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Abstract

Modeling a disease “in a dish,” a new research tool to study human heart disease
mechanisms, is becoming as popular as more established techniques such as the use of
transgenic mice. The primary practical challenge of this “disease in a dish” method is
efficiently directing human induced pluripotent stem cell (hiPSC) differentiation into the

desired lineages, with the major concern being the variability within hiPSC clones.

To generate a reliable in vitro model for inherited cardiac diseases and address the
variability problem, characteristics of hiPSCs derived from the blood of four human donors
using both the episomal and Sendai virus reprogramming systems were examined. The
hiPSC-cardiomyocytes (hiPSC-CMs) generated were then characterized according to
their cardiac-specific gene expression properties. No differences were observed on the
effect of the reprogramming system on expression of pluripotent genes in iPSCs but
differences were observed in expression of cardiac specific genes in cardiomyocytes

derived from those iPSCs despite a high variance in the analysis.
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Chapter 1. Introduction

1.1. Stem cell hierarchy

The term “stem cell” first appeared in scientific literature in 1868, when biologist
Ernst Haeckel used the words to describe the single celled organism that was the ancestor
cell to all life on Earth. Since that first reference, the definition of stem cell has been refined
to refer to cells that possess two remarkable features; the capacity for self-renewal and

the potential for differentiation into disparate specialized cell types’.

Stem cells can be derived from both embryonic and postnatal animal tissues and
exhibit a broad range of developmental potency. This attribute ranges from totipotent,
which has the potential to give rise to all embryonic and extra-embryonic cells and tissues
to unipotent which are limited to differentiating into only one cell type?. The totipotent®
stage of stem cells begins with the zygote (shortly after the fusion of oocyte and sperm)
or its artificial counterpart, the clonote* (created by removing the somatic nucleus and
inserting it into an enucleated oocyte) and extends to the blastomer (the first division of

the zygote or clonote).

The blastomer® loses its totipotency once it divides into the 32-cell structure called
the morula. Cells forming the morula and the structures that develop from it, the blastocyst
and the inner cell mass (ICM), are pluripotent and are able to differentiate into any of the
three germ layers; the mesoderm, the ectoderm and the endoderm®. The primary
difference between a totipotent and pluripotent stem cell is the totipotent cells’ ability to

also differentiate into placental tissue, something the pluripotent cells cannot do?’.

Germ layer cells are multipotent and can give rise to multiple but limited,
specialized cell types such as those present in a specific tissue or organ. Most adult stem

cells are multipotent, able to generate the mature cell types of their tissue of origin?2.



On the stem cell potency continuum, the final, most limited cells are the unipotent

stem cells, which can only differentiate into a single cell lineage?.

In the fields of regenerative medicine and drug discovery, pluripotent stem cells,
which can differentiate to three germ layers both in vitro and in vivo®, are viewed as the
ideal candidate cells for therapeutic and research purposes. However, the use of
pluripotent human embryonic stem cells (hESCs) extracted from developing embryos is
not only ethically controversial but the in vivo immunogenicity features of these cells often
limit their clinical applications'®. The recent technological development of human induced
pluripotent stem cells (hiPSCs), which are generated from already differentiated cells''-'3,
do not present the hESC obstacles and are amenable for use in the personalized medicine

approach to developing unique therapies for inherited diseases.

1.2. IPSCs as a platform for human disease models

To date, because mammalian genomes have a high level of evolutionary
conservation'™, animal models such as mice, rats and non-human primates have been
used as tools to model human disorders. The animal models facilitate the study of disease
mechanisms at different developmental stages in a variety of cell types. Although the
mouse model in the past decade or so has become the most frequently used animal model
to mimic human diseases due, in large part, to transgenic technologies, it has some
significant structural and functional differences compared to humans. The differing organ
functions of mice and humans inhibits the modeling of some human disease phenotypes
in the mouse'™. In the worst-case scenario, the same genotype can be lethal in one
species and viable in the other; for example, mice with monosomy X can survive but this

aneuploidy is embryonically lethal in humans?®.

To this end, hiPSCs are viewed as an important new tool for the modeling and
study of human diseases. The primary advantages hiPSCs have over the mouse and other
mammals is that the cells are: 1) human (and carry the genotype of the donor) and 2)
readily amenable to genome editing (e.g. CRISPR). As well, hiPSCs are cell-lines which

have indefinite self-renewal capabilities and can differentiate into any human cell type'”,



allowing not only genotype-phenotype relationship studies of human disorders but also

the generation of the large numbers of cells necessary for drug screening and cell therapy.

The types of diseases that can be modeled using hiPSCs must meet certain
criteria. The hiPSC model is ideal for the study of monogenic diseases (diseases arising
from a single gene modification), such as Lesch-Nyhan disease'®. The disease should
also show high penetrance within the human population, have an early onset during
development and be associated with a clear cellular phenotype'’. Meeting these criteria

will likely result in an observable in vitro phenotype using the hiPSC model.

Cell types generated from pluripotent stem cells more closely resemble the fetal
state of those cell types rather than the adult one'®-?', meaning hiPSCs are more suitable
for modeling disorders that appear during fetal development or early childhood'”. Two
examples of these disorders are Down and Turner Syndromes which affect

embryogenesis and cause high miscarriage levels?>23,

1.2.1. Cardiovascular disease models and hiPSC-derived
cardiomyocytes

HiPSCs are of particular interest to researchers in the field of cardiovascular
personalized or precision medicine in which the aim is to uniquely prevent or treat cardiac
diseases based on individual variability?*. This field of medicine endeavours to answer
fundamental questions such as why do patients with the same genetic mutation respond
differently to the same clinical treatment and “why are some patients with a particular
genetic mutation at higher risk of complications than others? Studying the process of

diseases at the molecular or cellular level may provide answers.

However, invasive surgical procedures have been required to obtain adult
cardiomyocytes (CMs) and establish primary cells in culture?®> and prolonged in vitro
maintenance of these cells is not currently feasible. For these reasons, hiPSCs are an
exciting new tool to generate unlimited amounts of patient-specific CMs which can mimic
their endogenous counterparts and act as integrators?®. For example, by exposing hiPSC-

derived CMs to environmental perturbations in vitro, cardiac researchers can integrate the



patient’'s genomic disease susceptibility with specific environmental influences to simulate

the patient’s condition?>.

HiPSCs are used primarily to model cardiovascular diseases such as arrhythmia
syndromes and channelopathies which have clear, and easily assessable phenotypes,
both in vitro and in vivo?. Two of the most commonly modelled cardiac diseases are
Familial Long QT Syndrome (LQTS) which is caused by prolonged ventricular action
potential duration in patients?®® and Catecholaminergic Polymorphic Ventricular
Tachycardia (CPVT) which can lead to a life-threatening arrhythmia under emotional

stress and/or physical exertion?®,

HiPSC-CMs can be used to model cardiac diseases and enable assessment of
proarrhythmic risks. By expressing important ion channels, hiPSCs-CMs retain the
complexity of the human action potential generation, allowing detection, assessment, and
prediction of proarrhythmic risk. In addition, hiPSC-CMs can be derived from patients with
various types of heart disease, enabling the investigation of the susceptibilities of specific
cardiac diseases to drug-induced arrhythmia. There are several risk factors (genetic
predisposition, being female, and the presence of structural heart disease)?’ that can
influence drug-induced arrhythmias and hiPSC-CMs provide a unique platform to
investigate these risk factors at the cellular level. Finally, hiPSC technology can enhance

the development of drugs based on patient-specific differences at the cellular level?®.

1.3. Generating hiPSCs and the role of transcription factors

To generate hiPSCs reprogramming factors are essential. Reprogramming or
transcription factors are genes that are normally expressed in the early stages of
embryonic development and are involved in the maintenance of the pluripotency and
self-renewal of stem cells. Before the early 2000s, it was known that already
differentiated somatic cells could be reverted back to pluripotency if its nucleus was
implanted into an enucleated egg??-3°. However, it was unclear if an intact differentiated
somatic cell could be reprogrammed back to a pluripotent state. To answer this question,
in 2006, Yamanaka and his colleagues focused on transcriptional factors known to aid

in the maintenance of pluripotency in embryonic stem cells. He and his team screened



a pool of 24 pluripotency-associated factors, introducing the genes into skin fibroblasts
and studying the resulting colonies. Some of the colonies generated had embryonic stem
cell characteristics. Next, Yamanaka attempted to determine the minimal number and
which combination of transcriptional factors was required to reprogram adult cells into
pluripotent cells®'32, They determined, first in mice and subsequently in humans, that
four transcription factors: Octamer-binding protein 4 (Oct4; also known as POU5F1);
Sox2; Myc proto-oncogene protein (c-MYC); and Kruppel-like factor 4 (KIf4) 32 were
required. In target somatic cells, such as the fibroblasts that Yamanaka et al. used or the
peripheral mononuclear blood cells (PBMCs)'33334 used by Fukuda’s group, the
overexpression of these four genes causes the silencing of expressed somatic genes

and the up-regulation of genes normally expressed only in embryonic stem cells.

These four pluripotency factors function as lineage-specific master transcription
factors that reset the epigenetic and transcriptional state of the differentiated cells to that
of pluripotent cells. The resulting iPS cells exhibit embryonic stem cell features, including
the expression of pluripotent genes such as Nanog?®®, the ability to develop into different
embryonic tissues, and the formation of teratomas upon injection into

immunocompromised mice32.

Through the overexpression of the four Yamanaka transcription factors, iPSCs
have since been derived not only from different types of human cells but also from different
species including human?®, rat®”, mice, and rhesus monkey®. This indicates that the

transcriptional network leading to reprogramming is strongly conserved across species3%
43

1.4. HiPSCs and reprogramming systems

Generating robust human iPSCs and following that, successfully differentiating them into
a specific cell type, is a nascent technology that is just a little over a decade old. As such,
developing efficient and reproducible reprogramming strategies is a burgeoning field.
Although the importance of the four Yamanaka transcription factors--Oct4, Sox2, KlIf4, and

c-Myc--have been identified, other elements such as determining appropriate adult human



somatic cell sources, vectors and reprogramming cocktails are still in the process of being

optimized and standardized.

1.4.1. Human somatic cells as a source of iPSCs

Choosing which cell type to begin with prior to initiating reprogramming
experiments is critical. Important criteria to consider include the availability of the cell type,
its demonstrated or predicted ease of reprogramming and its yield efficiency. Although
cells from embryonic or juvenile tissues may considered ideal candidates due to their low
accumulation of genetic mutations compared to adult somatic cells, obtaining them is
accompanied with the possible distortion or destruction of the embryo*4. This is ethically
controversial and has led to the consideration of other cell types, specifically those from

adult tissues?*®.

Currently, the two of the most widely used, terminally differentiated, human adult somatic
cells used for reprogramming to iPSCs are dermal fibroblasts and peripheral blood
mononuclear cells (PBMCs). In addition, hiPSCs have been generated from other sources
such as human urine*®. However, both dermal fibroblasts and urine cells have limitations.
Urine cells show a marked reprogramming efficiency decrease after five passages*’ and
deriving dermal fibroblasts from donors requires relatively invasive procedures and
several weeks to establish a primary cell cultures from the skin biopsy342. In contrast,
taking a small volume of blood from donors is non-invasive and sufficient for the isolation
of PBMCs which takes less than an hour to complete'333. These characteristics make

PBMCs a preferred human cell source.

