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REsumo

As células estaminais pluripotentes humanas tém a capacidade de se autorrenovar e de gerar
derivados das trés camadas germinativas. Por esse motivo, representam um potencial significativo
para estudos em embriogénese, screening de farmacos e, em particular, para o desenvolvimento de
aplicacbes terapéuticas para medicina regenerativa e de precisdo. Este potencial motivou muita da
investigacdo feita durante os ultimos vinte anos em biologia de células estaminais, mas a sua
concretizagdo tem sido retardada devido a uma incompleta compreensdo dos complexos e intrincados
mecanismos moleculares e dos sinais do microambiente que controlam a autorrenovacdo e
diferenciacdo celulares. Para mais, o desenvolvimento de sistemas de cultura tridimensionais de
células estaminais pluripotentes, além de potenciar estratégias de scale-up, providenciou modelos
celulares in vitro que mimetizam mais fidedignamente as condi¢Ges in vivo, ao emular intera¢des
célula-célula, gradientes quimicos e sinais biomecanicos que nos tradicionais sistemas bidimensionais
sdo residuais ou inexistentes. A utilizacdo de plataformas de high-throughput screening para estudar
os efeitos de sinais do microambiente, tais como fatores soltveis, pode contribuir significativamente
para a criacdao de modelos mecanisticos que descrevam as intera¢des moleculares que definem as
decisdes celulares.

O objetivo geral da presente tese foi desenvolver, caracterizar e comparar sistemas de cultura
tridimensional de células estaminais pluripotentes humanas, especificamente: 1) desenvolver uma
plataforma de microarray celular tridimensional para estudos high-throughput, incluindo ferramentas
guantitativas e de analise de imagens para avaliar viabilidade e proliferacdo celulares, bem como a
expressdo de marcadores, e testar o efeito de diferentes compostos diluidos no meio de cultura na
autorrenovacdo e diferenciacdo; e 2) caracterizar a cultura em suspensdo estatica de células
estaminais pluripotentes humanas como esferoides, em termos de crescimento, tamanho, morfologia
e expressao de marcadores de pluripoténcia e diferenciacdo, e investigar se os resultados obtidos na
plataforma de microarray sao replicaveis neste sistema de cultura.

Espera-se que os resultados apresentados contribuam para o desenvolvimento de novas
metodologias e plataformas de estudo, e para a compreensao geral de como as condi¢des de cultura

tridimensional influenciam as células estaminais pluripotentes humanas.

Palavras-chave: Células estaminais pluripotentes humanas; microarray celular; high-

throughput screening; esferoides celulares; cultura em suspensao estatica.






ABSTRACT

Human pluripotent stem cells have the ability to self-renew and to generate derivates of the
three germ layers. For this reason, they hold significant potential for the study of embryogenesis, drug
screening and, particularly, the development of therapeutic applications for regenerative and
precision medicine. This potential fueled much of the research and advances made in stem cell biology
during the last twenty years, but its translation to practice has been hindered by an incomplete
understanding of the complex and intricate molecular mechanisms and microenvironmental cues that
control self-renewal and differentiation. Furthermore, the development of three-dimensional culture
systems for human pluripotent stem cells enhanced the potential of scale-up approaches and provided
in vitro cellular models that better resemble in vivo conditions, by emulating cell-cell interactions,
chemical gradients and biomechanical signals that are reduced or absent in traditional two-
dimensional cultures. The use of high-throughput screening platforms to study the effects of
microenvironmental cues, such as soluble factors, can greatly contribute to the establishment of
mechanistic models to describe the molecular interactions that drive stem cell fate.

The general aim of this thesis was to develop, characterize and compare three-dimensional
culture systems for human pluripotent stem cells, specifically: 1) to develop a three-dimensional
cellular microarray platform for high-throughput studies on human pluripotent stem cells, including
guantitative image analysis tools to assess cellular viability, growth, and marker expression, and test
how different media-diluted compounds affect cell proliferation and pluripotency maintenance; and
2) to characterize human pluripotent stem cell spheroids cultured in static suspension in terms of
growth, size, morphology, and marker expression for pluripotency maintenance and differentiation,
and study how the results obtained in the microarray platform translate to this culture system.

The results presented will hopefully contribute to the development of new methodologies
and study platforms, and to the overall understanding of how human pluripotent stem cells are

affected by three-dimensional culture conditions in vitro.

Keywords: Human pluripotent stem cells; cellular microarray; high-throughput screening;

cellular spheroids; static suspension culture.
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1. Introduction



I.1. Research subject and aim

Ever since their discovery, human pluripotent stem cells (hPSC) have been regarded
as holding significant potential for the study of embryogenesis, drug screening and,
particularly, the development of therapeutic applications for regenerative and precision
medicine. This potential fueled much of the research and advances made in stem cell biology
during the last 20 years, but its translation to practice has been hindered by an incomplete
understanding of the complex and intricate molecular mechanisms and microenvironmental
cues that control self-renewal and differentiation. Furthermore, it is necessary to develop
robust protocols that not only allow an efficient production of cellular products, but that
comply with strict clinical-grade requirements. The development of three-dimensional
culture systems enhanced the potential of scale-up approaches and provided in vitro cellular
models that better resemble in vivo conditions, by emulating cell-cell interactions, chemical
gradients and biomechanical signals that are reduced or absent in traditional two-
dimensional cultures. The addition of these variables requires new characterization and
guantitative methods to understand their role and significance in the molecular processes
that direct stem cell fate. Comprehensive knowledge and tight control over such processes
are required to maximize the potential benefit and reliability of new applications and
therapies while reducing uncertainties and inherent risks to an acceptable minimum.

Novel tools emerged with the scientific and technological progress over the last
decades, which enabled new ways of doing deeper and broader research. The development
of microfabrication technologies, along with an increasingly accessible and enhanced
computer power, allowed the miniaturization of experimental conditions in cell biology and
the generation and efficient analysis of big data sets. These tools can potentially provide
useful information on cellular and microenvironmental interactions, and enable high-
throughput screening studies of efficiency and toxicity of candidate molecules, thus
accelerating drug development and the overall creation of knowledge.

The general aim of this thesis is to explore and characterize three-dimensional culture
systems of human pluripotent stem cells, specifically: 1) to develop a three-dimensional
cellular microarray platform for high-throughput studies on human pluripotent stem cells,
and 2) to characterize human pluripotent stem cell spheroids cultured in suspension and

study the translation of the results obtained in the microarray platform. The results presented



will hopefully contribute to the development of new methods and study platforms, and to the
overall understanding of how human pluripotent stem cells are affected by three-dimensional

conditions in vitro.

[.2. Stem cells and regenerative medicine

Regeneration is generally defined as the biological ability of an organism to
autonomously renew or recover lost or damaged tissues. Though it has been recognized since
Ancient Greece, it was only first described systematically by René-Antoine Ferchault de
Réaumur in 1712, after his observations on the regrowth of lost limbs in crayfish (Carlson BM,
20072; Réaumur R-AF de, 1712) Today, processes of regeneration are considered ubiquitous in virtually
all kingdoms of life although they are highly differentiated among species. While some plant
cuttings can generate entire functional specimens, for example, vertebrate animals are
generally only capable of regenerating certain tissues (Stocum DL & Zupanc GKH, 2008) '|n hymans, for
instance, there is an almost constant renewal (or turnover) of body tissues such as hair, nails,
epidermis, and blood. This regenerative process is known as physiological or homeostatic
regeneration since, unlike reparative regeneration, it is not triggered by wounding to the
tissues. Upon damage, other organs such as the liver can regenerate to some extent but this
ability is very limited when it comes to cardiac muscle or nervous tissue (Stocum DL & Zupanc GKH,
2008; Carlson BM, 20072) The source of the cells that contribute to regeneration processes may be
varied — processes of cell dedifferentiation (mature cells revert to a progenitor state) occurin
some cases. However, varying levels of regeneration capability are typically related to the
existence of progenitor or stem cell niches for the different tissues that compose the
organisms (Singh SR, 2012; Morrison SJ & Spradling AC, 2008; Robey PG, 2000).

After the initial enthusiasm surrounding regeneration processes in the late 18™ and
19t centuries, there was a significant decrease in interest during most of the 20t century,
mainly due to the perception of a limited regeneration capability in humans (Carlson BM, 2007a) ¢
was only by the end of the century that emerging studies on stem cells gave new impetus to
the field of regenerative biology. The studies of Till and McCulloch in 1961 provided the first
experimental evidence supporting the existence of multipotent hematopoietic progenitor

cells (Bianco P, 2015; Till JE & McCulloch EA, 1961) gnd |ed to the implementation of bone marrow



transplants. In 1981, after several decade-spanning unsuccessful efforts, Evans and Kaufman
(Evans MJ & Kaufman MH, 1981) g Martin (Martin GR, 1981) jndependently described, for the first time, the
derivation of pluripotent stem (PS) cells from mouse embryos. It would take close to twenty
years for the equivalent accomplishment to be achieved with human cells — in 1998, James
Thomson and coworkers isolated and derived the first human pluripotent stem cell lines
(Thomson JA et al, 1998) The ensuing burst of new knowledge and technical advancement, along
with the exciting potential attributed to stem cells for therapeutic applications, revived the
interest in regeneration research and prompted the rise of new scientific fields, such as
regenerative medicine and tissue engineering (SimkinJ & Seifert AW, 2018; Carlson BM, 2007a)

Current research is focused not only on the study of underlying molecular signaling
pathways involved in the proliferation and differentiation processes of stem cells but also on
the development and optimization of clinical-grade production conditions. It is expected that
further progress will enable the use of highly specific cellular products to relieve the
symptoms or treat acute and chronic debilitating conditions, such as cardiovascular and

neurodegenerative diseases, spinal cord injuries, diabetes, and cancer.

[.2.1. Stem cells

The concept of stemness in cell biology may be traced back to the formulation of
classical Cell Theory. When in 1839 Theodor Schwann proposed the general theory that cells
are the basic units of life and the building blocks of all organisms, and that the different
structures or tissues that compose an organism arise from distinct types of cells (SchwannT, 1847)
he did not provide a definite resolution as to where the cells come from. Research on cell
cleavage was scarce then, and the origin of animal cells was believed to be extracellular (Wolpert
L, 1995) However, in 1855 a third tenet for the cell theory was proposed by Robert Remak and
Rudolf Virchow, eventually establishing that all cells arise from pre-existing cells (Omnis
cellula e cellula) (Welpert L, 1995; Remak R, 1855) This notion, while very basic and not fully defining
stemness by today’s understanding, laid the foundation for that concept and eventually
steered research towards modern cell and developmental biology.

Stem cells are broadly defined as being unspecialized and able to self-replicate or

differentiate, generating different lineages or specialized cells. Nevertheless, the term refers



to very distinct cell types, generated from diverse sources and at different developmental
stages. The most common classification system for stem cells is based on their potential to
produce progeny of different lineages. This variability in potency is naturally illustrated during

embryonic development, as will be explained in the following sections.

