy, large numbers
of cardiomyocytes would be needed, necessitating both high scale and reproducible
cardiomyocyte production methods. When 1x10° cardiomyocytes were injected
into the damaged myocardium of non-human primates, re-muscularisation and
improved LVEF were achieved but less than 10 % of the delivered cells successfully
engrafted indicating that up to 10x10° cells could be required in order to properly
repair the damaged myocardium (Chong et al., 2014). A more recent study offered
significant promise when it demonstrated after 3-month follow up that LVEF
function could be improved when a patient was administered with as little as 4x10°
cardiomyocyte progenitor cells contained within a fibrin scaffold (Menasche et al.,
2015b) although another study by the same group found in rats that the scaffold
itself was capable of improving LVEF, and that although greater improvements were
achieved with scaffolds loaded with cells, after 4 months, no engrafted cells were
present (Bellamy et al., 2015). Therefore, it is likely that in order to re-muscularise
the myocardium, large numbers of cells between 1-10x10°, would need to be
delivered. Automation of cardiomyocyte differentiation could be used to generate
such quantities of cardiomyocytes, while also reducing user variability. In order to

automate cardiomyocyte production, existing manual processes were adapted to be
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compatible with the robot. EB differentiations were not successfully set up by the
robot as formation was achieved, but EBs were of significantly smaller size (ranging
from 222.7+/-32.2x10° um? to 262.8+/-61.3x10°> pm?) compared to manually set up
EBs (ranging from 468.5+/-55.3x10° um?” to 550.4+/-54.2x10° um?) and didn’t yield
any spontaneously beating EBs at the end of differentiation compared to manual
differentiations that achieved >85 % beating EBs. Others have also found that size
of EBs can effect differentiation outcome and that smaller EBs tend to have poorer
differentiation outcomes (Mohr et al., 2010) indicating that variables effecting EB
size warrant investigating further. Automated quantification of EB size and transfer
were achieved using the Cellavista, and others have also developed imaging
systems for monitoring the size and spontaneous contraction of EBS (Ting et al.,
2014) highlighting the relevance of these methods for quality control of scaled EB
productions. On a similar note, monitoring cell culture confluence prior to
differentiation proved useful in monolayer differentiation work by helping to define
correct time points for initiating differentiations and in turn, both manually and on
the robot, both monolayer methods proved to be more successful than the EB

method by generating considerably higher cell yields on a plate vs flask basis.

6.3 DOX toxicity modelling and drug screening with hiPSC derived
cardiomyocytes

Time course tracking of PI staining activity in cardiomyocytes treated with drugs

allowed the measurement of cell death kinetics over 24 hr with automated cell

seeding and maintenance, addition of drug solutions and image acquisition in 384-

well plates. As such, this method was shown to be amenable to larger scale
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automated and high throughput drug toxicity studies. The in vitro model of DOX
toxicity that was generated enabled detection of reduced toxicity in wells treated
with DEX, CAR and SIL demonstrating that this platform was sensitive enough to
detect changes in cell toxicity in co-treated wells and interestingly, identified CAR to
be capable of significantly reducing DOX toxicity at concentrations as high as 20 uM
(20-fold higher than the peak plasma concentration in patients). The number of
markers investigated in this chapter was limited to Hoechst, Pl and CEC, there was
potential to expand this repertoire to other markers to provide additional data
outputs for high content screening. Although attempts to multiplex CEC with PI
staining were not successful, other non-toxic markers of cell toxicity such as SYTOX
probes (Wlodkowic et al 2009b) and the anthracycline derivative DRAQ7® (Akagi et
al.,, 2013) were also commercially available working in a similar fashion to Pl by
binding to DNA when cell membrane integrity is lost and may have been capable of
multiplexing with CEC. Reagents were also available to measure the redox
environment in cells, a common marker of drug induced toxicity (Deavall et al.,
2012) however, cross-reactivity between different oxidants, as well as anti-oxidants
could negatively impact the accuracy of these assays (Winterbourn, 2014).
Furthermore, while the cardiomyocyte banks used for drug screening had high
cardiomyocyte purities (ranging from 91.4% to 97.1%) these were not pure
populations. Multiplexing these assays with cardiac specific markers would have
helped to determine the effects of drugs specifically on cardiomyocytes in these
assays and allow the effects on non-cardiomyocytes to be excluded from
calculations. This could be achieved by immunostaining for cardiac markers such as

a-actinin or cardiac troponin T at the end of assays. This data could be further
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analysed to determine the maturation state of the cells based on the level of
sarcomere alignment (Veerman et al., 2015, Patel et al., 2015) and could also be
used as a marker to identify sarcomere degradation resulting from DOX treatment
(Patel et al., 2015). As the cells used in these experiments were in a confluent
monolayer format, cell-cell borders could have been delineated by immunostaining
for markers such as pan-cadherin (Matsa et al., 2014) which would aid analysis
software in determining the outline of cells, allowing determination of their shape
and size. This data could then be used to calculate cell aspect ratios or to quantify
the number of nuclei in each cell both of which could be used as markers of
maturation state in cardiomyocytes (Yang et al., 2014, Veerman et al., 2015).
Multiplexing the real time or end point assays with voltage-sensitive dyes such as
di-8-ANEPPS and imaging on platforms such as CELLOPTIQ could also be used to
measure the action potentials of spontaneously beating cardiomyocytes and detect

responses to drug treatments relative to untreated controls (Jouni et al., 2015).