1.4.2. Integrative reprogramming methods

Integrative reprogramming methods were developed based on activating the
endogenous, silent pluripotent genes in somatic cells. Infecting mouse or human
fibroblasts with the four Yamanaka transcription factors—Oct4, Sox2, KIf4, and c-Myc-
was first achieved in 2006-20073236, using Moloney murine leukaemia virus derived
retroviruses. In retroviral protocols, transgenes remain in the generated hiPSCs, where
they can randomly integrate into the genome of the host cells, modifying the host genes

and affecting transcription®. Additionally, there is the possibility that the transgenes’

6



transcription can resume in the differentiated cells derived from hiPSCs #°. As a result, in
clinical trials, the use of hiPSCs derived from this method is not recommended, particularly
if the derived cells are to be introduced into patients. The generation of transgene-free
hiPSCs is not only essential for potential therapies and clinical applications, but also for

the development of reliable in vitro models that accurately emulate human diseases®%5'.

1.4.3. Non-integrative reprogramming methods

To overcome the maijor limitation of integrative iPSC generation—the potential for
permanent genetic modification resulting from the integration of retroviral vectors into the
genomes of somatic cells--non-integrative reprogramming methods were developed.
There are currently four main non-integrative reprogramming methods: integration-
defective viral delivery; episomal delivery; RNA delivery; and protein delivery>%6. The two
most efficient non-integrative methods of reprogramming PBMCs are the temperature-
sensitive mutated Sendai virus system® (an integration-defective viral delivery method)

and the episomal system as shown in Figure 1.1.

Ts-Sev transduction for Yamanaka's factors

a. SeV system ey
y *'gf-.;eg'. Changing medium (ES medium+bFGF) every 2days
' Re-seeding onto feeder cells Picking up colonies
Stimulation with ILZ‘AnHJ.‘;D:i-Anubo?y - - - iz _\-.-_.- b So
| do-d4 | da | d5 | d7-d19 | d19-d23
// B!oco sampling Isolation of PBMC
do | do | d2-d4 | dé | d6-d21 | d21-d24

5 — -
= &= ——— &

1 Adding (ES mediumsbFGF+RHO) —
Picking up colonies

Transfection with episomal plasmids

N Seeding onto feeder cells Replacing medium
b. Episomal system and stimulating with Dynabeads

Changing medium (ES medium+bFGF+RHO) every 2days

Figure 1.1 Reprogramming systems:
a) Sendai-virus (SeV) reprogramming system
b) Episomal-plasmid reprogramming system



1.4.3.1 Sendai virus system

The first effective non-integrative method for reprogramming PBMCs utilizes the
Sendai virus (SeV) %957, This virus is derived from the Paramyxovirdae family and is an
enveloped virus with a 15 kb single-stranded, negative-sense, non-segmented RNA
genome®®. Most importantly, replication of a recombinant SeV vector is independent of the
host cell’'s genome and occurs in the cytoplasm of the infected cell®®. SeV vectors have
been shown to be able to efficiently introduce foreign genes into a wide spectrum of host

cell species and tissues ©°.

However, while SeV vectors are able to efficiently generate iPSCs from human
fibroblasts %° and human blood cells,* they cannot be removed from the host cells unless
an anti-SeV-HN antibody is introduced. “Footprint free” temperature-sensitive (TS) SeV
vectors have since been designed and are now considered to be superior alternatives for
generating vector-free iPSCs%. TS-SeVs have mutations in their RNA polymerase
structures, causing silencing or degradation of the viruses above their permissive
temperatures (for example, above 37°C), leaving the iPSCs transgene free®*. The most
efficient TS-SeV vector system available to date, CytoTune-iPS 2.0 (ThermoFisher),
contains the Oct4, Sox2, and KlIf4 genes in a single polycistronic vector, c-Myc in a
separate vector and an additional Klif4 vector which serves to enhance the system’s
efficiency. Ts-SeV vectors provide a robust, non-integrative system with high efficiency

and fast viral clearance from generated iPSCs.

1.4.3.2 Episomal system

A second relatively effective, non-integrative method for reprogramming PBMCs
uses episomal vectors. These plasmids have been constructed as either an all-in-one
single plasmid containing all the four Yamanaka transcription factors®® or as separate
plasmids, each containing one of the fours transcription factors®. With the help of a
generated electrical field (electroporation), these plasmids can directly enter the host cell’s

nucleus.

One drawback of the episomal system is that it is not as efficient as the viral
reprogramming methods, possibly due to the large size of the episomal plasmids (5-10

kb), which may mean that fewer host cells are able to receive the appropriate dose of
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plasmids during reprogramming. The early dilution of the plasmids in actively proliferating
cells and the downregulation of reprogramming factors®' in mammalian cells because of
silencing of prokaryote sequences contained in the backbone of these episomal vectors

are two other factors decreasing the efficiency of episomal system.

To overcome the need for serial transfection due to dilution of episomes through
cell division, oriP/Epstein-Barr nuclear antigen-1-based episomal vectors were designed
53, Although these plasmids can transfect human cells, their transfection efficiency is
extremely low (3 to 6 colonies per million nucleofected cells) due to the large size of the
plasmids (more than 12 kb). As well, their maintenance and stability in transfected cells
requires drug selection. Okita et al®2%% has enhanced the transfection efficiencies of
episomal plasmids by adding the p53 suppressing gene and substituting L-Myc (which is
more potent) instead of c-Myc. The highest transfection efficiency in human PBMCs has
been obtained by co-transfection of four plasmids (Oct4-shp53, L-Myc-LIN28, Sox2-KIf4
and an EBNA-1 vector), in which Shp53 suppresses the activity of the regulatory protein
P53 while EBNA1 is an essential factor for the episomal amplification of vectors®263,
However, even with these enhancements, the episomal system remains less efficient than

the viral reprogramming methods.

1.5. Molecular mechanism of reprogramming

Although numerous methods have been developed to improve the introduction of
reprogramming factors into somatic cells, the embryonic stem cell-like cells generated are
different in expression levels of pluripotency-associated genes®65 and only a small
percentage of them develop into fully reprogrammed cells. The reasons for these

discrepancies and low efficiencies are largely unknown.

To date, it also remains unclear exactly how the expression of transcription factors
functions to erase the somatic cells’ program and confers pluripotent capabilities through
the establishment of an ESC-like transcriptional network. What little is known about the
three phases of reprogramming (initiation, the intermediate phase, and maturation and

stabilization) and the modifications that occur in the epigenetic and gene expression



networks of the reprogrammed somatic cells in these phases is described in the following

sections.

1.5.1. Phases of reprogramming

The three phases of reprogramming-initiation, the intermediate phase, and
maturation and stabilization--have primarily been studied using fibroblasts as the somatic

cell model.

1.5.1.1 Initiation phase

The first wave of reprogramming is initiated by many events occurring either
sequentially or in parallel. The four introduced transcription factors, also known as the
ectopic OSKM (Oct4, Sox2, Kif4 and Myc), generate a hyper-dynamic chromatin state by
binding to many regions of the host fibroblast's genome that are not normally OSKM
targets in ESCs. This initiates stochastic gene expression® causing increased cell
proliferation®”68; introduces histone modifications on somatic genes causing loss of the
somatic cell’s epigenetic programming?6:6%70; initiates mesenchymal-to-epithelial transition
7173 causing the start of morphological changes; inhibits apoptosis and senescence
(aging); and alters the cell metabolism. The initiation phase occurs between day 0 and

day 3 after introduction of the Yamanaka transcription factors™.

1.5.1.2 Intermediate phase

Following the initiation phase, the cells containing the four introduced transcription
factors enter the intermediate phase, transitioning through an unknown rate-limiting step
that leads to a long latency period of 4 to 9 days after introduction of the transcription
factors. In this step, due to the stochastic activation of pluripotency markers®®, a temporary
activation of developmental regulators and glycolysis takes place. IPSC predictive
markers, including undifferentiated embryonic cell transcription 1 (Utf1), estrogen-related
receptor beta (Esrrb), developmental pluripotency associated 2 (Dppa2), and Lin28,

activate in a small subset of cells®5.
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1.5.1.3 Maturation and Stabilization phase

Cells that express the iPSC predictive markers in the intermediate phase enter the
last phase of reprogramming through the activation of Sox2%8. This directly or indirectly
triggers a series of deterministic events-that include activation or silencing of different
combinations of genes that must occur in a particular order to lead to the generation of
iPSCs"76, In this phase, the cell eventually stabilizes into the pluripotent state which
includes silencing of the transgenes, remodelling of the cytoskeleton to an ESC-like state,
resetting of the epigenetic state and activation of the core pluripotency network (Oct4,
Sox2, Nanog)®67477.78  This late phase starts after day 9 with the end of the process

occurring around day 1274,

1.6. T-cell activation

T-cells are the primary reprogramming target of all the cell types making up PBMCs. Their
easy proliferation in culture and their high efficiency induction with pluripotency genes are
two important features necessary for the successful reprogramming of mature cells to
iPSCs. However, in order to achieve efficient levels of T- cell reprogramming, T-cell
activation is key, not only for increasing the number of T-cells but also magnifying the
uptake of pluripotency genes 337°. In vivo, the events initiating the transition of naive T-
cells from a quiescent to an activated state are called cell priming &°. In vitro, cell priming

can be recapitulated using anti-CD3 monoclonal antibodies and interleukin-2 (IL-2) 8182,

In the SeV reprogramming system, T-cells can be selectively activated in PBMC cultures
via interaction of the T-cell receptor complex with anti-CD3 plate bound antibodies. This
stimulates signalling pathways required for T-cell activation 8, enabling the now activated
T-cells to express IL-2 and IL-2 receptors, which are required for cell division 8'. However,
activated T-cells are prone to undergo activation-induced cell death shortly after activation
8. To prevent this and to encourage proliferation and longer survival time, high

concentrations of IL-2 (175 U/ml) can be maintained in the medium33.84

In the episomal reprogramming system, T-cells can be selectively activated after

nucleofection of PBMCs with episomal plasmids carrying pluripotency transcription
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factors. T-cells can be stimulated, immediately following nucleofection, with
immunomagnetic beads coated with anti-CD3 and anti-CD28 monoclonal antibodies and
maintained in low concentrations of IL-2 (30 IU/ml) 6385 Anti-CD28 monoclonal antibodies
can be included as CD28 has been identified as a co-stimulator that may amplify T-cell

receptor (TCR) signalling to induce proliferation and IL-2 production in T-cells®.

Although much is known about the requirements for T-cell activation both in vivo and in

vitro, protocols are still in the process of being optimized for hiPSC generation.

1.7. High level of variability in iPSCs

Because iPSC technology is so young, not only are there many questions about
T-cell activation and the molecular mechanisms of reprogramming, there are other
aspects of pluripotency which are not clearly understood either. For example, studies on
single pluripotent cells and on populations of pluripotent cells have revealed that the
pluripotent state is a statistical property of stem cell populations and is not well defined at

the single cell level?’.

The functionality of pluripotent cells can be experimentally assessed using different
criteria including their ability to differentiate in vitro into cell types of all three germ layers,
their ability to form teratomas in mice in vivo, or their development after introduction into
embryos®. Although these assays distinguish between functional pluripotent cell
populations and non-pluripotent cell populations, they do not assess the pluripotency of

individual stem cells.

Studies, which used high-throughput single-cell gene expression profiling, have
discovered a remarkable degree of cell-to-cell variability in the expression of key
transcription factors such as Nanog, ZFP-42 and Kif4 within functionally homogenous
pluripotent stem cell populations®78%-92 However, despite intracellular expression
fluctuations in which individual cells transit stochastically between states in dynamic
equilibrium, the overall structure of the population remains stable®’. Interestingly, although
a population of cells derived from a single stem cell colony may appear to be functionally

homogeneous, it will likely be different from cell populations derived from other colonies
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due to their unique stochastic expression of pluripotent genes. There is a large degree of
variability not only between cells of a single population but also between different
populations of cells, all depending on the pluripotent genes’ levels of expression. This

variability has serious implications for future research and clinical applications.