[.2.1.1. Embryonic stem cells

The human embryogenic process, as in other vertebrates, entails a highly complex
sequence of programmed cellular events, such as divisions, differentiations, and migrations.
It all starts with one cell — the zygote — generated after fecundation. The zygote has the
potential do develop into a complete functioning organism, as well as into the extra-
embryonic tissues needed for embryonic support, such as the placenta (Mitalipov SM & Wolf D, 2009;
Jaenisch R & Young R, 2008) |t js thus classified as a totipotent stem cell. If transplanted into an
appropriate recipient, a totipotent stem cell is able to generate an embryo and to support a
term birth. In animal models, this potential was shown to be retained throughout the first
divisions until initial cell commitment (Mitalipov SM et al., 2002; Johnson W et al,, 1995) ' By the time the
blastocyst phase is reached, there is a clear phenotypic difference between the cells
composing the outer layer — the trophoblast — which will give rise to extra-embryonic
structures, and the cells in the inner cell mass (ICM), which will generate the actual embryo
(De Paepe C et al, 2014) ' Although they don’t have the full potential to generate an embryo as
totipotent cells, the cells in the ICM have the potential to differentiate into any of the main
three germ layers — ectoderm, endoderm, and mesoderm — for which they are classified as
pluripotent (MitalipovSM&WolfD, 2009) The ectoderm produces the progenitors that will eventually
generate the epidermis, the nervous system, hair, mammary glands, and other surface
tissues. The endoderm gives rise to the digestive tube and organs such as the liver, the
stomach, and the pancreas, along with the lungs and the urinary bladder, among others. The
mesoderm produces all the muscle tissues and circulatory system, the bones, most cartilage,
the adipose tissues and the lymphatic system (Arey LB etal, 2017),

Human pluripotent stem cells (hPSC) were first isolated and derived in vitro from the
ICM of blastocysts in 1998 (Thomson JAetal, 1998) Gjyen their embryonic origin, these cells are

typically designated as embryonic stem cells (ESC). However, the term “pluripotent stem



cells” may also refer to somatic cells reprogrammed to a pluripotent state, which will be
described further on. hPSCs are standardly characterized by 1) the expression of specific
markers, such as OCT4, NANOG, SOX2, stage-specific embryonic antigen (SSEA)-3, SSEA-4 and
alkaline phosphatase, among others; 2) the capacity to generate embryoid bodies in vitro,
containing differentiated cells derived from the three germ layers; 3) and the in vivo
generation of teratomas, also containing differentiated cells of the three germ layers (MartiMet
al, 2013) Their self-replication and differentiation capabilities, while being valuable for in vitro
studies and conferring them a greater potential for therapeutic applications, also pose
significant limitations. The risk of teratoma formation, in particular, has limited the use of
these cells in regenerative medicine (reviewedinBen-David U & Benvenisty N, 2011) | Addjtionally, the lack of
highly specific and defined protocols for expansion and directed differentiation, along with
the inefficient purification of cellular products, were major hurdles that only recently started
to be overcome (reviewed in Martin U, 2017)_

Pluripotency is a rather transient state in vivo. After uterine implantation, as further
differentiation ensues, the potency of the cells composing the embryo decreases gradually
while the proportion of fully committed specialized cells increases (ZhouXetal, 2015) Thjs process
carries on for several years after birth, until the organism reaches full maturity and relatively

limited pools of somatic stem cells are confined to specific tissues.

[.2.1.2. Adult stem cells

One very common dichotomy in stem cell-related literature is that between
embryonic stem cells — those isolated from the ICM of the blastocyst —and adult or somatic
stem cells, which are located within niches in differentiated tissues after birth (Carison BM, 2007b)
In adult organisms, these cells usually have a role in the maintenance of homeostasis within
the tissues where they are integrated, replacing old or damaged cells, and participating in
tissue repair upon injury. Although being more specialized than PSCs, they still retain a high
capacity for self-renewal through symmetric division (Wabik A & Jones PH, 2015; Alison M & Islam S, 2009)

In terms of differentiation potential, adult stem cells are generally considered either
multipotent when they can produce several different lineages, or unipotent when the

progeny is confined to a single lineage. The term “oligopotent” is also sometimes attributed



to cells that differentiate into two or three lineages. For example, hematopoietic stem cells,
which are found in the bone marrow, are multipotent, as they can generate the varied types
of blood cells, contributing to maintain the cellular turnover or recover from blood loss (tee Y et
al, 2017) Similarly, neural stem cells, found in the brain within the subventricular zone and the
dentate gyrus can produce new neurons, astrocytes, and oligodendrocytes (Ruddy RM & Morshead
M, 2018) Mesenchymal stem cells (MSC) are another common example of multipotent cells.
The designation includes cells found in several tissues with certain common properties such
as the presence and absence of specific surface markers and the ability to differentiate into
bone, cartilage and adipose tissue (S2msonraj RM et al,, 2015; Dominici M et al., 2006) ‘N eyertheless, despite
their probable mesodermal origin and generally accepted multipotency, some MSCs have
been shown to transdifferentiate and produce cells from other lineages, such as neural cells
(neuroectoderm) (Anghileri E et al., 2008; Sanchez-Ramos J et al., 2000) and hepatocytes (endoderm) (Lee K-D et
al., 2004; Schwartz RE et al., 2002)_

Comparatively to other adult stem cells, unipotent stem cells are much less studied,
despite their recognized potential for medical applications (Chen Zetal, 2014; KoK et al, 2009) ' gome
examples are lineage-restricted mammary stem cells (Van Keymeulen A et al, 2011, 2017)
spermatogonial stem cells (Kubota Hetal, 2004) 3 skeletal muscle satellite cells (Costamagna D etal,
2015; Kuang S et al., 2007)'

The described nomenclature and definitions of stem cells, though useful in terms of
systematization, are generally oversimplified as they rely mostly on limited specific functional
or phenotypical aspects that may not be sufficient to accurately distinguish between different
cells with similar traits. This is particularly evident in the case of MSCs (Bianco P et al, 2013)
Furthermore, when cultured in vitro, the differing biological sources and/or methods by
which the cells are collected, derived or expanded may lead to varying endpoint cellular
characteristics, such as culture heterogeneity, proliferation rate, and differentiation
potential. It is, therefore, necessary to establish comprehensive definitions and
standardizations, robust and reproducible methodologies for cellular culture, and stringent,

extensive characterization protocols.



1.2.1.3. Stem cell applications and safety considerations

As mentioned before, stem cells hold great potential for the development of new
therapies that may alleviate or cure currently untreatable and debilitating conditions.
Notwithstanding the difficulty in materializing much of this potential, stem cell research has
already enabled significant progress in fields spanning from developmental biology to disease
modeling and drug discovery. There is now a much clearer understanding of the possible
applications and limitations of stem cells and of the steps needed to achieve successful
translation from bench to clinic, as well as the safety and ethical constraints that must be
considered and overcome.

Among adult stem cells, MSCs are possibly the most promising in terms of clinical
applications given their accessibility and availability in several tissues, such as the umbilical
cord, bone marrow, and adipose tissue. Aside from their ability to produce different cellular
lineages that could potentially be used to regenerate damaged tissues, MSCs have also been
shown to have trophic and immunomodulatory properties that could be applied in the
treatment of inflammatory conditions (Ankrum JAetal, 2014) ' gome examples of conditions with
therapies already being tested include graft-versus-host disease (e Blanc Ketal, 2008) " Crohn’s
disease (ZhangJetal, 2018; Garcia-Arranz M et al,, 2016) gnd myocardial infarction (62 R etal, 2015) pagpjte
encouraging progress in the use of MSCs, some safety concerns must be considered,
particularly the uncontrolled differentiation of transplanted cells (Breitbach M etal, 2007) " g the
promotion of tumor growth and metastasis (Huiic B etal, 2013)

Because of the potential of hPSCs to produce virtually any of the many cell types in
the human body, they may be perceived as sort of a “holy grail” in regenerative medicine.
However, unlike human MSCs that can be retrieved from the patients or other consenting
donors without significant risks, the isolation of hESCs involves the destruction of human
embryos. All the ethical constraints associated with that circumstance (reviewed in Bobbert M, 2006)
considerably hindered the initial work with these cells, along with the prospects of using them
for medical purposes. Some countries still have strict regulations related to hESCs, limiting
their production, or outright forbidding their use in research (Wikiredia, 2017) |5 2006, Takahashi
and Yamanaka generated mouse PSCs from adult fibroblasts by induced expression of defined
factors (Takahashi K & Yamanaka S, 2006) and ngmed them induced pluripotent stem cells (iPSC). The

following year, the same feat was achieved using human cells (Takahashi K etal,, 2007; Yu J et al,, 2007)



thus enabling the opportunity to further explore human pluripotency without the destruction
of embryos and circumventing most of the ethical concerns related to work with hESCs.

hPSCs (including both ESC and iPSCs) are currently being used in a wide range of
applications. The most straightforward is the study of stem cell biology, which aims at
understanding the basic mechanisms behind the control of pluripotency and differentiation.
The possibility of generating iPSCs from patient-derived somatic cells and then producing high
guantities of otherwise inaccessible cells, such as cardiomyocytes and neurons, enabled the
development of new disease models. These models can be used to study the etiology of
specific pathologies, providing new clues and/or complementing existing in vivo models (HinoX
etal, 2017) Some of the most common diseases being studied with iPSC-derived models include
AIZheimer's disease (Hossini AM et al., 2015; Israel MA et al., 2012) and Parkinson's disease (Schondorf DC et al.,
2014;JiangHetal, 2012) Coypled with high-throughput technologies, hPSC-derived cells can also be
used to run toxicity tests (Tane Letal, 2017) gnd 3ssess the safety and efficacy of a multitude of
candidate compounds in the search for new treatments (Sharma Aetal, 2017),

hPSCs differentiated in vitro and transplanted into animal models have produced
promising results for the treatment of several conditions, such as retinal degeneration (®e"
M'BarekKetal., 2017) ' myocardial infarction (ReiassVetal, 2017) parkinson’s disease (KikuchiTetal, 2017) gnq
Alzheimer’s disease (ChaM-Yetal, 2017) ‘among others. The first clinical trial involving hPSCs was
launched in 2010, by Geron Corporation. It was a phase | trial designed to assess the safety of
using hESC-derived oligodendrocytes to treat spinal cord injury. After Geron discontinued all
stem cell-related research due to funding difficulties, the trial was picked up by Asterias
Biotherapeutics, who continued patient follow-up and, following favorable results, launched
a dose-escalation study (Havden EC, 2014) " ClinjcalTrials.gov currently lists several active clinical
trials testing the safety and efficacy of transplanted hESC-derived cells to treat different
conditions, including age-related macular degeneration, Stargardt’s macular dystrophy,
ischemic heart disease, type | Diabetes Mellitus and Parkinson’s disease. Some have already
been completed, with overall favorable results (SchwartzsDetal, 2015; Song WKetal, 2015) The first study
using patient-derived iPSCs was sponsored by RIKEN Institute in Japan and was meant to
assess the safety of using these cells to treat age-related macular degeneration. Started in
2013, it was halted due to regulatory changes two years later, after only one transplant, and
was unable to provide conclusive results despite the absence of any major protocol-related

complications (MandaiMetal, 2017) '|n 2017, a new study was initiated in Japan to test the safety
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and efficacy of allogeneic iPSC-derived retinal epithelium, again to treat macular
degeneration (CyranoskiD, 2017)