Additionally, while cardio-protective effects were observed using the existing range
of drug concentrations, further experiments to investigate DOX cardiotoxicity and
potential rescue were needed with DOX and rescue drugs used at more
therapeutically relevant concentrations to see whether any protective effect would
still be observed at these doses. Investigating this process across a range of
different patient-derived hiPSC derived cardiomyocytes would also be of interest to
identify to what extent if any, patients show varying responses to DOX

cardiotoxicity or rescue drug treatment.
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6.4 Study limitations

The process of generating patient-specific cardiomyocytes can be achieved using
protocols developed manually and on an automated cell culture platform to achieve
yields of up to 39 million per RoboFlask with >90 % purity for cardiomyocytes
without using selection to increase purity. While this represents a considerable
improvement over the original EB-differentiation based method in terms of cell
yields and success with automation, it remains to be demonstrated that such
methods are reproducible and reliable and can be carried out across a range of
hiPSC lines. In one set of differentiations, 29 RoboFlasks were set up by the robot of
which 22 gave beating sheets (a success rate of 76 %) indicating that the process
had good reproducibility but there was still scope to improve this. The precise
mechanisms that determined differentiation success remain to be determined.
Although growth factors (Burridge et al., 2011) and small molecules (Burridge et al.,
2014) are key components of the directed cardiomyocyte differentiation process, in
monolayer differentiations, cell confluence when initiating differentiation, seeding
density prior to differentiation and the degree of cell-cell compaction also appeared
to influence the differentiation outcome. While attempts were made to try and
control these variables by monitoring confluence with the Cellavista, carrying out
cell counts prior to seeding differentiation and visually monitoring the degree of cell
compaction, variability in differentiation outcomes were observed. More detailed
experiments to test these and any other possible variables affecting differentiation

outcome were warranted and would have been attempted but for lack of time.
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In addition to this, the methods used to differentiate hPSCs to cardiomyocytes have
been shown to generate mixed populations of atrial, ventricular and pacemaker
subtypes in both EB (Matsa et al., 2014) and monolayer methods (Burridge et al.,
2014) each playing a different role in the fully developed heart. No experiments
were carried out to determine which subtypes or how many of each were present in
the cultures used for drug screening. Additionally, the maturity of these
cardiomyocytes was not investigated. Ideally, to better model the effects of drugs
on the fully developed heart, functionally mature cardiomyocytes would have been
preferable in toxicity testing experiments however, protocols for generating mature
cardiomyocytes had not yet been optimised or developed in our labs at the time.
Recently, others have highlighted that adding T3 hormone, Insulin-like growth
factor 1 and Dexamethasone to cardiomyocyte maintenance medium can aid in
maturation of cardiomyocytes (Ribeiro et al., 2015, Birket et al., 2015). In these
studies, maturity of cardiomyocytes was determined by immunostaining with a-
actinin to quantify sarcomere alignment and organisation, contraction force
measurements by microscopy and measurements of electrophysiology (Ribeiro et
al., 2015, Birket et al., 2015). The latter method required the use of patch clamp
electrophysiology and would not be amenable to assays in 384-well plates.
However, the former two methods, relying on the use of microscopy were
amenable to 384-well plate assays although due to time limits these strategies
could not be developed in the timescale of this work. Additionally, it remains to be
seen how well 2-dimensional monolayer cultures of cardiomyocytes recreate the
drug responses that occur in the cardiac tissue; a 3-dimensional structure. Other

groups have developed engineered heart tissues for the purpose of drug screening
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(Eder et al., 2015) and it would be interesting to compare the outcomes of testing

both systems side-by-side.

Methods were developed to dissociate, cryopreserve and culture cardiomyocytes
generated by the differentiation methods highlighted previously. Results were
presented providing evidence that cardiomyocytes could be dissociated (figure
3.13), cryopreserved, thawed and cultured (figure 3.16) under conditions optimised
during this work and that they did not lose viability or detach from culture surfaces.
However, the approach that was used lacked robust quantitative outputs, lacked
biological replicates and relied on qualitative assessments of outputs (figure 3.13). A
more robust approach would have been pursued had time allowed. This would have
involved increasing biological replication, quantifying plating efficiency after
dissociation and quantifying plating efficiency after dissociation. Data in figure 3.16
could have been made more robust by quantifying cell number rather than
assessing confluence as cardiomyocytes spread out when cultured in vitro (Yang et
al., 2014) potentially distorting confluency data. Quantified data such as plating
efficiency post thaw would have allowed for comparison of results in relation to

existing literature or commercial cardiomyocyte supplier data sheets.