1.7.1. Cardiogenesis in vivo and in vitro

Once hiPSCs have been generated, their differentiation into cardiomyocytes
(CMs) is the next critical step for cardiac researchers. However, while the general
roadmap of differentiation to adult cardiomyocyte from embryonic tissue has been well
described in the field of developmental biology, the detailed molecular mechanisms of
these signalling pathways are still unresolved. Once these mechanisms are understood,
directing iPSCs derived from patients with inherited cardiac diseases towards cardiac
lineage differentiation will be more reproducible. This is the goal, to be able to generate a

reproducible cardiac model enabling personalized therapeutic medicine for these patients.

Cardiogenesis in an embryo begins at gastrulation, when the endoderm and
mesoderm are formed. Mesoderm exposed to fibroblast growth factor and bone
morphogenetic protein (BMP), coupled with inhibition of the Wnt pathway, becomes
precardiac, the precursor of the heart tube %-°. This single layer of the heart tube is
capable of wave-like contraction and encodes the contracting cardiac protein troponin. As
the embryo grows, the heart matures and the conduction system develops, thus
contractility increases and electromechanical coupling transforms from an autonomous
wave-like propagation to a nodal-regulated mature conduction system9-%°,
Commensurate with this is the expression of the proteins making up the cardiac contractile

machinery’".

1.7.2. Human cardiac troponin complex and myosin light chain

Among cardiac-specific proteins, the troponin complex with its three subunits,
troponin T, C, and I, plays a crucial role in the generation and regulation of contraction in
cardiac cells. Mutations in the troponin subunits can lead to different types of

cardiomyopathy; in particular, mutations in troponin T and | have been associated with
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heart failure and sudden cardiac death. As a result, the troponin complex has been the
target for some cardiotonics'® (drugs that improve the contraction of the heart muscle) in

the treatment of heart failure and is the current subject of extensive cardiac research.

In humans, there are three paralogs of troponin | (Tnl); the fast and slow skeletal
paralogs and the cardiac paralog 0193, The slow skeletal Tnl (TNNI 1) is expressed in
cardiac muscle during embryonic development'®+1% and, within 1-2 years after birth, is
replaced by the cardiac isoform of troponin | (TNNI3) 197199 Measuring the expression of
these two paralogs provides a reliable indication of whether the hiPSC-derived CMs are
similar to adult or fetal CMs. Another subunit of the troponin complex, troponin T (TnT)
also has three isoforms in humans; the slow and fast skeletal isoforms and the cardiac
isoform™%1"1 An increased level of mMRNA of the slow skeletal isoform of TnT in fetal heart
muscle,'? without any evidence of translation''315, has been observed. The only isoform
of TnT detected in the adult human heart is the cardiac isoform. By measuring the RNA
for the slow skeletal and cardiac isoforms of TnT in hiPSC-derived CMs, the

developmental status, fetal or adult, of those cells can be determined.

The cardiomyocytes derived from hiPSCs can be chamber specific meaning
cardiomyocytes with either an atrial or ventricular phenotype. One method to determine
the presence of these two phenotypes is to measure the relative expression levels of the

two paralogs of myosin light chain 2 (atrial - MLC-2a and ventricular -MLC-2v).

1.8. Description of this Master’s project

In 2006, Yamanaka and his colleagues identified four transcription factors that
could reprogram an adult somatic cell to become an induced pluripotent stem cell--an
iPSC-- and from that turning point, the technology to reliably and productively generate
hiPSCs has rapidly developed. The ability of hiPSCs to serve as in vitro models for human
diseases, especially the monogenic diseases, is revolutionary, as is their potential use in
drug development, personalized clinical therapies, and regenerative medicine. Of
particular interest is the potential for hiPSCs to elucidate and eventually treat cardiac

diseases such as atrial fibrillation or Long QT syndrome.
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PBMCs from blood have been identified as an easily available, non-invasive
source of human somatic cells that can be manipulated, through either episomal or SeV
non-integrative reprogramming systems, to become hiPSCs. However, there is much to
learn. Currently, there is little understanding of the molecular mechanism of
reprogramming; the efficiencies of the non-integrative reprogramming systems are both
low (0.01 to 0.1% at maximum) and the level of variability at the cell-to-cell level of hiPSCs
is high. While PBMCs, specifically the T-cells, can be successfully reprogrammed to
become hiPSCs and then differentiated into CMs (either atrial or ventricular) there remain
critical questions about the efficiency of the reprogramming methods and the quality and

reproducibility of the generated CMs.

This Master's research project addressed two of these questions; which
reprogramming system--the episomal or the SeV--is more effective at generating hiPSCs
from PBMCs and what hiPSC characteristics reliably indicate future successful

differentiation to CMs.

Before the questions could be answered however, a T-cell activation protocol had
to be developed and optimized, followed by optimization of both the SeV and episomal
reprogramming methods. Only then could hiPSCs be generated. Next, these hiPSCs were
characterized for pluripotent surface markers and intracellular pluripotency gene
expression at early (passage 5) and late passage (passage 10). The functionality of the
hiPSCs, that maintained their pluripotency to passage 10, were then assessed for their
successful differentiation to CMs as measured by the levels of expression of cardiac-

specific gene markers.

The aims that were addressed in this research project are integral to the

development of an effective patient-specific hiPSC model.
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Chapter 2. Materials and Methods

2.1.1. Human cell isolation and culture

Human whole blood was obtained from four healthy donors - two males and two
females between 20-30 years old -whose written informed consent is in accordance with
the Simon Fraser University Ethical Review Board’'s guidelines (see Appendix A). The
blood was collected by venipuncture into BD Vacutainer tubes (BD Biosciences,)
containing an anticoagulant citrate dextrose solution. Peripheral blood mononuclear cells
(PBMCs) were aseptically isolated at room temperature immediately following collection
using Sepmate tubes (STEMCELL Technologies) according to the manufacturer’s

instructions.

To begin the selective expansion of T-cells within each PBMC culture, a 24-well
plate (Corning) was first coated with 250 ul /well anti-human CD3 antibodies (eBioscience)
dissolved in 1 ml D-PBS (Life Technologies) for a final concentration of 10 ug/ml and
incubated in 37°C for a minimum of one hour. Wells were next washed twice with 0.5 ml
D-PBS after coating and the D-PBS aspirated. Then, 5 x 10° PBMCs in 500 pl T-cell
medium [RPMI (Lonza) containing 10% FBS (Life Technologies) and 175 U/ml IL-2
(Peprotech)] were added to each well of the coated plate and the plate was incubated at
37°C.

2.1.2. Trypan blue exclusion assay

To determine the number of viable cells present in PBMC cultures before and after
T-cell stimulation, the Trypan blue exclusion assay was used. In triplicate experiments, 5
x 10° live cells were stimulated with plate-bound anti-human CD3 antibodies (10 pg/ml,
eBioscience; see Section 2.1. 1 for plate coating protocol) in 500 pl T-cell medium [RPMI
(Lonza) containing 10% FBS (Life Technologies) and 175 U/ml IL-2 (Peprotech)] and
incubated at 37°C. The number of live cells was counted daily, over a period of one week.
To count, 10 pl cells were pipetted from the PBMC culture and stained with Trypan blue

(Lonza) for 2-3 minutes in a 1:1 ratio (10 pl cells: 10 pl Trypan blue) in a microtube. Then,
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10 ul of the stained cells was transferred to a counting slide (Bio-Rad) and counted using

an automated cell counter (Bio-Rad TC20).

2.1.3. Flow cytometry

Flow cytometry is a laser-based technology used for characterizing cell
populations in single cell suspensions. Measured parameters include a cell’s relative size
and granularity, as well as quantitation of cell surface and intracellular marker expression
using fluorochrome-conjugated antibodies. In this research project, a FACSJazz flow
cytometer (Becton-Dickinson) was used and the collected data analyzed using FlowJo
software (v10.1r5.0S8X, FlowJo).

2.1.3.1 Analysis of activated T-cells

Activation with plate-bound anti-human CD3 antibodies plus IL-2 was compared
with two other methods of activation: 1) activation with both anti-human CD3 and anti-
human CD28 antibodies plus IL-2 and 2) activation with Dynabeads and IL-2 to identify
the technique yielding the highest number of activated T-cells before infection with SeV.
In one set of experiments, 5 x 105 PBMCs obtained from one donor were stimulated in
wells of a 24-well plate (Corning) with plate-bound anti-human CD3 antibodies (10 pg/ml,
eBioscience) in 500 pl T-cell medium [RPMI (Lonza) containing 10% FBS (Life
Technologies) and 175 U/ml IL-2 (Peprotech)], while another 5 x 10° PBMCs from the
same donor were stimulated instead with plate-bound anti-human CD3 antibodies and
anti-human CD28 antibodies (2 ug/ml, eBioscience) in 500 ul T-cell medium [RPMI, 10%
FBS, and 30U/ml IL-2].

In the second set of experiments, 5 x 10° PBMCs obtained from the same donor
as the first set of experiments were stimulated with plate-bound anti-human CD3
antibodies plus 175 U/ml IL-2 in 500ul T-cell medium, while another 5 x 105 PBMCs were
stimulated instead with 5 ul /well Dynabeads human T-Activator (Life Technologies) and
30 U/ml IL-2 (Peprotech) in 500 pl T-cell medium.

On day 5 after activation, the cells were analyzed for their levels of expression of

CD3 (T-cell marker) and CD25 (activation marker) using a FACSJazz flow cytometer (see
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Section 2.1.3). In preparation for flow cytometry measurements, four samples were
prepared for each technique. For each sample, 5 x 10° cells were transferred to 5 ml
polypropylene tubes (BD Biosciences) and washed twice with 3 ml PBS (Life
Technologies). Three positive samples were prepared: one sample was stained with 5 pl
anti-human CD3 conjugated with Phycoerythin-Cyanine [7(PE-Cy7] (BD-Bioscience) only,
another sample was stained with 5 pl anti-human CD25-conjugated with Phycoerythin
[PE] (BD-Bioscience), and the third sample was stained with 5 pl each of both antibodies.
As a negative control, a tube of cells without antibodies was prepared. The samples were
incubated on ice for 30 minutes in a 4°C refrigerator, washed two times with 3 ml PBS and
then re-suspended in 1 ml PBS for flow cytometry. A blue laser (488 nm) was used for
fluorophore excitation with a bandpass filter (585 + 29 nm) for CD25-PE and a long pass
filter (750/LP) for CD3-PE-Cy7. To eliminate false signals that can result from spectral
overlap between the two fluorescent dyed antibodies, readings were done first on the
negative control and the two single stained samples. After compensation, data acquisition

was carried out on all samples with the limit of 50,000 live cells recording event.