One of the most significant safety concerns in the transplantation of hPSCs into the
human body is the possibility of teratoma formation. It is therefore of critical importance to
remove undifferentiated cells from the samples transplanted into the patients, to reduce the
risk of tumor formation. This can be achieved by separation processes, such as cell sorting -
Yetal, 2017; Rodrigues GMCetal, 2014) 'or hy causing the selective death of undifferentiated cells (tee™-
Oetal, 2013) \While any therapy using ESCs would necessarily be allogeneic, the development of
induced pluripotency enables the possibility of treating the patients with their own
reprogrammed cells, which would, in theory, avoid immune rejections. Although several
studies provide evidence of safe transplants, recent research suggests that autologous iPSC-
derived cells could be immunogenic depending on the differentiated cell type and
transplantation site, possibly due to epigenetic abnormalities, somatic coding mutations
and/or genomic translocation caused by genetic instability (reviewedinliuXetal, 2017) ‘£yrthermore,
given the high costs associated with cellular reprogramming and good manufacturing
practices (GMP) compliance, a discussion on the economic viability of wide-spread autologous
iPSC transplants is still ongoing. Banking of iPSCs and HLA-matching has been proposed as a
solution for off-the-shelf cell therapies, but the answer to which approach is best is still a
matter of debate (Bravery CA 2015; Solomon Setal,, 2015) Aside from immunogenicity, genetic instability
in the form of genetic mutations or chromosomal aberrations is a source of concern related
to transplantation of iPSCs in humans, as it may lead to carcinogenesis. Therefore,
understanding why that instability occurs, monitoring it and assessing its actual risks, together
with developing safer and more stable reprogramming methods, is necessary for further
advances in the use of hiPSCs (YoshiharaMetal, 2017) ‘Qyeral|, further research will be required to
determine the optimal cell type and delivery strategy for each specific application, maximizing

the effectiveness with minimal associated risk.

[.2.2. Pluripotency

Pluripotency is commonly defined as the capacity of cells to differentiate along any of

the three germ layers, therefore representing a functional property rather than a
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developmental stage. This is evidenced by the fact that somatic cells can be reverted to a
pluripotent state, as well as by the notion that PSCs can be derived from different tissues and
at varying development time points. For example, in some of the first studies involving PSCs,
tissue samples were taken from testicular teratomas in mice and engrafted in other mice to
analyze the production of teratomas containing different lineages (Stevens'¢.1958) Fyrthermore,
itis now well established that mouse ESC lines can be derived from pre-implantation embryos
or aslightly later epiblast phase, generating cells with very different characteristics but in both
cases retaining pluripotency (Brons IGM et al,, 2007; Tesar PJ et al, 2007) "\While the complexity of the
mechanisms that govern pluripotency has been partly deciphered over the last decades, the

extension of the variables that play a role in its regulation or outcomes is still far from clarified.

[.2.2.1. Pluripotency in the human embryo

Understanding pluripotency, its biological significance, and that of the molecular
mechanisms governing the differentiation of hPSCs requires a comprehensive grasp of the
phenomena that characterize early human embryonic development. Although a detailed
explanation would require along and complex exposition, it is possible to summarize the main
events that take place during the initial stages of differentiation, to provide context and
introduce specific terminology.

One of the first most clear phenotypical changes during human (and mammalian, in
general) embryogenesis occurs upon blastocyst formation (blastulation), at which point two
cellular structures are defined: 1) the trophectoderm, an outer cell layer that generates the
trophoblast and, later on, extraembryonic tissues including parts of the placenta; and 2) a
compact ICM, which contains PSCs and develops into the embryo itself, as well as some extra-
embryonic tissues. Starting at around week 2 of development, as implantation occurs, the
ICM undergoes a series of transformations, eventually leading to gastrulation and the
generation of the three germ layers. First, it forms a disc composed of two distinct layers: the
epiblast, adjacent to the trophoblast and, beneath, the hypoblast or primitive endoderm. This
constitutes the first definition of the dorsal-ventral axis of the embryo. As fluid collects
between the epiblast and the overlying trophoblast, epiblast cells proliferate along the

trophoblast towards the embryonic pole and line the newly formed amniotic cavity. At the
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same time, hypoblast cells proliferate down into the blastocyst cavity creating a layer of
extraembryonic endoderm that forms the primary yolk sac. A consecutive wave of
proliferating extraembryonic endoderm then replaces it with the definitive yolk sac, as the
remaining blastocyst cavity is gradually populated by extraembryonic mesoderm cells
(Schoenwolf GC et al., 20093)'

Surrounded by early supporting structures and already fully implanted in the maternal
uterus, the embryo develops within the embryonic disc at the interface of the epiblast and
the hypoblast. By the start of week 3, a thickening containing a midline groove forms in the
epiblast along with the disc and elongating to about half its length. This thickening (primitive
streak) and a structure adjacent to it called the primitive node, define the cranial-caudal and
medial-lateral axes of the embryo and represent the start of gastrulation. At this stage,
epiblast cells migrate towards and into the primitive streak and ingress between the epiblast
and hypoblast, undergoing epithelial-to-mesenchymal transition (EMT). The first cells to
migrate into the primitive streak displace the hypoblast cells replacing them as definitive
endoderm. As more epiblast cells migrate and occupy the space between epiblast and nascent
definitive endoderm, the mesoderm is formed. By the time the definitive endoderm and
mesoderm are established, and cells stop migrating towards the primitive streak, the
remaining epiblast constitutes the ectoderm, which rapidly undergoes further differentiation.
Gastrulation is then followed by a sequence of events leading to organogenesis. The
mesoderm forms the notochord along with the primitive streak that, together with the
primitive node, induces overlying ectodermal cells to differentiate into a neuroepithelium
called neuroectoderm, thus initiating the formation of the neural tube (Schoenwolf GCetal., 2009b)

The progressive differentiation of structures and restriction of fate is a hallmark of
embryonic development. Further specification naturally implies less plasticity and

differentiation potential. But, as we now know, it can be reversed.

1.2.2.2. Reverting the potential of cells

While sharing the same genetic content, the identity of a cell within an adult organism
is defined by its specific epigenomic profile which, by influencing its transcriptome and

proteome, modulates fundamental properties such as the cell’s capacity to divide and
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differentiate. This means that what determines the phenotype of a cell it’s not so much the
genome, but rather the way by which that genome is expressed. Typically, the differentiation
potential of cells tends to decrease along with the development of the organism, owing to
progressive changes in genome expression, with some genes being silenced or restricted
while others are activated. However, by having the same genetic information as a stem cell,
a fully committed cell would, in theory, still retain the potential to have its state reverted
upon the appropriate stimuli. It would then be able to generate any other cell type, or even
to clone an entire organism, producing a fully functional new individual, genetically identical
to the original donor. This concept was initially tested in the 1950s and ‘60s, by experiments
of nuclear transfer in amphibian models (reviewedin GurdonJB &Byrne A, 2003) The work of John Gurdon
is of particular relevance since he was the first to demonstrate that the nuclei of terminally
differentiated cells, specifically from the intestinal epithelium of Xenopus laevis tadpoles,
when transferred into enucleated eggs, were able to develop into normal feeding tadpoles
(Gurdon JB, 1962) |t was further evidenced when the same approach was used to clone several
mammal species, starting in the late 1990s with “Dolly” the sheep Wilmutietal, 1997) gnd when
cell fusion experiments combining human fibroblasts and ESCs reprogrammed the somatic
genome to an embryonic-like state (CowanCA 2005) Taken together, those achievements showed
that the nuclei of somatic cells contained all the information required to generate an entire
organism, and that specific factors present in the cytoplasm of oocytes or ESCs enabled the
expression of the genes necessary to trigger an early development stage. The uncovering or
identification of such factors would be the focus of several following studies.

In 2006, Takahashi and Yamanaka published a paper describing the generation of ESC-
like cells from mouse embryonic and adult fibroblasts, after the induced expression of specific
transcription factors (TF) by retroviral transduction (Takahashi K & Yamanaka 3, 2006) Starting from a
pool of 24 genes that had been previously associated with either the maintenance of
pluripotency or the proliferation of ESCs, they were able to identify four essential TF’s —OCT4,
SOX2, KLF4, and c-MYC —that, when combined, reprogrammed somatic cells to a pluripotent
state. The generated cells, named iPSCs, had a genetic expression similar to those of ESCs and
were able to differentiate into the three germ layers in vitro and in vivo (T2kahashi K & Yamanaka s,
2006)  Using improved selection protocols in later studies, iPSCs were shown to have DNA
methylation more resembling of that of ESCs, and to produce chimeras when introduced into

developing blastocysts, with a contribution to the germline (Okita Ketal, 2007; Wernig M etal, 2007) |
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the following year, the same approach, albeit with different combinations of TF’s, would be
used by two groups to successfully generate iPSCs from human fibroblasts — Yamanaka and
colleagues used the same four TF’s as before (TakahashiKetal, 2007) '\yhile Thomson and colleagues
replaced KLF4 and c-MYC in Yamanaka’s combination with NANOG and LIN28 (Yu/etal, 2007) The
resulting cells, as had been previously shown with mouse iPSCs, expressed pluripotency
markers, had ESC-like DNA methylation patterns, and were able to produce derivates of the
three germ layers in vivo and in vitro. Of particular relevance was the fact that the
reprogramming process involved demethylation of the endogenous versions of the TF’s being
induced, while the transgene versions were, to variable extent, silenced, thus indicating that
the integration or constitutive expression of the transgenes was dispensable and that the
achieved state was self-sustaining (Okita K et al, 2007; Takahashi K et al., 2007; Yu J et al, 2007) Thege results
showed not only that human somatic cells could be reverted to a stable pluripotent state, but
that different combinations of TF’s could be used to achieve it.

The use of retroviral transduction to induce pluripotency implicated the chromosomal
integration of vectors, which represented potential risks of insertional mutations and
carcinogenesis, therefore limiting the applications of iPSCs. This obstacle was overcome by
using other reprogramming approaches, such as episomal vectors (V¢ etal, 2009) ' racombinant
prOteinS (zhou H et al., 2009), synthetic mRNA (Warren L et al., 2010) and microRNA (Anokye-Danso F et al., 2011)'
which enabled the production of hiPSCs free of vector and transgene sequences. The use of
certain small molecules has also been shown to promote the reprogramming process,
reducing the number of reprogramming factors and increasing efficiency (reviewed in Qin H et al,
2017).

More recently, in 2013, Mitalipov and colleagues described a method for the
production of hESCs using the approach pioneered by John Gurdon of somatic cell nuclear
transfer (SCNT) (Tachibana M et al, 2013) By transferring the nuclei of human fibroblasts into
enucleated oocytes, they were able to produce developing blastocysts, from which nuclear
transfer (NT)-ESCs were derived. When compared with iPSCs, the cells produced by this
method appear to be more similar to ESCs derived from fertilized embryos in terms of gene
expression and DNA methylation, which suggests a more reliable pluripotent state (MaHetal,
2014) While retaining the nuclear genome of the donor somatic cell, they can potentially be
used for autologous transplants in cell replacement therapies. Nevertheless, the production

of NT-ESCs does raise some ethical concerns that do not apply to iPSCs, since it involves the
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generation of human artificial embryos (albeit non-viable) and their consecutive destruction.
The requirement of high-quality human oocytes (Tachibana Metal. 2013) jzy 3150 be considered a
substantial constraint on several levels and carry further ethical concerns (Hyun ', 2011; Bobbert M,
2006).