6.5 Final remarks and future work

Automation and scale up of hiPSC culture and differentiation has been achieved
with <700 million hiPSCs produced in one batch production and <250 million
cardiomyocytes generated from one batch production. Cardiomyocytes generated

by this method of differentiation were cryopreserved to generate cell banks and

221



Chapter 6 Discussion

cells taken from these cell banks were used in 96- and 384-well drug screening
experiments to develop a model of DOX-induced cardiotoxicity. High-content image
analysis of cells in these model systems enabled time course experiments to be
carried out to observe and quantify the kinetics of drug toxicity over 24 hr and in so
doing, identified cardioprotective effects from several already commercially-
available therapeutic compounds. The pharmaceutical industry faces mounting
pressure to overcome the impending “patent-cliff” whereby high value blockbuster
drugs are approaching patent expiry and insufficient replacement with new
blockbuster drugs to make up the shortfall (Kakkar, 2015). Additionally, there is a
need for reliable toxicity prediction of existing drug candidates to avoid high profile
and costly drug withdrawals. Presented here is a potential pipeline of processes
developed which enable both academics and industry to harness the advantages of

automation to improve drug development and toxicity screening in vitro.
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Supplementary video 1 — LQT2 hiPSCs differentiated with 2 uM Chir99021 to initiate
differentiation and 1 uM Wnt-C59 48 hours later (see section 3.2.12 and figure
3.12).

Supplementary video 2 — LQT2 hiPSCs differentiated with 2 uM Chir99021 to initiate
differentiation and 2 uM Wnt-C59 48 hours later (see section 3.2.12 and figure
3.12).

Supplementary video 3 — LQT2 hiPSCs differentiated with 2 uM Chir99021 to initiate
differentiation and 4 uM Wnt-C59 48 hours later (see section 3.2.12 and figure
3.12).

Supplementary video 4 — LQT2 hiPSCs differentiated with 2 uM Chir99021 to initiate
differentiation and 6 uM Wnt-C59 48 hours later (see section 3.2.12 and figure
3.12).

Supplementary video 5 — LQT2 hiPSCs differentiated with 4 uM Chir99021 to initiate
differentiation and 1 uM Wnt-C59 48 hours later (see section 3.2.12 and figure
3.12).

Supplementary video 6 — LQT2 hiPSCs differentiated with 4 uM Chir99021 to initiate
differentiation and 2 uM Wnt-C59 48 hours later (see section 3.2.12 and figure
3.12).

Supplementary video 7 — LQT2 hiPSCs differentiated with 2 uM Chir99021 to initiate
differentiation and 4 uM Wnt-C59 48 hours later (see section 3.2.12 and figure
3.12).

Supplementary video 8 — LQT2 hiPSCs differentiated with 2 uM Chir99021 to initiate
differentiation and 6 uM Wnt-C59 48 hours later (see section 3.2.12 and figure
3.12).

Supplementary video 9 — LQT2 hiPSCs differentiated with 6 uM Chir99021 to initiate
differentiation and 1 uM Wnt-C59 48 hours later (see section 3.2.12 and figure
3.12).

Supplementary video 10 — LQT2 hiPSCs differentiated with 6 uM Chir99021 to
initiate differentiation and 2 uM Wnt-C59 48 hours later (see section 3.2.12 and
figure 3.12).

Supplementary video 11 — LQT2 hiPSCs differentiated with 6 uM Chir99021 to

initiate differentiation and 4 uM Wnt-C59 48 hours later (see section 3.2.12 and
figure 3.12).
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Supplementary video 12 — LQT2 hiPSCs differentiated with 6 uM Chir99021 to
initiate differentiation and 6 uM Wnt-C59 48 hours later (see section 3.2.12 and
figure 3.12).

Supplementary video 13 — LQT2 hiPSCs differentiated with 8 uM Chir99021 to
initiate differentiation and 1 uM Wnt-C59 48 hours later (see section 3.2.12 and
figure 3.12).

Supplementary video 14 — LQT2 hiPSCs differentiated with 8 uM Chir99021 to
initiate differentiation and 2 uM Wnt-C59 48 hours later (see section 3.2.12 and
figure 3.12).

Supplementary video 15 — LQT2 hiPSCs differentiated with 8 uM Chir99021 to
initiate differentiation and 4 uM Wnt-C59 48 hours later (see section 3.2.12 and
figure 3.12).

Supplementary video 16 — LQT2 hiPSCs differentiated with 8 uM Chir99021 to
initiate differentiation and 6 uM Wnt-C59 48 hours later (see section 3.2.12 and
figure 3.12).

Supplementary video 17 — CPVT hiPSC derived cardiomyocytes contracting as a

spontaneously beating sheet. Cardiomyocytes generated by automated
differentiation protocols (see section 4.2.18 and figure 4.26).
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