2.1.4. Mitomycin C treatment of mouse embryonic fibroblasts

To support the growth of hiPSCs, mitotically inactivated mouse embryonic
fibroblasts (MEF) cells were used as feeder cells. To prepare mitotically inactivated MEFS,
10° MEFs (GlobalStem) were plated in a T75 vented-flask (BD Bioscience) in 15 ml MEF
medium [ES-DMEM medium (GlobalStem) with 15% FBS (Life Technologies)] and
passaged to passage 3 (P3). When the cells reached confluence, 0.5 mg/ml Mitomycin C
(Sigma) was added to the MEF medium to yield a final concentration of 10 pg/ml.
Inactivation of the expanded MEFs was then carried out according to the manufacturer’s
(GlobalStem) protocol. Table 2.1 lists the coating conditions and cell densities of the
inactivated MEF cells for the 6-well and 12-well plates (Corning) that were used in this
research project. 6-well plates were coated with 1 ml 0.1% gelatin in dH>O (Sigma) and
incubated for 1 hour at 37°C prior to seeding the inactivated MEFs. Before seeding, the
gelatin was aspirated from the wells. 4 x 10° MEFs in 2 ml MEF medium were then seeded
into the wells of the 6-well plate.1.5 x 10° MEFs in 1 ml MEF medium were seeded into

wells in a 12-well plate which was not gelatin coated.
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Table 2.1 Inactivated mouse embryonic fibroblasts (MEF) culture conditions

Plate size Coat Cell density Experiment
6-well plate Gelatin coated 4x10° 2.1.5
12-well plate No coat 1.5x 10° 2.1.6

2.1.5. Thereprogramming of T-cells

2.1.5.1 Infection with Sendai virus

Activated T-cells, at a density of 5 x 10° cells/ml in T-cell medium [RPMI (Lonza)
containing 10% FBS (Life Technologies) and 175 U/ml IL-2], were used for
reprogramming. The T-cell infection was performed on day 4 following their activation
using temperature-sensitive SeV (CytoTune — iPS 2.0 Sendai Reprogramming Kit,
DNAVEC) with a multiplicity of infection (MOI) of 5,5,3 (KOS MOI=5, hc-Myc MOI=5, hKIf4
MOI=3) in T-cell medium. Infection of the activated T-cells with SeV was carried out
according to the manufacturer’s instructions. 24 hours later, the infected cells were spun
down at 800 rpm for 5 min and re-suspended in 2 ml ES medium [Primate ES cell Medium
(Reprocell) supplemented with 5 ng/ml bFGF (Invitrogen)] and 10 uM Rho (STEMCELL
Technologies), plated on a prepared, one-day old, MEF-coated 6-well plate (see Section
2.1.4) and incubated at 37°C. 48 hours after plating, the culture medium was replaced with
1.5 ml fresh ES medium. From this point onwards, Rho was no longer added to the media.
Media (ES medium without Rho) was then changed every two days for a period of 10-20

days after infection until hiPSC colonies formed.

2.1.5.2 Transfection with episomal plasmids

Before transfecting the PBMCs with the four reprogramming transcription factors
63, transfection efficiency was first examined by nucleofecting 3 ug eGFP episomal plasmid
(Addgene) into 3.5 x 108 freshly isolated PBMCs using the Human T-cell Nucleofector Kit
(Lonza) and nucleofector program V-024 on an Amaxa Nucleofector 2b Device (Lonza).
For a negative control, 3.5 x 108 freshly isolated PBMCs were nucleofected under the
same conditions but without the addition of the episomal plasmid. The cells were then
plated in 2 ml X-vivo 10 medium (Lonza) with 5 pl Dynabeads (Life Technologies) on a 24
hour pre-incubated 6-well gelatin-MEF coated plate (see Section 2.1.4). The expression

of eGFP protein was measured 48 hours after nucleofection using a FACSJazz flow
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cytometer (Becton-Dickinson). Cells from each well were individually transferred to 5 ml
polypropylene tubes (BD Biosciences) and washed twice with 3 ml PBS (Life
Technologies) prior to flow cytometry. The eGFP transfection experiment was repeated
twice, yielding transfection efficiencies between 18%-24%. The same nucleofection
parameters were then used for transfecting PBMCs with the four reprogramming

transcription factors.

24 hours before reprogramming, one 6-well plate was coated with 1 ml 0.1%
gelatin in dH20 (Sigma) per well and incubated for 1 hour at 37°C. After aspiration of the
gelatin, inactivated MEFs at a density of ~4 x 10% per well, were seeded in 2 ml MEF
medium [ES-DMEM medium (GlobalStem) with 15% FBS (Life Technologies)] into the
wells and the plate incubated in 37°C overnight. On the day of reprogramming, 3 ug total
of the reprogramming plasmids [(0.83 ug pCXLE-hOct4-shp53-F, 0.83 ug pCXLE-hSK,
0.83 pg pCXLE-hUL, 0.5 pg pCXWB-EBNA1) (Addgene)] were electroporated into 3.5 x
10% PBMCs with the Amaxa Nucleofector 2b Device using the Human T-cell Nucleofector
kit according to the manufacturer’s instructions. The pre-stored program V-024 for
unstimulated human T-cells was used to perform the nucleofection. The electroporated
cells were then plated on a one-day-old 6-well MEF-coated plate; approximately 300 ul
volume containing a total of 1.1 x 10° cells was added to each well, along with 2 ml X-vivo
10 medium and 5 pl Dynabeads. The plate was returned to a 37°C incubator. On days 2
and 4 following electroporation, 1.5 ml ES Medium [Primate ES cell Medium (Reprocell)
supplemented with 5 ng/ml bFGF (Invitrogen)] and 10 yM Rho (STEMCELL Technologies)
was added to each well without aspiration of the previous medium. On day 6 when the
transfected cells, viewed under a phase contrast microscope, were seen to be 90%
confluent, the culture medium was replaced with fresh 1.5 ml ES medium supplemented
with 10 yM Rho. From day 6, the medium was replaced with fresh ES medium
supplemented with Rho as described, every two days for a period of 20-30 days until

hiPSC colonies formed.
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2.1.6. Maintenance of hiPSCs

2.1.6.1 Feeder-dependent step

Approximately 20-30 days following transfection for the episomal reprogramming
system and 10-20 days following infection for the SeV reprogramming system, the
resultant individual hiPSC colonies were observed under a phase-contrast microscope
and, in a Class |l biosafety cabinet, were transferred aseptically using a 10 pl pipette to
wells in a 96-well plate. The colonies were further broken up into smaller cell clumps by
pipetting gently up and down and then transferred to a prepared MEF-coated 12-well plate,
less than 3 days old, containing 1 ml ES medium [Primate ES cell Medium (Reprocell)
supplemented with 5 ng/ml bFGF (Invitrogen)] and 10 yM Rho (STEMCELL
Technologies). The plated cell clumps were incubated at 37°C. The ES medium without
Rho was changed every day until the colony clumps became confluent, as judged visually
under a phase contrast microscope. After 5-6 days, 1 mg/ml collagenase type IV
(STEMCELL Technologies) was added to each well containing the iPSCs, and incubated
for an hour at 37°C until the iPSCs detached from the MEF feeder cell layer.

After 1hour incubation with collagenase type 1V, the detached colonies were spun
down in ES medium for 5 min in 1,000 rpm. Then the cell pellet was broken with 2 ml
mTeSR1 medium (STEMCELL Technologies) supplemented with 10 yM Rho, and
transferred to the 0.5 mg/well Matrigel (Corning) in DMEM/F12 (Life Technologies) coated

wells of a previously prepared 6-well plate and returned to a 37°C incubator.

2.1.6.2 Feeder free step

The mTeSR1 medium was changed daily in the 6-well plates described in Section
2.1.6.1 until the colonies became confluent. After adherence of the iPSCs to the surface
of the Matrigel-coated 6-well plate but before they became confluent, MEF cells, which
were originally transferred with the hiPSCs during the feeder dependent step, were
physically removed using 10 pl pipette tips under a phase contrast microscope. The
hiPSCs were then allowed to continue growing until they became confluent when viewed
under a phase contrast microscope. At that point, the medium was aspirated and 1 ml
0.02% EDTA (Lonza) was added to each well. The colonies and EDTA were incubated for

5-10 minutes at room temperature. The EDTA was then aspirated and 2 ml mTeSR1
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medium supplemented with 10 yM Rho was added to each well. The medium was pipetted
up and down several times to detach the cells from the surface of the wells. Once detached
and re-suspended in the mTeSR1 medium with 10 uM Rho, each cell line was divided into
two new wells of a Matrigel coated 6-well plate. The mTeSR1 medium was changed every
day until the cells became confluent whereupon the process of detachment (the next

passage) was repeated.

2.1.7. Cryopreservation of hiPSCs

hiPSC colonies at the feeder-free step were cryopreserved for future experiments
using STEM-CELLBANKER cell freezing media (amsbio, Oxford UK) and following the
manufacturer’s instructions. Cell lines from later passages were also frozen in the same
manner and stored first for 24 hours at -80°C and then transferred to a nitrogen tank at -

160°C for longer-term storage.

2.1.8. Characterization of hiPSCs for pluripotency

2.1.8.1 Immunocytochemistry of live cells

One well of newly generated colonies from each donor was used for live staining
for CD44 (differentiation marker) and TRA-1-60 (pluripotency marker). Live staining of the
iPSC colonies was carried out using Stem Cell Antibody Kits for Live Cell Imaging (Life
Technologies) following the manufacturer’s instructions. Stained colonies were imaged
using a Nikon Epi-fluorescence microscope and 400 two-dimensional snapshots, using
20x objectives (1661 uym x 1404 um in the X and Y planes, respectively), were taken of
the contents of each well. The snapshots were then stitched together and visualized using

ImageJ software (ImageJ).

To complement the live staining results, the iPSC induction efficiency was
calculated based on the number of iPSC colonies per number of seeded cells, which were

estimated from the number of cells used for nucleofection and SeV infection.
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2.1.8.2 Flow cytometry analysis of pluripotent surface markers

iPSCs generated on passage 5 (1 time passage on MEF and 4 times passage on
Matrigel) were characterized for two pluripotency surface markers, stage-specific
embryonic antigens -4 (SSEA-4) and TRA-1-60, using a FACSJazz flow cytometer
(Becton-Dickinson). The medium for each cell line was aspirated from two confluent wells
of colonies and 1 ml dissociation solution (0.02% EDTA; Lonza) was added to each well.
The colonies and EDTA were incubated for 5-10 minutes at room temperature. The EDTA
was then aspirated and 2.5 ml mTeSR1 medium (STEMCELL Technologies) added to
each well, with pipetting up and down several times to detach the cells from the surface
of the well. Cells from two wells of the 6-well plate (the same cell line) were then divided
equally into five 5 ml polypropylene tubes (BD Biosciences) and washed twice with 3 ml
PBS (Life Technologies). Each cell line experiment had two negative controls and three
positive controls. One positive control was stained for two monoclonal antibodies; 5 ul
Alexa Flour 647 Mouse anti-Human TRA-1-60 Antigen (BD Bioscience) and 20 pl PE
Mouse anti SSEA-4 (BD Bioscience), according to the manufacturer’s instructions while
the other two positive controls were stained with only one of the two antibodies. One
negative control remained unstained (to identify background noise) and the second
negative control was stained with isotypes of the two antibodies (to detect any nonspecific
binding [false positive]). A blue laser (488 nm) with an excitation band pass filter of 585 +
29 nm was used for SSEA-4 PE while a red laser (640 nm) with an excitation band pass
filter of 670 + 30 nm was used for TRA-1-60 AlexaFluor647. Cell lines found to have higher
expression levels of these two markers were passaged five more times and on passage
10 (1 time passage on MEF and 9 times passage on Matrigel) were characterized again

for expression of TRA-1-60 and SSEA-4 using the same protocol.