The reprogramming of somatic cells to pluripotency opened new doors, positively
influencing the prospects of patient-specific cell replacement therapies, and contributed
significantly to our understanding of the complex mechanisms underlying pluripotency
maintenance and differentiation. These mechanisms will be further detailed in the following

sections.

1.2.2.3. The triptych of pluripotency

Although pluripotency is a transient state in vivo, given the appropriate culture
conditions it is virtually possible to expand hPSCs in vitro indefinitely, while retaining their key
characteristics. This is mainly due to a balance attained by a self-sustaining network of
transcription factors contributing to self-renewal. Of the six factors used in the first two
papers describing the generation of hiPSCs in 2007, three have been shown to play essential
roles in the circuitry regulating the maintenance of pluripotency — OCT4, SOX2, and NANOG.
By either promoting or repressing the expression of myriad genes, these TF’s are thought to
manage a complex signaling network whose intricacies and extension are still being
uncovered.

OCT4 is a homeodomain-containing TF of the POU family. It is expressed during the
first stages of embryonic development in the morula and ICM of the blastocyst, being
confined to primordial germ cells and suppressed in other tissues as further differentiation
ensues (reviewed in Pesce M & Scholer HR, 2000, 2001) |ts abrogation in mice was shown to lead to failure
in ICM formation and embryo death (NicholsJetal, 1998) '|n moyse ESCs, while its upregulation
promotes differentiation into primitive endoderm and mesoderm, its downregulation leads
to dedifferentiation towards trophectoderm (NiwaHetal, 2000) 50X 2 js likewise expressed during
the first stages of development in the ICM and is essential in the formation of the trophoblast
and embryo survival (KeramariMetal, 2010) ‘p|ike OCT4, however, and similarly to other members

of the SOX family, it is maintained during differentiation towards neuroectoderm and

15



throughout development in neural progenitors, playing a critical role in the formation of the
nervous system and the maintenance of neural stem cells’ identity (Takemoto T etal, 2011; Thomson M
et al, 2011; Graham V et al, 2003) NANOG is also a homeodomain-containing TF and was initially
identified, cloned and described in mouse ESCs in 2003, being able to sustain their self-
renewal in the absence of leukemia inhibitory factor (LIF) (Chambersetal, 2003; Mitsui K et al., 2003; Wang
S-Hetal, 2003) |t was shown to be essential for epiblast formation and germline development in
the mouse embryo and its suppression in mouse ESCs, while not immediately disrupting
pluripotency, promoted spontaneous differentiation, which suggests that it may play a role
in the stabilization of the pluripotent state (Chambers I etal., 2007; Mitsui K et al., 2003)

The expression of these pluripotency factors works as an autoregulatory network
given that each of them promotes the transcription of their gene and those of the other two,
creating stable and seemingly redundant feed-forward loops (Bover LA etal, 2005; Rodda D et al., 2005)
Furthermore, they were found to bind hundreds of other genes implicated in either self-
renewal or differentiation, including components of signaling pathways such as transforming
growth factor (TGF)B and Wnt, as well as to genes coding for miRNA’s, cell cycle regulators
and chromatin modulators (Lee/ etal., 2010; Zhang X et al., 2009; Boyer LA et al, 2005) Deagpite the seemingly
redundant action on pluripotency maintenance, it is interesting to note that instead of acting
as pan-repressors of differentiation, each of the three core TF’s, along with other pluripotency
regulators, play varying roles in lineage determination. A study by Ivanova and colleagues
systematically analyzed the phenotypes produced by overexpression or knock-down of each
of core pluripotency TF’s in several hESC lines and found that: 1) the result of OCT4 knock-
down or overexpression is dependent on the activity of bone morphogenetic protein (BMP)4
signaling, which is a known inhibitor of neuroectoderm differentiation; specifically, OCT4
knock-down promotes a neuroectoderm fate in the absence of BMP4, but in its presence
leads to trophectoderm and primitive endoderm determination; OCT4 overexpression did not
cause differentiation when BMP4 was inhibited, but its presence promoted mesendoderm
specification, indicated by the expression of primitive streak markers; 2) the knock-down of
SOX2 did not cause the differentiation of hESCs but promoted mesendoderm fate under
differentiation conditions, while its overexpression repressed mesendoderm and enhanced
the differentiation towards neuroectoderm; 3) NANOG knock-down promoted
neuroectoderm differentiation whereas its overexpression upregulated endoderm markers

and completely repressed the neuroectoderm fate under differentiation conditions (WangZetal,

16



2012) The fact that the overexpression of all the core TF’s didn’t lead to loss of pluripotency
indicates that their effect on lineage determination relies primarily on the selective repression
of differentiation. Therefore, it is possible to say that while OCT4 and NANOG mainly repress
neuroectoderm differentiation, SOX2 represses mesendoderm phenotypes (WangZetal, 2012),

The core TF’s have also been shown to act on the machinery regulating the cell cycle,
particularly reducing the length of Gi-phase, which is consistent with rapidly dividing cells.
Furthermore, G1-phase appears to be favorable to differentiation in hESCs (Singh AM etal,, 2013)
while S- and G2-phases were shown to promote pluripotency (Gonzales KAU et al, 2015) *\yhjch
indicates that cell cycle regulation is intimately related to the fate of PSCs (reviewedinBowardBetal,
2016)  OCT4 has been shown to inhibit the expression of p21 and to promote cell cycle
progression from G; to S-phase (tee/etal, 2010) g dq  along with SOX2, to bind to a promoter of
miR-302, a cluster of microRNA shown to inhibit cyclin D1 (Card PAGetal., 2008) NANOG was shown
to promote the expression of cyclin-dependent kinase (CDK)6 and cell division cycle (CDC)25A,
as well as inducing the entry in S-phase (Zhang X etal., 2009)

Other TF’s have been identified to interact with the core pluripotency regulators,
having a relevant role in the self-renewal of hPSCs. For example, FOXO1, which has been
implicated in tissue homeostasis and autophagy, has been shown to promote the expression
of both OCT4 and SOX2, playing an essential function in the regulation of hESC fate ZhangXetal,
2011) SMAD2/3 is known to induce the expression of NANOG (Xu R-H etal, 2008) gng different
signaling pathways have been involved in either the self-renewal or differentiation of hPSCs.

These will be detailed in the next section.

1.2.2.4. Signaling pathways for self-renewal and differentiation

Signal transduction pathways represent mechanisms through which cells interact with
and respond to external stimuli, typically establishing molecular circuits between receptors
on the cellular membrane and transcription factors that act on gene regulation. Functionally,
although a specific pathway may play a key role in determining a specific outcome to a specific
stimulus, it does not act in isolation and its result may be conditioned by concomitant factors.

During embryonic development, PSCs don’t remain pluripotent for long. This implies that
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while the core TF’s that regulate pluripotency establish a self-sustained signaling network,
other signals must be involved in the decision of self-renewal versus differentiation.

When hESCs were first derived, they were cultured on a feeder layer of mouse
embryonic fibroblasts (MEF), based on the method that had been initially established for the
culture of mouse and rhesus monkey ESCs (Thomson JA et al., 1995, 1998; Evans MJ & Kaufman MH, 1981; Martin GR,
1981) However, while mouse ESCs were found to retain pluripotency in feeder-free conditions
when cultured in medium with serum and LIF (Smith AG et al., 1988; Williams RL et al., 1988) Khoth rhesus
monkey and human cells differentiated in feeder-free culture conditions, with or without LIF
(Thomson JAetal, 1995,1998) |t was |ater found that while mouse ESCs relied on the phosphorylation
of Stat3 as a downstream effector of LIF and BMP-activated SMAD signaling for self-renewal
(Ying Q-Letal, 2003) that was not the case in hESCs.

The maintenance of pluripotency in cultured hPSCs is usually reliant on the activation
of two specific signaling pathways: a) TGFB/Activin A/Nodal-activation of SMAD2/3 and b)
fibroblast growth factor (FGF)2. However, the mechanisms involved in this control are still not
completely clarified (reviewed in Zhao H & Jin Y, 2017)  TGFB/Activin A/Nodal act through SMAD2/3,
which were shown to bind to the promoter region of NANOG and directly induce its
expression (Vallier Letal, 2009; XuR-Hetal, 2008) ‘Hg\ever, Activin A was also shown to be involved in
mesendodermal differentiation, modulated by the signaling of phosphatidylinositol 3-kinase
(P13K) (Mclean AB etal, 2007) Singh et al. proposed a model in which the levels of PI3K determine
the decision of hESCs to self-renew or differentiate, by regulating the threshold of Activin
A/SMAD2/3 activation (Singh AM et al, 2012) * According to this model, PI3K/AKT signaling is
activated by FGF2, insulin-like growth factor (IGF)1 or heregulin in the culture medium and
promotes the self-renewal of hES cells by 1) suppressing extracellular signal-related kinases
(ERK) and Wnt differentiation signals, and 2) modulating SMAD2/3 activation to promote the
expression of pluripotency-related genes. In the absence of PI3K/Akt signaling, SMAD2/3
activity is enhanced and, adjuvated by ERK and Wnt signaling, it activates genes related to
mesendodermal differentiation (5inshAMetal. 2012) |t \y35 |ater found that PI3K signaling acts on
the duration of SMAD2/3 activity through activation of the mechanistic target of rapamycin
complex (mTORC)2, which primes SMAD2/3 for degradation (Yu/stetal, 2015) mTQRC1, likewise
promoted by PI3K/Akt signaling, is likely also involved in the maintenance of pluripotency,
since its inhibitor, rapamycin, was shown to induce the expression of mesendodermal marker

T (homolog of Brachyury) in hESCs (Nazareth EIP et al, 2016) - Other than the activation of PI3K
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signaling, FGF2 is also known to activate ERK signaling, which has been associated with both
the maintenance of pluripotency and differentiation (Greber B etal, 2011; NaJ etal,, 2010; Eiselleova L et al.,
2009; LiJetal, 2007) These opposing effects are not yet fully clarified but may be due to various
levels of ERK activation or its modulation through other pathways.

Existing research indicates that the fate of hPSCs relies on complex crosstalk between
different signaling pathways. Therefore, the same pathway may, in different molecular
contexts, be involved in either self-renewal or differentiation. While Wnt/B-catenin signaling
was initially associated with pluripotency maintenance in hESCs (SatoNetal, 2004) ‘racent research
indicates that it plays a rather relevant role in lineage specification (Blauwkamp TAetal., 2012; Davidson
KCetal, 2012; Singh AMetal, 2012) The endogenous expression of Wnt in individual hESCs was shown
to correlate with their propensity to differentiate towards specific lineages: cells expressing
higher levels of Wnt differentiated preferentially to endodermal and mesodermal derivatives,
while the ones expressing lower levels generated primarily neuroectodermal cells (Blauwkamp TA
etal, 2012)  Consistently, the inhibition of Wnt signaling by SOX2 has been reported to be
determinant for neuroectodermal differentiation (ZhouCetal, 2016) Hgng et al. suggested that
the duration of Wnt signaling determines its outcome through a two-layer regulatory circuit
involving E-cadherin (Huang T-5 et al, 2015) F_cadherin, expressed from gene CDH1, is a
transmembrane adhesion glycoprotein responsible for calcium-dependent cell-cell contacts
(adherens junctions) in epithelial tissues. It is regarded as a supplementary marker of
pluripotency, playing a role in the self-renewal of hESCs and its expression rapidly decreases
during differentiation (Spencer H etal, 2011; Li L et al,, 2009; Eastham AM et al,, 2007) Hyang and colleagues
showed that the short-term activation of Wnt/B-catenin signaling in hESCs leads to the
upregulation of E-cadherin and consequent pluripotency maintenance via PI3K/Akt
activation. Furthermore, the increase in E-cadherin promotes the reduction of free
cytoplasmic B-catenin, which binds to the membrane adhesion protein. Upon long-term
activation of Wnt signaling, however, there is an increase in cytoplasmic B-catenin after
inhibition of glycogen synthase kinase (GSK)3B, which exceeds the binding capacity of
membrane E-cadherin. This leads to the translocation of B-catenin to the nucleus, where it
upregulates the expression of E-cadherin inhibitor Slug, further reinforcing the accumulation
of B-catenin and promoting the differentiation of hESCs to mesendoderm (Huang T-Setal, 2015)

Another signaling pathway with relevant implications in the differentiation of hPSCs is

BMP4. While this growth factor was identified as promoting pluripotency in mouse ESCs (@ X
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etal, 2004) ‘it induces the differentiation of hESCs towards mesendoderm and trophoblast cells,
in a process likely mediated by FGF2/ERK and Wnt signaling (KurekD etal. 2015; Drukker M etal.,, 2012; Yu P
etal, 2011)  Consistently, the blocking of both BMP and Activin/TGFB signaling is known to

promote neuroectodermal differentiation of hPSCs under defined conditions (Chambers SMetal,

2009)

1.2.2.5. Naive pluripotency

One of the most striking differences between hESCs and mouse ESCs is the fact that
they require significantly different conditions for in vitro expansion and respond differently
to specific growth factors. While mouse ESCs maintain pluripotency under LIF/Stat3 and
BMP4/Smad signaling or by inhibition of Erk and Gsk3, hESCs require Activin A/SMAD and
FGF2 signaling (reviewed in Zhao H & Jin ¥, 2017)  These profound disparities raised fundamental
guestions, such as whether derived hESCs might be artifacts generated from in vitro culturing
(Noggle SA et al., 2005) |n 2007, two groups derived a new type of mouse ESCs from early post-
implantation epiblast stage embryos, which they called epiblast-derived (Epi)SCs (Brons IGMetal.,
2007; Tesar PJ et al, 2007) These cells resembled hESCs much more than mouse ESCs in terms of
culture morphology and in that they similarly required Activin and FGF2 signaling to maintain
self-renewal. This new evidence suggested that hESCs, as EpiSCs, are probably not so much a
cell culture artifact but rather a representation of a slightly later developmental stage or
primed pluripotent state, versus a naive pluripotent state of mESCs (Nichols J & Smith AG, 2009)

Several differences have been identified between naive and primed state pluripotent
cells. Along with considerably different gene expression profiles, naive PSCs have much lower
DNA methylation and display activation of the two X chromosomes in female cells, whereas
in the case of primed cells one X chromosome is inactivated, similar to what occurs during
embryonic development (reviewed in Zhou X et al., 2015; Nichols J & Smith AG, 2009) Thjg djstinction between
pluripotency states is relevant not only because it explained the striking differences between
mMESCs and hESCs, thus evidencing a further need for caution when comparing both models,
but also because it raised the question of whether a naive pluripotency state could be
achieved in hESCs. Deriving naive hPSCs could, in theory, allow more reliable comparisons

with mouse ESCs, while providing a possibly better model to study early differentiation events

20



in the human embryo. Furthermore, while mouse ESCs tolerate single-cell dissociation, hPSCs
undergo apoptosis when subjected to such a process (Ohgushi M etal,, 2010; Watanabe K et al., 2007) - A
naive state of hESCs consistent with the mouse counterpart could potentially be more
tolerant of single-cell dissociation, thus allowing more stability and further versatility in terms
of study and expansion conditions.

Different groups have published results describing the generation of hESCs exhibiting
key characteristics of naive pluripotency, either by direct isolation from human blastocysts
(GuoGetal, 2016) o by reprogramming from primed state hESCs (Takashima Y et al, 2014; Theunissen TW etal.
2014) However, while the signaling pathways and transcription factors involved in their
support are very similar to the ones observed in mouse ESCs, they appear to be far less stable,
display considerably different epigenetic profiles and yield reduced viability upon single-cell
passaging (reviewed in Bates LE & Silva JCR, 2017) Frther research is needed to understand why these
differences occur and, eventually, to determine the optimal conditions for the derivation and
culture of naive hESCs. This will hopefully clarify the nature of these cells and provide more

sustained insights about their potential applications.

[.3. Human pluripotent stem cell culture

Generally speaking, the culture of any mammalian cell type has three main
requirements that usually vary according to the nature of the cells: 1) an appropriate growth
medium containing the nutrients, minerals and growth factors that allow the cells to survive
and divide, 2) an extracellular matrix to provide structural support and/or extracellular signals
to the cells, and 3) a set of environmental cues, such as temperature, pH and gas pressure
(Chen KG et al, 2014) These key factors, along with the actual culturing procedures, are typically
adjusted or engineered to meet the specific needs of the cells being grown and the ultimate
purpose of the culture.

While the conditions used in the initial studies with hESCs would have been mostly
focused on achieving successful derivation and expansion, the effort soon shifted towards the
need to develop optimized and defined methods to enhance the reliability of these cells as
research models and enable large-scale and GMP-compliant production for therapeutic

purposes (VillaDiaz LG et al, 2013)  Ag research progressed and the knowledge base on hPSCs
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widened, gradual improvements were implemented, specifically in terms of the growth media
components and the support matrix/substrate used, as well as the actual culture procedures

and platforms. This will be further detailed in the following sections.

[.3.1. Removing feeders

In the seminal report published by Thomson in 1998, hESCs were expanded on a
feeder layer of inactivated MEF, using medium containing 20% fetal bovine serum (ThomsonJAet
al, 1998) following in part the protocol used to propagate mouse ESCs established almost
twenty years earlier (Evans M & Kaufman MH, 1981) ' Although it was shown to sustain the proliferation
of undifferentiated hESC, this method was suboptimal and had several drawbacks in terms of
consistency, safety, and scalability (PraperJ & Moore H, 2004)

One of the first improvements was the replacement of serum. Serum provided several
nutrients and vitamins necessary for cell survival and proliferation but, due to batch-to-batch
variability, its propensity to induce the differentiation of cells and the risk of contamination
with infectious agents, it was widely replaced by proprietary supplements with a more
defined and controlled formulation (Koivisto Hetal, 2004; Amit Meet al, 2000) Ag for the feeder cells, by
secreting combinations of specific extracellular matrix proteins, growth factors, and
cytokines, they provided the hESCs with both a suitable support substrate and the molecular
cues required to proliferate and to retain pluripotency (Abraham S et al, 2010; Prowse ABJ et al., 2007)
Feeder cells of differing origins yielded varying degrees of efficiency, with human foreskin
fibroblasts becoming frequently used to support the culture of hESCs, given their human
origin and accessibility (Hongisto H et al, 2012; Richards M et al., 2003) " Stj||, their use carried significant
disadvantages, such as the difficulty in achieving consistent secretion of factors, which posed
reproducibility issues and possible outcome bias, as well as the risk of pathogen transmission
and the laborious procedures required for cell passaging. This led to the progressive adoption

of alternatives.
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[.3.1.1. Substrate

Matrigel was one of the first compounds used as a substrate in feeder-free conditions,
after being reported to enable, in combination with MEF-conditioned medium, the
proliferation of hESCs in an undifferentiated state X Cetal, 2001) |t js gn extract of mouse
Englebreth-Holm-Swarm sarcomas, mainly composed of ECM basement membrane proteins
such as laminin, type IV collagen, heparan sulfate proteoglycan and entactin. It was shown to
be biologically active, sustaining the proliferation and differentiation of several types of cells
and explants (reviewedinKleinman HK & Martin GR, 2005) '\\/hjle it was an improvement upon feeder-based
culture for providing a more chemically defined attachment substrate and better
reproducibility, Matrigel is still not fully defined, displaying lot-to-lot variability and containing
undetermined growth factors and chemical compounds, which, in combination with its
xenogeneic nature, make it an unsuitable matrix for the production of clinical-grade hESCs
(Chen KGetal,, 2014; Hughes CSetal., 2010) Fyrthermore, not all ECM components of Matrigel are required
for hESC maintenance. Of the most abundant ECM proteins present in Matrigel, laminin was
found to sustain the growth of hESC, while type IV collagen led to differentiation Xu¢etal., 2001),
Following these findings, purified recombinant human ECM proteins have been successfully
used in hPSC culture. Given the high expression of laminin-binding integrin a6B1 in hESCs,
Miyazaki and colleagues tested different isoforms of recombinant laminins as substrate. They
found that isoforms -111, -511 and, most efficiently, -332, to which integrin a6B1
preferentially binds, provided an effective substrate for the expansion of undifferentiated
hESCs (MivazakiTetal,, 2008) "v/jtronectin, another integrin-binding molecule, has also been shown
to promote hESC attachment and self-renewal in vitro (chen G et al, 2011; Braam SR et al., 2008) F_
cadherin, which is responsible for cell-cell adhesion in hPSCs, is another example of a
recombinant attachment molecule successfully used as a substrate in feeder-free culture
(Nagaoka Metal, 2010) Despite some indications that recombinant adhesion molecules may yield a
slower growth rate that Matrige| (Akopian V et al, 2010; Miyazaki T et al, 2008) ' they represent viable
substrate options for chemically defined and xeno-free culture systems. Several synthetic

compounds have also been proposed as GMP-compliant substrates for hPSC culture in both

2-23 nd 3—dimensiona| systems (Lei Y & Schaffer D V, 2013; Brafman DA et al., 2010; Villa-Diaz LG et al., 2010; Gerecht S et al.,

2007)
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[.3.1.2. Medium

The role of the feeder cells in the protocol initially used to derive and expand hESCs
was not limited to providing a suitable attachment substrate, but also acted as a source of
soluble factors that enabled the maintenance of pluripotency. While in mESC culture the
addition of LIF to the growth media was sufficient to maintain the pluripotent phenotype
under feeder-free conditions, hESCs rapidly differentiated in the absence of feeder cells, with
or without LIF (Reubinoff BE etal., 2000; Thomson JAetal, 1998) The first solution to overcome this issue was
to culture the cells in a medium previously conditioned by feeder cells Xv C et al, 2001)  Thjg
methodology, when used in combination with alternative substrates, allowed the removal of
feeder cells from the actual culture but not from the culturing process altogether, meaning
that most of the drawbacks associated with their use, such as poor consistency and the risk
of pathogen transmission, were still present (PraperJ &Moore H,2004) A sypstantial effort went into
determining which specific soluble factors in feeder-conditioned-media enabled pluripotency
maintenance. Following a study showing that FGF2 improved the cloning efficiency of hESCs
in serum-free medijum (Amit M et al, 2000) - Amjt et al. reported that medium with serum
replacement and supplemented with FGF2 and TGFB supported the undifferentiated
expansion of hESCs on fibronectin (AmitMetal, 2004) gyhsequent reports further confirmed the
relevance of FGF2 for hESC self-renewal cultured in feeder-free conditions on Matrigel and
laminin (Levenstein ME etal,, 2006; LiY etal, 2005; Xu Cetal, 2005) Together, these results established FGF2 as
a central component in hESC culture and represented the first step towards the development
of fully defined media.