2.1.8.3 hiPSC RNA extraction, qRT-PCR

RNA from hiPSCs collected on passages 5 and 10 was extracted according to the
manufacturer’s instructions using the RNeasy Mini Kit (QIAGEN). The concentrations of
the extracted RNA were measured using a NanoDrop Spectrophotometer ND-1000
(NanoDrop) at wavelength ratio of 260 / 280 nm and the RNA was then stored at -80°C

for later analysis.
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1 ug from each extracted RNA sample was reverse transcribed into cDNA using the
QuantiTect Reverse Transcription Kit (QIAGEN) according to the manufacturer’s
instructions. The concentration of generated cDNA was measured using a NanoDrop
Spectrophotometer ND-1000 and the concentration of cDNA was then adjusted to 2 ng/ul
through serial dilution with RNAse free water (Qiagen). The master mixes contained 10 pl
SYBR Select Master mix for CFX (Life Technologies) and for each pluripotent gene (Sox-
2, Oct4, c-Myc, KIf4, Nanog and ZFP-42) 2 ul of forward primer and 2 ul of reverse primer
(Integrated DNA Technologies, see Appendix B for primer sequences) with a final
concentration of 2.5 yM each and 1 pl of RNase-free water. 10 ng (5 pl) cDNA was added
to the reaction for a final reaction volume of 20 pl. Two negative controls were used for
each pluripotent gene: one control did not contain cDNA while the other control contained
cDNA from the donor’s activated T-cells. The thermal cycling protocol applied for the qRT-
PCR was as follows: 1) initial activation step of 3 min at 95°C; 2) 3-step cycling including:
a) denaturation for 10 secs at 95°C; b) annealing for 40 secs at 60°C; c) extension for 5
secs at 65°C (these three steps were repeated for 39 cycles); and 3) end of PCR cycling
held at 4°C.

2.1.9. In vitro cardiac differentiation of hiPSCs

After analyzing the generated hiPSCs for the expression of two surface markers,
SSEA-4 and TRA-1-60, on passage 10 (as described in Section 2.1.8.2), the hiPSCs that
expressed both of these markers were chosen for cardiac differentiation. After the medium
was removed, the generated hiPSCs were detached from Matrigel-coated wells in a 6-
well plate by adding 1 ml 0.02% EDTA (Lonza) to each well. The colonies and EDTA were
incubated for 5-10 minutes at room temperature, following which the EDTA was aspirated
and 2 ml mTeSR1 medium supplemented with 10 yM Rho was added to each well. The
medium was pipetted up and down several times to detach the cells from the surface of
the wells. Once detached and re-suspended in the mTeSR1 medium with 10 uM Rho, the
cells were counted using an automated cell counter (Bio-Rad TC20) (see Section 2.1.2
for protocol). 1 x 108 cells from each cell line were then seeded on 6 well Matrigel-coated
plates and 2 ml mTeSR1 medium supplemented with 10 uM Rho was added to each well.
The mTeSR1 medium was changed every day until the cells became confluent. When

cells became almost 100% confluent after viewing under phase-contrast microscope, the
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differentiation pathway was initiated, following Lian et al’s protocol''é. The differentiation
protocol was optimized and performed by Sanam Shafaattalab, a PhD candidate in our

laboratory.

2.1.10. CM RNA extraction, qRT-PCR

The protocol for gRT-PCR to analyze cardiac gene expression is the same as the
protocol described in Section 2.1.8.3 for hiPSCs, except that cardiac markers, adult and
fetal isoforms of TNT2, TNI 3 (cardiac isoform), TNI 1 (skeletal isoform), and myosin light
chain-2 (atrial and ventricular paralogs) were used instead of Sox-2, Oct4, c-Myc, Kilf4,
Nanog and ZFP-42. See Appendix B for the CM primer sequences. Two negative controls
were used for each pluripotent gene: one control did not contain cDNA while the other

control contained cDNA from the iPSC cell line from which the CMs were derived.
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Chapter 3. Results

3.1.1. Isolated PBMC count

The yield and percentage viability of the harvested PBMCs from each individual
donor was determined after isolation, staining with Trypan blue (Lonza) and counting using
an automated cell counter (Bio-Rad TC20) (see Section 2.1.2 for protocol). The total
number of isolated PBMCs from 1 ml of each donor’s whole blood was between 1.5 x 108
cells and 2 x 10° cells; the percentage of viable (actively growing and dividing) cells in the

total counted cells for each donor was 87%-92%.

3.1.2. Trypan blue exclusion assay results

Three separate blood samples were taken from one donor, following which the T-
cells in 5 x 10° PBMCs from each sample (series 1, 2, and 3) were selectively activated
using CD3-plate bound antibodies and IL-2. Staining the cells with Trypan blue, the total
number of cells and the number of viable cells were then counted in the Bio-Rad TC20
cell counter, as described in Section 2.1.2, every day over a period of one week. In all
three series, in days 1 and 2 following activation, between 10-20% of the total number of
cells were found to have died but the percentage of viable cells began to increase after
days 2 and 3. Also within all three series, a 20% increase in the number of viable cells
was observed from days 3 to 5. In series 1 and 2, after days 5 and 6, the percentage of
viable cells was found to have decreased by 20-30% but increased in series 3, remaining

in log phase.

The percentage of viable cells in each series was calculated using the following

equation:

, Total Number of viable cells
% of viable cells = (

1
Total Number of viable and non — viable cells) * 100

and is shown graphically in Figure 3.1:
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Figure 3.1 The percentage of viable cells within total cell populations.

Three separate blood drawings were taken from one donor and from each sample, 5 x 10° PBMCs
were isolated. The T-cells in each sample (series 1, 2, and 3) were selectively activated using CD3-
plate bound antibodies and IL-2. Cells in each series were counted every day for one week.
Between 10%-20% of the total number of cells observed from day 1 to day 2 after activation died
but the percentage of viable cells began to increase after days 2 and 3. A 20% increase in viable
cells was observed from days 3 to 5 for each series. After days 5 and 6, the percentage of viable
cells decreased by 20%-30% in series 1 and 2 but increased, remaining in the log phase of growth,
in series 3.

3.1.3. Results from flow cytometry analysis of activated T-cells

Activation of T-cells within a PBMC population is required for downstream SeV
transduction. To determine the time frame in which the numbers of activated T-cells begin
to increase and reach maximum population, four sets of experiments stimulating PBMCs
derived from one donor using the anti-CD3 antibodies and IL-2 protocol described in
Section 2.1.1 were performed. In all four sets, the percentage of cells positively stained
for both T-cell and activation markers were measured daily for a period of one week. Five
days after activation, the maximum percentage of activated T-cells (between 93%-97%)
was measured. This level was maintained on day 6 and started to decrease slightly on
day 7.

Knowing the timeline to maximally activated T-cell numbers; the next step was to
identify the most effective and efficient method of T-cell activation. Three different

protocols were carried out on blood drawn from one donor, as described in Section 2.1.1.

27



In the first series of experiments, the T-cell activation procedure using anti-CD3 antibodies
and IL-2 (Figure 3.2.a), as was done on the timeline experiments, was compared to the
Dynabeads and IL-2 method (Figure 3.2.b). The percentage of activated T-cells on day 5
following activation was determined using flow cytometry. In the second set of
experiments, T-cell activation with anti-CD3 antibodies and IL-2 (Figure 3.2.c) was
compared to activation with anti-CD3 and anti-CD28 antibodies plus IL-2 (Figure 3.2.d) on
day 6 post activation. Due to facility limitations, flow cytometry was delayed by one day

for the second set of experiments.

In the first set of experiments, 93% of PBMCs stimulated using the anti-CD3
antibodies plus IL-2 method were found to be positive for both activation and T-cell
markers while only 82% were found to be positive in the Dynabeads plus IL-2 protocol, 5
days after activation. In the second set of experiments, 75% of the PBMCs stimulated with
anti-CD3 antibodies plus IL-2 were positive for both activation and T-cell markers while
only 46% were positive in the anti-CD3 and anti-CD28 antibodies plus IL-2 method 6 days
following activation. The highest percentage of activated T-cells was seen in the anti-CD3
antibody and IL-2 protocol 5 days post activation, which correlates with the observation in

Section 2.3.1 that the percentage of viable cells began to decrease 5 days after activation.

In both sets of experiments, the anti-CD3 antibodies plus IL-2 protocol yielded
higher percentages of activated T-cells than either the Dynabeads plus IL-2 protocol or
the anti-CD3 and anti-CD28 antibodies plus IL-2 procedure. As a result, the anti-CD3
antibodies plus IL-2 method was selected as the T-cell activation protocol to be used

before SeV reprogramming.

Although the anti-CD3 antibodies plus IL-2 protocol is best for the SeV
reprogramming system, it is not for the episomal system. Results in Section 3.1.6
demonstrated that electroporation of activated T-cells is not efficient while isolation and
expansion of T-cells after electroporation using Dynabeads was (Section 3.1.6 likely due
to effective interaction of the mobilized Dynabeads with the T-cells, stimulating their

activation®3:85,
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Figure 3.2 Flow cytometry analysis of activated T-cells with three different

activation protocols on blood drawn from one donor in two sets of

experiments.

Stimulated cells were stained with PE-Cy7-labelled anti-human CD3 antibodies (which bind to the
CDa3 antigen on the surface of T-cells) and PE-labelled anti-human CD25 antibodies (which bind to
the CD25 antigen on the surface of activated T-cells) as described in Section 2.1.3.1. (a) 93% of
PBMCs stimulated with anti-CD3 antibodies and IL-2 were positive for both activation and T-cell
markers 5 days post activation while, (b) 82% of PBMCs stimulated with Dynabeads and IL-2 were
positive for both activation and T-cell markers after 5 days. (c) 75% of PBMCs stimulated with anti-
CD3 antibodies and IL-2 were positive for both activation and T-cell markers 6 days post activation
and, (d) 46% of PBMCs stimulated with anti-CD3 and anti-CD28 antibodies plus IL-2 were positive
for both activation and T-cell markers 6 days following activation.

3.1.4. Activated T-cell morphology results

Phase contrast images were taken of PBMCs 24 hours following activation with
anti-CD3 antibodies and IL-2 and on day 5 post activation. A hallmark of activated T-cells
is aggregation and this was observed by day 5, as shown in Figure 3.3. These visual
results correlate with the flow cytometry results, confirming the presence of activated T-

cells within the expanded population of viable cells counted in the Trypan blue assays.
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PBMCs day 1 — PBMCs day 5

Figure 3.3  Activation of PBMCs with anti-CD3 antibodies and IL-2 induces
T-cell aggregation.

These two phase-contrast images are PBMCs activated with 10 ug/ml anti-CD3 antibodies and 175

U/ml IL-2. The day 1 image was taken 24 hrs. after activation and the image of PBMCs on day 5

was taken ~120 hrs. after activation. The images show that the T-cell subpopulation aggregates

after activation with anti-CD3 antibodies and IL-2.

3.1.5. Results of MEF feeder cell density optimization

As described in Sections 2.1.4, MEF cells were seeded in different densities (3 x
10°cells/well, 3.5 x 10° cells/well, 4 x 105 cells/well, 5 x 10° cells/well and 7 x 10° cells/well)
on gelatin coated 6-well plates for a period of 9 days under transfection conditions,
excluding transfected cells. Of these densities, MEF cells on gelatin coated plates with a
density of 4 x 10° cells/well maintained the appropriate confluency of 70-80% after 9 days;
not too sparse to be insufficient to support pluripotent stem cells and not too confluent to
detach spontaneously after being cultured for that length of time. For wells with initial cell
densities of 3 x 10° cells/well and 3.5 x 10° cells/well, confluency decreased to 40-50%
after 9 days culturing and for wells with initial cell densities of 5 x 10° cells/well and 7 x 10°
cells/well, although confluency was comparable with 4 x 10° cells/well after 9 days, the

number of detached and floating cells increased steeply.