Several defined media were made commercially available over the following years,
although most still included bovine serum albumin (BSA) (ViswanathanPetal, 2014) Qne example is
mTeSR1, a widely used medium, commercialized by Stem Cell Technologies and based on a
published formulation (tudwig TE etal, 2006b, 20062) Adding to the xenogeneic nature and lot-to-lot
variability of BSA, its role in hPSC culture was not fully understood, although its removal from
mTeSR1 led to a sharp decrease in culture efficiency. Upon attempts to clarify the role of each
component in mTeSR1 medium, Chen and colleagues reported the development of a defined
xeno-free medium for hPSC derivation and expansion, containing only 8 essential
components — insulin, selenium, transferrin, L-ascorbic acid, FGF2, and TGFpB, in basal

DMEM/F-12 with sodium bicarbonate. They showed that BSA did not improve hESC survival
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but rather countered the toxic effects of another component, B-mercaptoethanol, which was
itself also not required (Chen G etal, 2011) This medium, named Essential-8 (E8), in combination
with the use of a defined substrate, provided what may be considered the first truly defined

xeno-free approach for hPSC culture.

[.3.2. Culture systems

The establishment of defined conditions in hPSC culture is not only a pre-requisite for
GMP-compliant production but also an essential factor in the actual development of robust
and efficient methodologies spanning the whole production process, from cell derivation to
cell banking. In general, increased control over experimental variables allows better
reproducibility and reduces variance, thus leading to more reliable and comparable results
that, in turn, boost scientific progress.

Initial studies with hESCs consistently reported low yields in cell cloning and frequent
spontaneous differentiation (Amit M et al., 2000; Reubinoff BE et al., 2000; Thomson JA et al., 1998)' Apart from the
progress made regarding media and substrate, some changes in the methods used also played
a significant role in the improvement of culture efficiency. Cell passaging, for instance, is a
critical step in cell expansion, often impacting its overall yield. hPSCs typically need to be
passaged as clumps since single-cell dissociation leads to massive cell death by apoptosis, due
to disruption of E-cadherin cell-cell adhesion and subsequent myosin-actin-dependent
contractions (Chen G etal, 2010)  pifferent techniques have been employed such as mechanical
scraping, microdissection and enzymatic digestion using collagenase or dispase, although
with varying degrees of effectiveness. In this regard, Watanabe and colleagues showed that
the application of a Rho-associated kinase (ROCK) chemical inhibitor — Y-27632 — to the
culture medium before enzymatic cell detachment and after plating significantly improved
cell survival, by suppressing the apoptotic response triggered by single-cell dissociation
(Watanabe Ketal., 2007) There gre, however, some indications that this molecule can affect lineage
commitment (MaldonadoMetal,, 2016) 3 cellular metabolism (VernardisSietal., 2017) O the other hand,
cell detachment protocols using ethylenediaminetetraacetic acid (EDTA) (Beers/ etal, 2012) o

sodium citrate (Nie Y etal, 2014) \ware shown to allow high cell survival and fast recovery after
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passaging, being chemically-defined, consistent and inexpensive alternatives to enzymatic
methods.

The use of hPSCs in some regenerative medicine applications requires production
processes that are not only GMP-compliant but also capable of generating high quantities of
cells. With the increased knowledge of the biological fundamentals and the establishment of
defined, xeno-free culture conditions, more efforts are being drawn towards the
development of high-efficiency scalable expansion solutions (reviewed in Jenkins MJ & Farid S5, 2015; Serra
Metal., 2012).

It is possible to distinguish between two main types of hPSCs expansion systems: a)
planar systems, in which cells are grown on a static surface and b) three-
dimensional/suspension systems. As with most mammalian cells, research laboratories
typically grow hPSCs in plates, dishes or t-flasks. While these are suitable platforms when
relatively low numbers of cells are required, they are very limited in terms of scalability, labor-
intensive, and space consuming. Automated stacked planar bioreactors improve on regular
planar platforms by reducing the workload, improving consistency and distributing the
required surface area vertically, but are still more appropriate for small-scale production, such
as for autologous cell therapies or personalized drug screening {/enkins MJ & Farid 55, 2015) * Three-
dimensional systems, on the other hand, tend to be up-scalable, automatable, and highly
optimizable. Several three-dimensional culture systems have been used to expand hPSCs,
including microcarrier-based (Badenes SM et al, 2016) - mjcroencapsulation (Serma M et al, 2011) - gnq
cellular aggregates (WangYetal, 2013) "\whjch allow the use of spinner flasks at a smaller scale or
stirred-tank bioreactors for medium- to large-scale production. The culture of cells as
aggregates is likely the simplest and least laborious process, as hPSCs naturally self-aggregate
when cultured in the absence of a compatible substrate (Amit M etal, 2010; Steiner D et al, 2010) The
lack of control over aggregate size and homogeneity may, however, introduce bias and lead
to poor nutrient diffusion and the death of innermost cells (chenVCetal. 2012) " Njicrocarrier-based
culture may be thought of as a three-dimensional derivation of planar culture, as it relies on
cellular attachment to a surface while providing a greater surface/volume ratio. It allows
better control over nutrient and gas diffusion but has the downside of requiring extra material
and steps for cell recovery, and the difficulty in controlling microcarrier clumping (erraMetal,
2012) \When culturing cells as aggregates or on microcarriers in stirred-suspension cultures

systems, the cells are exposed to shear forces, which reduces yield. Microencapsulation of
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the cells in hydrogels protects against such damage, as well as against clumping, although at
the expense of much more laborious procedures and possibly lower diffusion (SerraMetal, 2012)
Despite the particular advantages or pitfalls of each system, accurate finetuning based on the
extensive characterization and monitoring of key indicators is essential in order to improve

the culture yield, retain control over quality and drive down production costs.

[.4. Cellular microenvironment

Not unlike the organisms that they compose, cells may be conceived as a product of
their surroundings. From embryonic development and throughout life, the cells in the human
body are tuned or conditioned to carry out determined functions, being induced to divide,
differentiate, migrate, secrete soluble factors, or die. While the capacity to carry out these
actions may be intrinsic, they are, to a great extent, triggered (or inhibited) by combinations
of external stimuli, which compose the cellular microenvironment.

Understanding how microenvironmental cues affect hPSCs has been one of the main
trends in stem cell research, as this knowledge is determinant to developing controlled and
optimized protocols for expansion and differentiation, as well as more robust, unbiased in
vitro models for toxicological assessments and drug discovery. The rise of three-dimensional
culture systems and automated high-throughput technologies has provided new insights and

enabled powerful novel platforms for the study of how microenvironmental properties affect

stem cell fate (Park D et al., 2015; Shao Y et al., 2015; Baker BM & Chen CS, 2012)

[.4.1. The third dimension

Most of what is currently known regarding stem cells and, in general, eukaryotic cell
biology, was assessed using homogenous cell populations cultured as monolayers on planar
surfaces, even though such conditions are very far from replicating an in vivo environment. It
is easy to understand why — simplistic models allow for much better control over the
experimental setting and variables, thus reducing confounding effects and producing results
with higher reproducibility and statistical significance. A potential risk, however, is that they

may, as well, have a higher tendency to produce experimental artifacts, meaning that the
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results obtained might not be representative of in vivo physiological conditions, but rather a
byproduct of the conditions in which the cells are being manipulated (BakerBM&ChenCs,2012) Thjg
caveat gains particular relevance considering the great susceptibility that hPSCs display to
microenvironmental changes and the subtle balance of variables controlling their fate. The
unclear understanding of how hPSCs respond to changing stimuli is one of the major obstacles
to the realization of their potential in regenerative medicine (ParkDetal, 2015)

The concept of microenvironmental stimulus encompasses diverse types of chemical
and physical properties, including a) soluble factors and nutrients, such as ions, glucose,
amino acids, cytokines and morphogens, and their specific gradients, b) extracellular matrix
composition, c) cell-cell interactions, and d) mechanical characteristics and forces (Metallo CMet
al, 2007) The conjugation of these factors largely contributes to the specification of cellular
phenotypes and, in the case of hPSCs, to fate determination. For instance, as has been
previously described, FGF2 promotes the maintenance of the pluripotent state (Levenstein ME et
al, 2006) '\while BMP4 induces differentiation towards extraembryonic lineages XuR-Hetal, 2002) |
combination, however, these two factors appear to promote mesendodermal differentiation
through modulation of NANOG levels (YuPetal, 2011) 'yariations in oxygen tension have also been
shown to affect the expression of pluripotency genes, with hypoxia levels contributing to the
prevention of spontaneous differentiation in vitro (Forristal CE etal,, 2010; Ezashi T et al,, 2005) | jkewise,
the extracellular matrix composition and its mechanical and geometrical properties can
influence self-renewal and drive cell specification towards different lineages (Toh Y-Cetal, 2015; Pan
Fetal, 2013; Zhang J etal, 2012) |t js important to note, however, that the relationship between cells
and microenvironment is not necessarily unidirectional, as cells also can modulate their
surroundings, to some extent.

In 2-D adherent culture systems, hPSCs typically display a flat morphology with
significantly forced basal-apical polarity — while one “side” of the cell is establishing
connections with the substrate via integrins, the other “side” is mostly in contact with the
culture medium. This is one of the most striking differences between 2-D and 3-D culture
systems (Baker BM & Chen G5, 2012) \When cultured as 3-D spheroids in suspension, hPSCs contact
mostly with other cells, mainly via E-cadherin, while nutrient, gas, and growth factor gradients
are established between the outermost cells and the cells on the inside of the aggregates
(Kinney MA et al, 2014) These distinct characteristics likely account for at least some of the

differences that have been observed between the two systems. For instance, the 3-D culture
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of hESC in microwells has been reported to result in higher expression of E-cadherin and
downregulation of mesenchymal-related genes, but to vyield greater mesendodermal
specification upon differentiation as embryoid bodies when compared to 2-D culture (Hsiao Cet
al., 2014; Azarin SM et al, 2012)  Recently, Branco et al. reported that hiPSC cultured as spheroids
displayed a transcriptomic profile consistent with enhanced cardiac maturation after a
directed differentiation protocol versus cells cultured in 2-D (Branco MAetal, 2019) The sjze of the
cellular aggregates has also been shown to influence cell differentiation in embryoid bodies
(Moon S-H et al,, 2014; Bauwens CL et al,, 2008) frther evidencing that 3-dimensional systems introduce
variables that may not be sufficiently represented in planar systems.

In recent years, the development of cellular organoids has gained particular relevance
given their potential applications as in vitro models for developmental biology research and
drug discovery. These are typically generated by inducing the directed differentiation of stem
cells in 3-D, yielding multicellular spheroids with relatively organized structures that partly
emulate tissues in the human body, such as brain (Monzel ASetal., 2017; Lancaster MA & Knoblich JA, 2014; Eiraku
M & Sasai Y, 2012)' gut (McCracken KW et al., 2014)’ liver (Takebe Tetal, 2013)’ and kidney (Takasato M et al,, 2015) The
use of such models allows a level of complexity much more resembling of physiological

conditions when compared to 2-D models or homogenous 3-D models, albeit at the expense

of reproducibility (reviewed in Ho BX et al., 2018; Clevers H, 2016)_

1.4.2. Microscale screening technologies

The realization that stem cell fate is determined by a multitude of chemical and
physical variables, along with the development of in vitro models with increasing complexity,
poses significant challenges in terms of experimental design. One the one hand, it would be
desirable to assess how the variation of particular microenvironmental cues influences the
experimental outcome, both individually and in combination. On the other hand, because it
is virtually impossible to fully control all variables in an experimental setting, the use of more
complex models, such as three-dimensional models, with higher intrinsic variance implies that
more experimental replicates are needed in order to increase the accuracy of results. These
requirements are considerably difficult to meet using traditional materials and methods, such

as multi-well plates and manual pipetting, due to space constraints, reagent consumption,
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and the very laborious procedures involved. The rise of automation, microfabrication, and
micro-handling technologies came as a valuable opportunity to face these challenges,
particularly by allowing the miniaturization and parallelization of experimental conditions
with high accuracy, thus reducing labor, reagent, and cellular material requirements, and
greatly increasing throughput (Rothbauer M et al, 2016; Montanez-Sauri Sl et al,, 2015; Fernandes TG et a., 2009),

Varied microscale screening platforms for 3-dimensional cellular models have been
reported over the last decades, with a particular focus on drug discovery. These include
hanging-drop plates, microwell plates, microfluidic devices and cellular microarrays (reviewedin
Montanez-Sauri Sl etal., 2015) \Whijle hanging-drop plates and microwell plates allow high consistency
in aggregate size between replicates, they involve several technical constraints and are
somewhat limited in terms of cell-ECM interaction testing (Montanez-Saurisietal, 2015) ‘Microfluidic
devices are highly versatile in that they allow the testing of soluble compounds with a high
degree of spatial and temporal control and concentration gradients, although they are
generally limited in terms of parallelization (Chi¢Wetal, 2016) Ce||lylar microarrays, on the other
hand, allow high parallelization coupled with relatively simple production, handling, and
analysis, although in most of the platforms described, the replicates share the same media
formulation (Montanez-Sauri Sl et al., 2015)'

The development of new microscale screening platforms with high dimensionality,
high parallelization capabilities, robust control over experimental conditions, and simplified
handling is seen as a way of generating large and significant amounts of data, which can
contribute to further the understanding of the molecular mechanisms governing stem cell

self-renewal and differentiation.

I.5. Thesis outline

This thesis presents the key results and findings of research work developed at
Rensselaer Polytechnic Institute, in the United States of America, and at Instituto Superior
Técnico, in Lisbon. Chapter Il describes the methods used throughout, as well as the rationale
for specific implementations, protocol modifications, and analysis algorithms. The results are
then presented in two main chapters: Chapter Ill focuses on the development of a three-

dimensional cellular microarray chip platform for studies on hPSCs, describing the different
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strategies tested, assessment of cell growth and viability on-chip and, finally, a proof-of-
concept experiment that evidenced the system’s advantages and limitations; Chapter IV
focuses on the characterization of a static spheroid hPSCs culture system, and the study of
how 2-D and 3-D cultured cells react differently to some of the conditions tested on the
cellular microarray platform. The main conclusions and future directions are presented in

Chapter V.
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II. Materials and methods



[I.1. Culture of human pluripotent stem cells

The work described in this thesis is largely focused on the culture of human
pluripotent stem cells (hPSC). This type of cell has very specific requirements regarding
substrate, media, and passaging techniques to retain their proliferation and pluripotency
capabilities. The materials and methods employed for cell culturing and expansion were

based on previously established procedures and will be briefly described in this section.

[1.1.1. Human pluripotent stem cell lines

Three different hPSC lines were used throughout this work:

- WAO09 (H9) hESC were acquired from WiCell. This cell line was originally isolated at
Dr. James Thomson’s laboratory, from human blastocyst stage embryos produced
by in vitro fertilization (Thomson JAetal., 1998)

- DF19-9-11T.H (DF19) hiPSC were also purchased from WiCell. This cell line was
reprogrammed from newborn foreskin fibroblasts using six reprogramming factors
— OCT4, SOX2, NANOG, LIN28, c-Myc, and KLF4 — via an integration-free approach
(Yuletal., 2009).

- Gibco cord blood-derived hiPS (CBiPS) cells were obtained from ThermoFisher
Scientific. This cell line was generated by reprogramming CD34+ cord blood cells,
using a non-viral and transgene-free episomal system with seven factors
(SOKMNLT, SOX2, OCT4, KLF4, MYC, NANOG, LIN28, and SV40L T antigen) (Burridee
PW etal., 2011).

All three cell lines have normal karyotypes and were shown to express internal and

surface markers that characterize hPSC, such as OCT4, NANOG, SOX2, SSEA4, TRA-1-60, and
TRA-1-81. They were also shown to produce teratomas containing cells from all the three

germ lineages when injected into immunocompromised mice (Burridge PW etal, 2011; Yu J et al., 2009;

Miura T et al., 2004; Thomson JA et al., 1998)
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I1.1.2. Maintenance and expansion of human pluripotent stem cells

The hPSC were generally cultured in 6-well polystyrene tissue culture (PS-TC) plates
(Corning) or 60 mm PS-TC dishes (Corning) coated with Growth Factor Reduced Matrigel®
(MG, Corning). Three media were used to maintain hPSC cultures throughout this work:
mTeSR™1 (mTeSR, StemCell Technologies), TeSR™-E8™ (SCT-E8, StemCell Technologies), and
Essential 8™ (TFS-E8, ThermoFisher Scientific). The culture medium was added 50 U/mL
penicillin and 50 pg/mL streptomycin (Pen/Strep, ThermoFisher Scientific) and was changed
daily. The cells were handled aseptically and grown at 37°C in a humidified incubator, with
5% CO..

The cultures were passaged when the cell colonies displayed visually dense centers
and/or when the edges of separate colonies started to merge (3 to 5 days after plating). After
removing the culture medium, the cells were incubated with 05 mM
ethylenediaminetetraacetic acid (EDTA) in phosphate-buffered saline (PBS) (both from
ThermoFisher Scientific) for 6 to 8 minutes, detached in fresh culture medium using a
serological pipette and replated as small clumps in new MG-coated plates at a ratio of 1:6 to
1:12, depending on their initial confluency. For cryopreservation, the detached cell clumps
were centrifuged and resuspended in cold culture medium containing 10% (v/v) dimethyl
sulfoxide (DMSO) and frozen at -80°C overnight before being transferred into liquid nitrogen.
Occasional cell differentiation was detected by visual inspection and, if significant, was
marked and removed by aspiration before passaging. When the differentiation was visibly too

extensive to be removed, the entire well was discarded.

I1.1.3. Human pluripotent cell suspension culture as spheroids

The generation of hPSC spheroids was achieved by transferring the suspended cells to
low-attachment culture plates, adapting previously described procedures (WangY etal, 2013; Steiner
Detal, 2010) \When ready for passage, the cells were incubated with 10 uM Rho-associated
coiled-coil containing protein kinase (ROCK) inhibitor Y-27632 (ROCKi, StemCell Technologies)
for 1 hour in the culture medium. After removing the medium and rinsing the cell monolayer
with Dulbecco’s Modified Eagle Medium / F-12 (1:1) (DMEM/F-12), the cells were incubated

with Accutase (ThermoFisher Scientific) for 5-7 minutes, detached and dissociated to singlets
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in DMEM/F-12. The cell suspension was pelleted by centrifugation and resuspended in culture
medium with 10 uM ROCK:i. Cell density was determined using a hemocytometer and trypan
blue (ThermoFisher Scientific) exclusion method. The suspension was transferred to Costar
Ultra-Low attachment 6-well plates (Corning), 1 x 10° cells per well (1 x 10° cells/mL medium
and approximately 1 x 10° cells/cm? well surface) in culture medium with 10 uM ROCKi. The
cells were cultured at 37°C, in an incubator with a humidified atmosphere and 5% CO,. ROCK
inhibition was kept for 24 hours and approximately 80-90% of the culture medium was
replaced daily.

For passage, the cell aggregates were incubated with 10 uM ROCK:i for 1 hour, rinsed
with DMEM/F-12, incubated with Accutase for 5-70 minutes and dissociated to singlets with
a micropipette. After determining the cell density, the cells were replated in Costar Ultra-low

attachment 6-well plates and cultured as described above.

[I.2. Culture and expansion of human liver cancer cells

A part of the work described involved the use of human liver cancer cell line Hep G2
as a positive control for the production process of the cellular microarrays, as they had been
successfully tested before (MeliLetal, 2012) Thijs cel| line, acquired from ATCC, was initially
derived from the liver tissue of a 15-year-old male patient with hepatocellular carcinoma and
displays an epithelial morphology and abnormal karyotype (Simon D etal., 1982; Knowles BB et al., 1980)

Hep G2 cells were generally cultured in non-coated PS-TC T-flasks (Corning), with
Eagle’s Minimum Essential Medium (EMEM) supplemented with 10% fetal bovine serum (FBS)
and Pen/Strep, at 37°C, 5% CO,. The culture medium was changed twice per week. The culture
was passaged when the monolayer reached approximately 80-90% confluency. Briefly, the
cells were rinsed twice with PBS, incubated with 0.25% (w/v) trypsin-EDTA (ThermoFisher
Scientific) for 3-5 minutes, detached in culture medium, centrifuged and resuspended in

culture medium, before replating at a ratio around 1:6.
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[1.3. Assessment and analysis of cellular phenotype

The study of hPSCs implies a tight control over the expression of specific markers that
may indicate either the maintenance of pluripotency or the differentiation into one of the
three embryonic lineages, ectoderm, endoderm, or mesoderm. The culture of these cells in
suspension as 3-dimensional (3-D) aggregates adds further variables that need to be
evaluated to gather a wider perspective on the effects of different culture conditions.
Throughout this work, different procedures were used to analyze marker expression profiles
and/or morphological parameters, based on, or adapted from established laboratory

protocols.

I1.3.1. Estimation of cell spheroid size and number

The estimation of the diameter and shape of cellular spheroids was performed by
image analysis. Briefly, monochromatic photographs of the aggregates (> 100 per condition)
were taken using a Leica DMI 3000B microscope with a Nikon DXM 1220F color digital camera.
The images were then processed using MATLAB (Mathworks) to determine the area,
circularity, and eccentricity of the aggregates’ visible sections. After the conversion of the
area from pixels to um?, the average diameter was estimated assuming a perfect spherical
shape. Aggregate size distributions were generated by kernel density estimation (see section
1.6 for formulas), using a bandwidth of 12.

Two different approaches were followed to estimate the number/density of
spheroids:

- During the first days after plating the cells in suspension, the aggregates are both
small and abundant and, therefore, an attempt to count their total number would
be impractical. The aggregates were evenly distributed on the well by agitation
and visual evaluation, and 11-15 sample microphotographs were taken at similar
positions in each well. The number of aggregates was assessed in each sample
image using Fiji (SchindelinJetal, 2012, 2015) 9 the density was estimated based on the
surface area of the well.