Once the appropriate cell density (4 x 10° cells/well) was determined for MEFs on
gelatin-coated plates, the same density was then plated on non-coated 6-well plates. After
being cultured for 9 days, the cells were only 20-30% confluent; too sparse to support
hiPSC growth. MEF cells with a density of 4 x 10° cells/well on gelatin coated 6 well plates
were demonstrated to be the optimal density and condition for successful growth of
hiPSCs.
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3.1.6. Results of optimization of nucleofection in the episomal
reprogramming system

3 ug of eGFP-episomal plasmids were nucleofected into both activated T-cells and
unstimulated PBMCs as described in Section 2.1.5.2. Flow cytometry analysis of eGFP
expression 48 hours post transfection revealed successful transfection of eGFP plasmids
occurred in unstimulated PBMCs but not in activated T-cells. The transfection efficiency
(percentage of cells expressing eGFP) was 24% in PBMCs derived from fresh human
blood and 14% and 17% in PBMCs derived from frozen human blood (donated by Dr.
Jonathan Choy, Molecular Biology and Biochemistry Department, Simon Fraser

University).

3.1.7. HiPSC morphology results

Phase contrast images were taken of hiPSCs generated by either the SeV
reprogramming system or the episomal reprogramming system, following two passaging
on MEFs (see Figure 3.4). As viewed through the 4X objective lens, undifferentiated
colonies of small, round hiPSCs were the result in both reprogramming systems while
through the 20X objective lens, the large nuclei in individual cells could be seen. This is

characteristic of highly mitotically active cells and is a signature of pluripotent stem cells.
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Figure 3.4 Morphology of hiPSCs generated by both reprogramming systems
following two passages on MEFs.

Seen under a phase contrast light microscope, the hiPSCs in images 1 (a) and (b) were generated

using the SeV reprogramming system while hiPSCs in images 2 (a) and (b) were generated using

the episomal reprogramming system. Images 1 (a) and 2 (a) viewed through a 4x objective lens,

show undifferentiated hiPSC colonies of small, round cells, clearly separate from the feeder layer

cells. Images 1 (b) and 2 (b), magnified by a 20x objective lens, show hiPSCs with large nuclei.

3.1.8. Immunocytochemistry results from live cell staining

A combination of two antibodies, one against TRA-1-60 (a stem cell surface
marker) conjugated with Alexa Fluor555 and another against CD44 (a differentiated cell
marker) conjugated with Alexa Fluor488, was used to live stain the primary generated
hiPSCs (the first colonies obtained from the reprogramming of activated T-cells), as
described in Section 2.1.8.1. Figure 3.5 shows hiPSCs derived from both the SeV and
episomal reprogramming systems. Pluripotent cells, in each colony, that expressed the

TRA-1-60 surface marker are coloured red while the MEF cells the hiPSCs are growing
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on are coloured green. This test confirmed that both reprogramming systems generated
hiPSCs.

Figure 3.5 Epifluorescent imaging of single primary hiPSC colonies generated
from the SeV and episomal reprogramming systems.

The epifluorescent image (a) is of a single hiPSC colony generated from SeV reprogramming while

image (b) is of a single hiPSC colony generated from episomal reprogramming. Both hiPSC

colonies were derived from the same donor’s blood samples.

3.1.8.1 Comparison of the efficiency of the SeV and episomal
reprogramming systems in Donor 002 hiPSCs

400 two-dimensional snapshots were taken of hiPSCs generated from the blood
sample of Donor 002 using either the SeV or episomal reprogramming systems in wells
of a 6-well plate. The snapshots were then stitched together, as described in Section
2.1.8.1. Cells stained for the presence of the differentiated cell marker, CD44, were
pseudo-coloured green while cells stained for the presence of the stem cell surface

marker, TRA-1-60, were pseudo-coloured red.
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500 unit

Figure 3.6 Epi-fluorescent imaging of primary hiPSCs generated from SeV
reprogramming of PBMCs derived from Donor 002.

The epi-fluorescent image (a) shows the hiPSCs in grey scale while in image (b) the feeder layer
is shown in grey scale and the black holes are the hiPSC colonies. After applying two pseudo-
colours, image (c) is the result. hiPSCs are shown in red and feeder layer and differentiated cells
are coloured green. Inimage (d) hiSPC colonies were manually outlined and individually numbered.
The area of the smallest selected colony was 25,263 um? and the area of the largest colony was
187,136 um?. By comparing image (d) with image (b), the smaller red spots were determined to be
background noise. A total of 87 colonies were counted.

Figure 3.6 shows the same image of hiPSCs generated from the SeV
reprogramming system, first in grey scale and then in pseudo-colour, with the hiPSCs
coloured red, indicating the presence of TRA-1-60, and the feeder layer and differentiated
cells coloured green, indicating the presence of CD44. The area of the smallest hiPSC
colony was 25,263 um? and the largest colony’s area was 187,136 um2. Twenty out of the

87 colonies revealed the presence of both pluripotent and differentiation markers,
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indicating overgrowth of the colonies. Colony overgrowth results in spontaneous
differentiation of the hiPSCs, which can be evidenced by hypertrophic colonies, colonies
without borders and flattened cells'"”. In future experiments, the colonies need to be

picked 2 to 3 days after formation rather than the 6 days used for these results.

Using the equations below, the efficiency of the SeV reprogramming system in

generating hiPSCs was calculated and found to be 0.044%.

Number of counted colonies
Number of seeded infected cells

Efficiency of SeV system for Donor 002 = ( ) X 100

Efficiency of SeV system for Donor 002 = ( ) X 100 = 0.044%

2x 105
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Figure 3.7 Epi-fluorescent imaging of primary hiPSCs generated from episomal
reprogramming of PBMCs derived from Donor 002.

Image (a) shows the hiPSCs in grey scale while image (b) shows the feeder layer in grey scale
where the black holes are the hiPSC colonies. Image (c) is the same image after applying the two
pseudo-colours. hiPSCs show as red and the feeder layer and differentiated cells show as green.
In image (d) colonies are outlined manually and individually numbered. The area of the smallest
selected colony was 26,488 um?. The smaller red spots were identified as background noise by
comparing image (d) with image (b). The area of the largest colony was 399,796 um?2. Four colonies
out of 56 expressed both differentiation and pluripotent markers.

Figure 3.7 shows the same image in grey scale and then in pseudo-colour to first
identify the hiPSC colonies generated from the episomal reprogramming system using
Donor 002’s blood sample and then the presence or absence of differentiation and
pluripotent markers in specific colonies. Four out of 56 colonies generated through the
episomal reprogramming system were found to express both differentiation and

pluripotent markers due to overgrowth.
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Using the equations below, the efficiency of the episomal reprogramming system

in generating transfected hiPSCs was calculated and found to be 0.005%.

Number of counted colonies

Efficiency of episomal system for Donor 002 = ( ) %X 100

Number of seeded transfected cells

Efficiency of episomal system for Donor 002 = ( ) X 100 = 0.0051%

1.1 x 106
Comparing the efficiency of the SeV reprogramming system (0.044%) to the
episomal reprogramming system (0.0051%) revealed that the SeV system, using Donor

002’'s PBMCs, was nine times more efficient than the episomal system.

Figure 3.8 shows the colony sizes and frequency distributions of hiPSCs generated from
the SeV and episomal reprogramming systems. For hiPSCs derived from SeV
transduction, the colony areas ranged from less than 100,000 um? to 500,000 um? while,
for the hiPSCs derived from episomal transfection, the colony areas ranged from less than
100,000 um? to 300,000 uym?2. For hiPSCs from both systems, the majority of the colonies
were in the less than 100,000 um? category (51% for the SeV and 59% for the episomal
hiPSCs) and the 100,000 um? to 200,000 um? category (36% for both systems). In both
systems, the majority of hiPSC colonies had areas less than 100,000 um?2. Colonies
expressing the differentiation marker had areas more than 200,000 um?, which correlates

with the fact that differentiation increases as colony overgrowth occurs.
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Figure 3.8 Colony size and frequency distributions among hiPSCs generated
from SeV and episomal reprogramming systems

All colonies (undifferentiated and partially differentiated) were counted in this experiment. Figure
3.8 (a) represents the size and frequency distribution of hiPSC colonies generated using the SeV
reprogramming system. There was a large range of colony areas. 51% of the colonies had area
sizes less than 100,000 um?; 36% of the colonies had areas between100,000 pm? and 200,000
um?; 6% had areas between 200,000 um? and 300,000 um?; 5% had areas between 300,000 um?
and 400,000um?; and 3% had areas between 400,000 ym? and 500,000 pm?. Figure 3.8 (b)
represents the size and frequency distribution of hiPSC colonies generated from the episomal
reprogramming system. The range of colony areas was less than the areas of hiPSCs derived from
the SeV system. 59% of the colonies had areas less than 100,000 um?; 36% had areas between
100,000 um? and 200,000 um?; and 2% had areas between 200,000 um? and 300,000 um?. No
colonies with an area equal to or greater than 300,000 pm? were measured in the episomal
reprogramming system hiPSCs.

3.1.9. Flow cytometry analysis of pluripotent surface markers

HiPSCs generated from both the SeV and episomal reprogramming systems were
quantified for the expression of two specific pluripotent surface markers (SSEA-4 and
TRA-1-60) at two different passages, P5 and P10, as described in Section 2.1.8.2. The
percentage of positively stained cells for each marker was estimated for cell lines derived
from each reprogramming system, with SSEA-4 coloured red and TRA-1-60 assigned
blue. The bar columns, with error bars, in Figure 3.9, represent the mean percentages of
positively stained cells for each surface marker at P5 and P10 for each reprogramming

system (see Appendix C for more details).
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Figure 3.9 Flow cytometry analysis of SeV and episomally generated hiPSCs for
the presence of TRA-1-60 and SSEA-4 markers at P5 and P10.

Cell lines in the SeV system (n=3) two from donor Sevii001 and one from donor Sevii002 and in
the episomal system (n=7) two from donor Epii001, one from donor Epii002, three from donor
Epii003 and one from donor Epii004 were studied at two different passages (P5 and P10). (Error
bars shown as £1 SEM.) In both the SeV and episomal systems, the cell lines did not show a
difference in the expression of SSEA-4 between P5 and P10. More than 80% of the cells were
positive for SSEA-4 in both reprogramming systems for P5 and P10. The SEM for SSEA-4 was
smaller than that for TRA-1-60 in P5 and P10 for both reprogramming systems.

For both the SeV and episomally generated hiPSCs, there was no significant
difference in the expression of SSEA-4 in either P5 or P10, with more than 80% of all cells
expressing SSEA-4 in both passages. Table 3.1 provides the numerical data. In
comparison with SSEA-4, TRA-1-60 was expressed at a lower level by episomally
generated hiPSCs in P5 and P10 and by SeV generated hiPSCs in P10. The size of the
error bar in the TRA-1-60 result for the SeV generated hiPSCs at P5 was extremely large
but indicates that the marker is expressed at levels similar to or lower than that of SSEA-
4.
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Table 3.1 Pluripotent surface markers in the SeV and Episomal
reprogramming systems

Reprogramming system= Sev Reprogramming system= Epi

SSEA4+ TRA-1-60+ SSEA4+ TRA-1-60+
Passage# | Mean | SE Mean SE Mean SE Mean SE
P5 88.1 | 5.9 46.6 21.5 93.4 4.4 36 8.4
P10 82 1.3 | 21.26 2.8 88.7 3.8 31.8 7.3

3.1.10. gRT-PCR analysis of pluripotent gene expression in hiPSCs
at P5 and P10.

gRT-PCR was used to determine the levels of expression of six pluripotent
markers-Sox2, Klf4, ZFP-42, Nanog, Oct4, and c-Myc--in hiPSCs generated by the SeV
(derived from two donors) and episomal (derived from four donors) reprogramming
systems. Cells at passages 5 and 10 were studied. Figure3.10 shows the results in the
form of bar graphs, with error bars shown as £ 1 SEM. For the SeV generated hiPSCs,
there was no significant difference in OCT-4 expression levels between P5 and P10 which
was also true of c-MyC expression. Only one SeV cell line out of three expressed Nanog
but in the cell line that expressed Nanog, both Nanog and Oct4 expression levels were
higher than c-Myc for passages 5 and 10. Table 3.2 shows the values calculated for the

expression levels of each marker.

For the episomally generated hiPSCs, there were no differences between P5 and
P10 expression levels of Nanog, Oct4, or c-Myc. However, as with the SeV generated

hiPSCs, Nanog and Oct4 were expressed at higher levels than c-Myc at both passages.

Comparing expression levels of these pluripotent markers in hiPSCs generated
from both reprogramming systems, Oct4 expression is higher in the SeV generated
hiPSCs while c-Myc levels are similar across both systems. Nanog expression levels,

while higher than c-Myc levels, are also comparable in both systems.
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Figure 3.10 gRT-PCR analyses of pluripotent genes in hiPSCs for passages 5

and 10

Cell lines in the SeV system (n=3) two from donor Sevii001 and one from donor Sevii002 and in
the episomal system (n=7) two from donor Epii001, one from donor Epii002, three from donor
Epii003 and one from donor Epii004 were studied at two different passages (P5 and P10). (Error
bars shown as + 1 SEM.) (a) This bar graph shows the expression levels of three pluripotent genes
in hiPSCs generated from the SeV system. Only one cell line out of three expressed Nanog so no
standard error was determined for this transcript. (b) The expression levels of the genes in hiPSCs
derived from the episomal system are shown in this bar graph.

Table 3.2

reprogramming systems

Pluripotent endogenous gene expression in the SeV and episomal

c-Myc Nanog Oct4
Reprogramming System | Passage# Mean SE Mean SE Mean SE
Sev P5 -0.002 | 04 N/A N/A 4.2 0.1
P10 -0.5 0.3 N/A N/A 4.2 0.06
Epi P5 -0.25 | 0.17 2.8 0.16 3.5 0.16
P10 -0.12 | 0.14 2.9 0.12 3.6 0.15
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3.1.11. gRT-PCR analysis of cardiac specific gene expression in
hiPSC-derived CMs

gRT-PCR was run on hiPSC-derived CMs generated using both the SeV and
episomal reprogramming systems to determine the level of expression for cardiac-specific
genes. While the error bars are large, hiPSC-CMs generated by the SeV system show
higher level of MLC-2a, TNNI-1, and TNT-2-adult gene expression than TNNI-3 and TNT-
2-fetal gene expression. It is not clear from the results where the level of gene expression
for MLC-2v falls. For the hiPSC-CMs derived from the episomal system, unfortunately the
error bars are so large that concrete conclusions are difficult to draw both within the system

and between the two reprogramming systems.
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Figure 3.11 gRT-PCR analyses of cardiac specific markers in hiPSC-derived

cardiomyocytes
CM cell lines were derived from hiPSCs generated using the episomal reprogramming system (n=6)
two from donor Epii001, three from donor Epii003 and one from donor Epii004 and hiPSCs
generated using the SeV system (n=3) two from donor SeVi001 and one from donor SeVi002.
(Error bars shown as + 1 SEM).

Table 3.3 Cardiac-specific markers in the SeV-derived and episomal-derived
cardiomyocytes

MLC-2a MLC-2v THNNI-1 THNI-3 TNT-2-Fetal TNT-2-Adult
Reprogramming System Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
Sev 3.2 0.3 2.1 1.1 3.06 0.1 0.64 0.5 16 0.17 2.5 0.1
Epi 23 0.7 0.4 1.2 2.02 0.9 0.67 0.31 1.12 0.5 19 0.5
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Although the CMs were examined for expression of cardiac specific markers on
different days following differentiation (between days 39 and 66), no differences were
observed in the expression of cardiac-specific genes in CMs derived from hiPSCs

generated in either the SeV or episomal reprogramming systems.
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Chapter 4. Discussion

4.1.1. T-cell activation: development of a successful protocol

Successful activation of T-cells prior to infection with Sev or transfection with
episomal plasmids is a critical step in the reprogramming of donor-derived PBMCs.
Results from the Trypan blue exclusion assays determined that, for the anti-CD3 plus IL-
2 T-cell activation method, 10-20% of all cells died in days 1-2 following activation.
However, a 20% increase in viability in days 3-5 occurred, followed by a stable population
or decrease after days 5-6. Flow cytometry results confirmed the Trypan blue exclusion
assay results, identifying the expanded population of viable cells as activated T-cells. 93-
97% of the cells collected on day 5 post activation were positive for T-cell and activation
markers. Phase contrast light microscopy provided a visual confirmation of the flow
cytometry results, showing single cells at day 1 and aggregated cells, a characteristic of
activated T-cells, at day 5 post activation. Together, these different experimental
techniques show that the T-cell population from the donor’s purified PBMCs has been
successfully expanded and activated and that day 5 post activation is the optimal time for
the reprogramming steps to be started. As well, the experiments were done using multiple
samples, highlighting the fact that the activation and expansion protocols are replicable

and can be standardized.

Flow cytometry was also used to determine which T-cell activation protocol, out of
three, was the most effective in generating activated T-cells for use in the SeV
reprogramming system. Compared to the 93% of cells testing positive for activation and
T-cell markers, 5 days post activation, using the anti-CD3 plus IL-2 protocol, only 82%
were positive using the Dynabeads plus IL-2 method in the same time frame. 6 days post
activation, 75% of cells tested positive for activation and T-cell markers using the anti-CD3
plus IL-2 protocol but only 46% were positive using the anti-CD3 and anti-CD28 plus IL-2
procedure. These results showed that the most effective protocol for generating activated

T-cells for SeV reprogramming is the anti-CD3 plus IL-2 method.
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However, for both reprogramming systems, as indicated by the Trypan blue assay
results, day 5 post activation is the time at which the maximum number of viable activated

T-cells are present.

4.1.2. ldentification and optimization of effective reprogramming
methods

To assess the efficiency of different reprogramming methods in generating
hiPSCs, one integrative method and two non-integrative methods (the SeV and episomal
reprogramming systems) were tested. The integrative retro viral reprogramming method
was attempted in three separate sets of experiments but was not successful in
reprogramming PBMCs. All further experiments were then focused on the non-integrative

methods.

One important step in successfully generating hiPSCs in the two non-integrative
systems, the SeV and episomal systems, is optimizing the density of mitomycin-c
inactivated MEF cells which act as a feeder layer for transfected PBMCs. After seeding
MEF cells in densities between 3 and 7 x 10° cells/well on gelatin coated and non-coated
6-well plates for 9 days under transfection conditions without transfected cells, MEF cells
on gelatin-coated plates with a density of 4 x 10° cells/well were found to best support the

successful reprogramming and generation of hiPSCs in both reprogramming systems.

In addition to MEF cell density, nucleofection of episomal plasmids into the PBMCs
was optimized as well by nucleofecting eGFP-episomal plasmids into both activated T-
cells and unstimulated PBMCs. Flow cytometry analysis of eGFP expression revealed
successful transfection of eGFP plasmids occurred in unstimulated PBMCs (with a
transfection efficiency of 12 to 24%) but not in activated T-cells. This finding was supported
by the experiment in which eGFP-episomal plasmids, transfected into activated T-cells
using lipofectamine 3000, showed no eFGP expression over the course of one week post-

transfection.
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4.1.3. Therelative success of the two reprogramming systems in
generating hiPSCs

Having determined that the anti-CD3 antibodies plus IL-2 protocol is the most
effective T-cell activation protocol for the SeV reprogramming system and that the
maximum number of activated T-cells were present on day 5 post activation, the next step
was to measure the success of transfection and transduction methods. Following the
optimized version of Okita et al’'s episomal®? reprogramming protocol (Dynabeads plus IL-
2), and the optimized SeV method, both of which | developed, the efficiency of each
method in generating hiPSCs was calculated. The SeV reprogramming system yielded

0.044% efficiency while the episomal system had 0.005% efficiency.

4.1.3.1 The generation and characterization of SeV- and episomally-derived
hiPSCs

Twenty-one SeV derived hiPSC lines were generated from the activated T-cells of
Donors 001 and 002 15-19 days after infection while 41 episomally-derived hiPSC lines
were successfully generated from PBMCs of four donors in 21-24 days following
transfection. The time for both methods, from blood drawing to generation of hiPSCs, was

between 20-24 days.

Although the SeV system was nine times more efficient than the episomal system, phase
contrast images showed that both systems produced hiPSCs with similar morphology,
results confirmed by live cell staining which indicated the presence of the stem cell surface
marker TRA-1-60. In terms of size and frequency, the hiPSC colonies from both systems
were comparable, with the majority in the less than 100,000 ym? category (51% for the
SeV and 59% for the episomal hiPSCs) and the 100,000 um?to 200,000 um? category
(36% for both systems). More SeV system hiPSC colonies were larger than the episomal
(3% of the SeV colonies had areas between 400,000 um? and 500,000 um? while no
episomal colonies attained that large a size) and live cell staining for the differentiation
marker CD44 revealed that a greater number of SeV hiPSC colonies were positive for this
marker than episomal (20 out of 87 SeV colonies versus 4 out of 56 episomal colonies).
Since differentiation occurs when colonies are overgrown, these findings are not

unexpected.
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The primary hiPSC colonies for both systems were generated after a similar length of time
following transfection and transduction and were of equally good pluripotency. It was
discovered that as the number of passages increased, the speed at which the hiPSCs
grew to confluency also increased until stabilizing at approximately 3-4 days between
passages. The hiPSCs generated from the two methods were then characterized for
pluripotent surface markers and intracellular pluripotency gene expression at early
passage (passage 5 or P5) and late passage (passage 10 or P10). Characterization for
two pluripotent surface markers, SSEA-4 and TRA-1-60 using flow cytometry, revealed no
differences between the reprogramming systems’ hiPSCs and passage number. The
standard error of the mean for SSEA-4 was close to the mean expression of this gene in
both P5 and P10 while in contrast, TRA-1-60 produced a broader standard error of the
mean in both. This suggests that SSEA-4 expression is a more accurate marker for the

initial identification of hiPSCs.

Characterization for intracellular pluripotency gene expression using gRT-PCR at
P5 and P10 showed that both SeV and episomally-derived hiPSCs expressed higher
levels of Nanog and Oct4 and lower levels of c-Myc in both P5 and P10. No significant
difference was observed between reprogramming systems and passage numbers based

on expression of endogenous pluripotent markers.

In summary, the SeV reprogramming system was nine time more effective at generating
hiPSCs from donor PBMCs than the episomal system. However, the hiPSCs generated
from the SeV and episomal reprogramming systems were of equally good quality, as
measured by visual morphology, speed of generation, size and numbers, presence of
pluripotency surface markers (TRA-1-60 and SSEA-4), and endogenous pluripotent gene
expression (Nanog, Oct4, and c-Myc). The pluripotency levels of the hiPSCs remained

stable from early passage (P5) to late passage (P10).

4.1.3.2 The characterization of SeV- and episomally-derived hiPSC-CMs

With respect to assessing the functionality of P10 hiPSCs by their ability to
differentiate into CMs, the results are inconclusive. While the qRT-PCR experiment to
determine the levels of cardiac-specific gene expression in SeV and episomally-derived
hiPSC-CMs showed higher levels of MLC-2a, TNNI-1, and TNT-2 adult gene expression
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than TNNI-3 and TNT-2-fetal gene expression within the SeV system CMs, the error bars
for the episomally derived CMs are so large that meaningful comparisons cannot be made,

either within the episomal system or between the two systems.
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Chapter 5.  Future Directions and Conclusion

5.1. Future Directions

As with all research projects, the experimental results of this thesis generated
many more questions to be addressed and experiments that can be done. Although there
were no significant differences in the quality of the hiPSCs derived from the SeV and
episomal reprogramming systems, high levels of variability in pluripotent gene expression
were observed between the cell lines derived from each donor within each reprogramming
system. Part of this problem, in the early passages (such as P5), is that, due to technique
limitations, included among the hiPSCs are MEF cells and differentiated cells. The
molecular footprints of these extraneous cells may be the source of some of the measured
variability. In future to overcome this variability, cells could be sorted in early passages
(such as P5) for the presence or absence of specific pluripotent markers. Based on the
results of this thesis project, the variability of cell lines derived from each donor should be
reduced prior to differentiation. Sorting pools of hiPSCs cell lines derived from each
individual based on the presence or absence of the pluripotent surface marker, SSEA-4,
which remained at the same level between early and late passages and reprogramming
systems. This would provide a more homogenous, hiPSC lines from each donor. Then,
differentiation protocols could be carried out on pools of hiPSCs from individual cell lines
to determine which combinations of gene expression and protocol lead to successful
differentiation'®, correlating different levels of pluripotent gene expression to different

levels of cardiac specific marker expression.

The gRT-PCR experiment to measure the expression levels of cardiac-specific
markers in hiPSC-derived CMs should be repeated. The error bars in the initial experiment
prevented any meaningful conclusions from being made about the quality of hiSPC
derived CMs in either the SeV or episomal systems. Future experiments to measure the
expression of cardiac-specific markers on the first day hiPSC-derived CM cells begin
beating, and at time points before and after this critical juncture, would aid in the early
identification and tracking of these differentiated cells. Electrophysiological studies would

complement these physiological functionality experiments.
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Finally, because of the financial cost of these experiments, and stem cell research
in general, the results of this research project are based on limited numbers (n =3 ton =
6 with four blood donors in total). In future, replicating these experiments with larger
sample numbers could decrease the variability and the standard error seen in these
preliminary studies and allow more concrete conclusions to be made, particularly with

respect to cardiac specific marker expression levels in hiPSC derived CMs.

5.2. Conclusion

The aims of this research project were to develop and optimize a standardized T-
cell activation protocol for the SeV reprogramming system, optimize both the SeV and
episomal reprogramming procedures for the generation of hiPSCs and determine which
system was more effective, assess the pluripotency characteristics of the hiPSCs at both
early and late passages, and examine their functionality as evidenced by their success at
differentiating into cardiac cells. Although this thesis project did not definitively determine
the functionality of P10 hiPSCs by their ability to differentiate into CMs, all other objectives
were accomplished. A standardized T-cell activation protocol for the SeV reprogramming
system was successfully created and both reprogramming procedures were optimized for
the generation of hiPSCs. It was demonstrated that, although the SeV reprogramming
system was nine times more efficient than the episomal system in generating hiPSCs,
hiPSCs from both systems were similar, with respect to visual morphology, speed of
generation, size and numbers, presence of pluripotency surface markers (TRA-1-60 and
SSEA-4), and endogenous pluripotent gene expression (Nanog, Oct4, and c-Myc). The
pluripotency levels of the hiPSCs from both systems were shown to remain stable from
early passage to late. The findings generated by this thesis project are meaningful
additions to the burgeoning field of hiPSC derived CM research and the development of

human cardiovascular disease models.
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Appendix A.

Consent Form

molecularcardiac
SFUmEitbe e

Title of Study: Isolation and activation of T cells from human blood

Principal Investigator: Glen F Tibbits, PhD
Professor and Chair
Canada Research Chair in Molecular Cardiac Physiology
Dept. of Biomedical Physiclogy and Kinesiology
Simon Fraser University

Te!:
E-mail: I

Sponsors: Canadian Institutes of Health Research
Natural Sciences and Engineering Research Council
Simon Fraser University

Emergency Telephone Number: [N

You are being invited to take part in this research study because you are in good health, not
preghant, and have never been diagnosed with hepatitis B or C, HIV infection, or any other
transmissible infectious disease.

Your participation is entirely voluntary, so it is up to you to decide whether or not to take part in
this study. Before you decide, it is important for you to understand why the research is being
done and what it will involve. If you wish to participate, you will be asked to sign this form. You
do not have to provide any reason should you decide not to participate. Should you refuse to
participate or withdraw, it would not in any way jeopardize your future medical care.

This study is being conducted by Dr. Glen Tibbits at Simon Fraser University. Our research is
spohsored by the Canadian Institutes of Health Research and the Natural Sciences and
Engineering Research Council of Canada.

The purpose of this study is to develop new ways to improve the diagnosis and treatment of
inherited cardiac arrhythmias and cardiomyopathies. The T cells that we will isolate from your
blood sample will be used to make inducible pluripotent stem cells (iPSCs) which in turn will be
used to make beating heart cells (cardiomyocytes) that carry your genetic information. We will
then test the properties of the cardiomyocytes for comparison with those who harbor genetic
mutations that underlie (or put them at risk for) serious cardiac diseases.

This study requires blood from healthy subjects, and could not be conveniently performed with
any alternate source of biclogical material.

Office of the Chair + Dept. of Biomedical Physiclogy and Kinesiclogy
8888 University Drive * Simon Fraser University * Burnaby * BC ¢ V5A 156 + Canada
"
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SFU Consent Form Study of Dr. GF Tibbits Page 2 of 2
Isolation and activation of T cells from human blood

If you agree to take part in this study, the procedures you can expect will include the following:
o A brief physical exam to measure blood pressure and a finger prick to test for
anemia

+ Blood withdrawal from a vein in your arm through a sterile needle by a trained
phlembotomist. You may experience momentary discomfort associated with
insertion of the needle, and a small bruise occasionally occurs at the puncture
site.

e 50 mL of blood will be collected (equal to about 1/10 of a standard donation at
Canadian Blood Services)

+ Although the amount of blood to be removed will be less than 1% of your total
blood volume, you may experience lightheadedness or dizziness. This is usually
a reaction to discomfort from the needle. If this occurs during the blood
withdrawal, the procedure will be stopped. The dizziness subsides after a few
minutes of rest.

The procedure will take approximately 10 minutes, and you will be asked to stay seated for an
additional 10-15 minutes to ensure you have recovered from any lightheadedness or dizziness.
The blood that was removed will be regenerated by the bone marrow in less than one week, and
there are no long-term side effects associated with the procedure. The maximum amount of
blood that can be donated is 100 mL every month.

The cells from your blood may be employed immediately and will be used strictly for research in
the current study. No other investigators will have access to the material, and it will not be stored
as part of the inventory of a blood bank.

Your confidentiality will be respected. No information that discloses your identity will be released
or published. Your identity will be recorded in a confidential logbook; however, no records which
identify you by name or initials will be allowed to leave the Investigators' office. However, you
should be aware that your blood may be tested for the presence of infection with Hepatitis C
and/or HIV-1 and -2. Pre-testing counseling will be made available upon request. Should any
one of these tests give a positive result, we are obligated by law to report these results to the BC
Centre for Disease Control, and they will become part of your permanent health record.

The investigators and/or their partners/immediate family members will not receive any personal
benefits connected to this research study.

You should understand that Canadian legislation prohibits the sale of human tissues, including
blood. You will however receive light refreshments following donation.

Any complaints or concerns can be address to Dr. Hal Weinberg, Director, The Office of
Research Ethics at | N o' I | you have any questions or desire
further information about this study before, during or after participation, you can contact Dr. Glen
Tibbits anytime, 7 days a week, at | You may also contact Dr. Tibbits should you
wish to be informed of the progress in this project, and/or of the results of the research.

Office of the Chair * Dept. of Biomedical Physiology and Kinesiology
8888 University Drive * Simon Fraser University * Burnaby * BC + V5A 156 * Canada
"
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Appendix B.

Protocols

Human Cell Isolation (SEPMATE PROCEDURE)

(http://www.stemcell.com/~/media/TechnicalResources/6/D/4/9/D/29251PI1S.pdf?la=en)

Mitomycin C Treatment of Mouse embryonic Fibroblast cells

(http://www.amsbio.com/brochures/Mitomycin_C_Treatment_of Fibroblasts.pdf)
Transfection with episomal plasmid
(http://www.cira.kyoto-u.ac.jp/e/research/img/protocol/Tcell-iPS_Protocol.pdf)

Infection with Sendai virus

http://www.nature.com/nprot/journal/v7/n4/pdf/nprot.2012.015.pdf

Preparing matrigel coated plates

(http://www.wicell.org/media.acux/39c0a534-577e-4850-aede-d91e1322e479)

Cryopreservation of hiPSCs

(http://www.amsbio.com/datasheets/11897.pdf)

Immunocytochemistry of Live cells

(https:/ftools.thermofisher.com/content/sfs/manuals/stemcell_ab_kits_live_cell_imaging_

man.pdf)

Pluripotent Surface marker staining

e PE Mouse anti-SSEA-4
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https://tools.thermofisher.com/content/sfs/manuals/stemcell_ab_kits_live _cell_imaging_

man.pdf

o Alexa Fluor 647 Mouse anti-Human TRA-1-60 Antigen

http://www.bdbiosciences.com/ds/pm/tds/560850.pdf

RNA extraction

¢ Qiagen RNeasy Mini Kit

https://www.qiagen.com/us/resources/resourcedetail?id=0e32fbb1-c307-4603-ac81-
a5e98490ed23&lang=en

Reverse transcription

QuantiTect Reverse Transcription Kit

(https://www.giagen.com/us/resources/resourcedetail?id=a7889bfb-cb1b-4e23-
a538-9e4f20fdca91&lang=en)

65



Primer Sequences for pluripotent genes

Primers of pluripotent genes Sequence (5° — 37)

Sox2 FWD TTA AGG ATC CCAGTG TGG TGG T
Sox2 REV GCT TCA GCT CCG TCT CCA TCA
cMyc FWD TAC TGC GAC GAG GAG GAG AA
cMyc REV CGA AGG GAG AAG GGT GTG AC
Kif4 FWD AGT GTG GTG GTA CGG GAAATC
Kif4 REV CGT GGA GAA AGA TGG GAG CA
Oct 4 FWD GTG GAG GAA GCT GAC AAC AA
Oct 4 REV ATT CTC CAG GTT GCC TCT CA
Nanog FWD AAG AGG TGG CAG AAAAACAACT
Nanog REV CTG GAT GTT CTG GGT CTG GT
ZFP-42 FWD GCAACTGAAGAAACGGGCAA
ZFP-42 REV AACTCACCCCTTATGACGCA
B-Actin FWD ATT GCC GAC AGG ATG CAG AA
B-Actin REV GGG CCG GAC TCG TCATACTC
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Appendix C
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Figure C1. Flow cytometry analysis of episomally generated hiPSCs from one
donor for the presence of TRA-1-60 and SSEA-4 markers at P5.

representing the unstained cells b) representing negative control (isotype control) of pluripotent
markers c) representing cells stained only for SSEA4 pluripotent marker d) representing cells
stained only for TRA-1-60 e) representing cells stained for both SSEA4 and TRA-1-60 pluripotent
markers.
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