- The number of aggregates was assessed at later days in the culture. The

aggregates were concentrated in the middle of the well by agitation and
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sequential microphotographs were taken to capture all of them. The images were
then compiled using Microsoft Office PowerPoint (Microsoft Corporation) into a
single large image displaying all the aggregates, which were counted using Fiji to a

total number per well.

[1.3.2. Flow cytometric analysis of marker expression

The expression of pluripotency and differentiation markers was evaluated by flow
cytometric analysis of immunostained cells. The cell samples were fixed using 4% (w/v)
paraformaldehyde/PBS for 10 minutes at room temperature and stored in 1% (w/v)
paraformaldehyde/PBS at 4°C until further processing. Before staining, the cells were washed
twice in PBS to remove paraformaldehyde residues, permeabilized in a solution of 0.5% (w/v)
saponin and 1.5% (v/v) normal goat serum (NGS) in PBS for 30 minutes and then blocked with
3% (v/v) NGS/PBS for 1 hour, all at room temperature. Immunobinding with the primary
antibodies was done in 3% (v/v) NGS/PBS for 2 hours at room temperature, or overnight at
4°C plus 30 minutes at room temperature. The cells were washed three times with PBS and
immunostained with the secondary antibody in 3% (v/v) NGS/PBS for 1 hour, at room
temperature. Samples were run on a FACScalibur (Becton Dickinson) flow cytometer and the

data was analyzed using FlowJo 10 (FlowlJo, LLC).

I1.3.3. Gene expression analysis by quantitative polymerase chain

reaction
The analysis of marker expression by quantitative polymerase chain reaction (qPCR)
involved several sequential steps: a) collecting the cell samples, b) ribonucleic acid (RNA)
extraction and quantitation, ¢) complementary deoxyribonucleic acid (cDNA) synthesis by

reverse transcriptase reaction, and d) quantification by real-time PCR.

56



[1.3.3.1. Sample collection for quantitative PCR

To collect the samples, monolayer cells were incubated with 0.5 mM EDTA/PBS for 5-
7 minutes and detached from the plate into DMEM/F-12 and transferred to a centrifuge tube.
Cell aggregates were simply transferred with the culture medium and DMEM/F-12 into a
centrifuge tube. After washing twice with cool PBS, the cells were centrifuged at 4°C, the

supernatant PBS was removed, and the pellets were frozen at -80°C until further processing.

11.3.3.2. RNA extraction and quantitation

Total cellular RNA was extracted using a PureLink RNA Mini Kit (ThermoFisher
Scientific), following the manufacturer’s instructions. Briefly, 600 pL lysis buffer with 1% B-
mercaptoethanol was added to each tube containing the pelleted cells and vortexed at high
speed until the pellet dispersed completely. One volume of 70% ethanol was added to each
tube and vortexed until fully homogeneous. The samples were then transferred to spin
cartridges and centrifuged at 12,000 x g for 15 seconds. The RNA was bound to the cartridge
and the flow-through was discarded. The samples were washed once with Wash Buffer | and
twice with Wash Buffer Il and the purified RNA was eluted from the cartridge in RNase-free
water into a recovery tube, by centrifuging at 12,000 x g for 2 minutes. The resulting RNA
samples were immediately quantitated and/or stored at -20°C.

The concentration and purity of the collected RNA were assessed by
spectrophotometric analysis. The samples were loaded onto a NanoVue Plus
spectrophotometer (Biochrom) and the absorbance was measured at 260 nm (for the
concentration of RNA), 280 nm, 230 nm (both for estimation of purity) and 320 nm (for
background correction), with RNase-free water as a reference. The RNA concentration and
absorbance ratios were automatically calculated by the spectrophotometer, using a specific
program. The samples were measured in duplicates or triplicates, and the average was taken

as the final value.
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11.3.3.3. cDNA synthesis by reverse transcriptase reaction

The synthesis of ¢cDNA was carried out using a High Capacity cDNA Reverse
Transcription Kit (ThermoFisher Scientific) according to the manufacturer’s instructions.
Depending on the number of samples to process, a 2x master mix was prepared containing
Reverse Transcription Buffer, deoxynucleotide mix, random primers, MultiScribe™ Reverse
Transcriptase, RNase inhibitor and nuclease-free water (the latter two were not part of the
kit, but were also acquired from ThermoFisher Scientific), to a total of 10 pL/reaction plus
excess to account for volume loss. The mix was kept on ice. Considering the quantitation in
the previous step, the volume corresponding to 1 ug RNA from each sample was loaded into
individual PCR tubes and topped up to 10 pL with nuclease-free water, also on ice. The master
mix was distributed — 10 pL per tube — and the tubes were loaded into a BioRad T100™
Thermal Cycler (BioRad) for the reaction: 10 minutes at 25°C, 120 minutes at 37°C and 5
minutes at 85°C. The temperature was then reduced to 4°C until sample recollection and

storage. The cDNA samples were stored at -20°C until the PCR step.

11.3.3.4. Quantitative PCR

gPCRs were run on an Applied Biosystems StepOne Real-Time PCR System
(ThermoFisher Scientific), using MicroAmp® Fast Optical 48-Well Reaction Plates
(ThermoFisher Scientific). A reaction mix for each marker was prepared, containing the 2x
master mix, assay mix (primers and probes), and nuclease-free water. The mixes were loaded
onto the plate and 1-2 uL of each cDNA sample was added to each corresponding well, to a
total of 20 uL per well. Negative control wells were added nuclease-free water instead of
cDNA. All reactions were run in duplicates and GAPDH expression was used as the
endogenous control. Reaction plate design, reaction control, and analysis were done using
StepOne Software v2.3 (ThermoFisher Scientific). The threshold cycle (Ct) and baseline of
each marker set of samples were manually adjusted — the Cr was adjusted to the point where
the differences between samples were more noticeable and the baseline was set between

cycle 3 and 1-2 cycles before the start of the first amplification.

58



[1.3.4. Immunocytochemical analysis of marker expression in cellular
spheroids

The spatial distribution analysis of marker expression in cellular spheroids was
achieved by immunostaining slide-mounted sections and analyzing them under a fluorescent
confocal microscope.

The cell aggregates were fixed in ice-cold 4% (w/v) formaldehyde in PBS for 20
minutes, washed once in PBS and stored in PBS at 4°C. Before sectioning, the aggregates
were incubated overnight in 15% (w/v) sucrose (Sigma-Aldrich), embedded in 7.5% (w/v)
gelatin (Sigma-Aldrich) / 15% (w/v) sucrose in PBS, and rapidly frozen in isopentane (Sigma-
Aldrich) at -80°C. 12 um sections were obtained on a Leica CM3050S cryostat-microtome
(Leica Microsystems), collected onto Superfrost™ Microscope glass slides (ThermoFisher
Scientific), and stored at -20°C. For immunostaining, the sections were first de-gelatinized in
PBS at 37°C for 45 minutes, and incubated in 0.1 M Glycine (Millipore) for 10 minutes to
quench residual formaldehyde. Permeabilization was done with 0.1% (v/v) Triton X-100
(Sigma-Aldrich) in PBS for 10 minutes, followed by washing with PBS and blocking for 30
minutes with 10% (v/v) fetal calf serum (FCS, ThermoFisher Scientific) in 20 mM Tris-HCI pH
8.0/ 150 mM NacCl / 0.05% (v/v) Tween-20 (TBS-T, all from Sigma-Aldrich). Immunobinding to
primary antibodies was done overnight at 4°C in blocking solution. The sections were then
washed three times with TBS-T for 5 minutes, and incubated with the secondary antibodies
at room temperature for 30 minutes in blocking solution. After washing three times with TBS-
T for 5 minutes, the sections were counterstained with 1.5 pg/mL 4’,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich) for 5 minutes, washed in TBS-T and covered with
coverslips using Mowiol (Sigma-Aldrich). The sections were analyzed using a Leica TCS SP5

(Leica Microsystems) inverted confocal microscope.

[1.4. Cellular microarray production and analysis

One of the main aims of this work was to develop a robust and efficient high-
throughput 3-D cellular microarray platform for the study of hPSC. Building on previously
published work, the initial strategy was to encapsulate the cells in alginate onto borosilicate

glass slides (MeliLetal, 2014; Fernandes TG et al., 2010; Lee M-Y et al,, 2008) The strategy had. however, to be
. ’ ’
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progressively changed due to poor cell viability and/or low microarray stability and
robustness. The different approaches taken may be categorized into two main sections: 1)
glass slide-based microarrays and 2) MicroPillar chip-based microarrays. The various
procedures used, ranging from the preparation of the cells and printing the microarrays to

the analysis of results will be further detailed.

II.4.1. Microarrayer setup and customization

The cellular microarrays were produced using a non-contact printing MicroSys 4100
XL microarrayer (Cartesian Technologies), with a single printing circuit fitted with a solenoid
valve and a 0.1 mm ceramic tip, and a washing/waste circuit. The printing circuit used
autoclaved ultrapure water and its flow was controlled via a piston pump and a rotary valve
system, which allowed the switch between volume aspiration and dispensing. It was attached
to the printing head that moved in the vertical axis to control the height of the printing tip.
The washing/waste circuit used ultra-pure water and was controlled with peristaltic pumps.
The printing board was composed of four main functional elements: a 96-well plate dock, the
washing and waste pool, the tip drying holes and the microarray chip slots. It moved in the
horizontal axis to allow a 2-D control of the printing tip position. The tip drying holes were the
open end of a vacuum circuit produced by an electric air pump. The system was operated
through the computer software interface AxSys MFC (Cartesian Technologies) using
programmable sequences of actions. The microarrayer also contained a humidity control
system: an exterior humidifier (Holmes HM486) that produced mist into the microarrayer
chamber, a humidity sensor, and a fan to disperse the mist. All three elements were
connected to an automatic switch that controlled the humidifier and fan based on the
humidity sensor readings.

The printing of thermo-sensitive matrices required the setup of a cooling system. A
copper block was attached to the printing head and connected to a cooling circuit. The
terminal portion of the printing circuit (proximal to the tip) was wound around the cooling
circuit tube and a probe thermometer was installed next to the printing tip to monitor the

temperature. Ice cooled water was used in both the printing and washing/waste circuits.
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The sequence of microarray printing generally involved six steps: 1) washing of circuit
and tip; 2) aspiration of the substrate/cell suspension from the 96-well plate; 3) printing
circuit pressurization and pre-dispensing; 4) washing of tip; 5) printing; and 6) washing of

circuit and tip.

I1.4.2. Glass slide-based cellular microarrays

A significant part of this project was directly derived from a previously published
microarray chip platform developed at Rensselaer Polytechnic Institute (MeliLetal, 2014; Fernandes
TGetal, 2010; Lee M-Yeetal, 2008) Thjg platform consisted, fundamentally, of an array of alginate spots
containing the cells, printed onto a glass slide coated with poly(styrene-co-maleic-anhydride)
(PS-MA) and pre-patterned with a mixture of poly-L-lysine (PLL) and BaCl,. The microarray
pattern was customized according to the purpose of each experiment and/or the number of
conditions to be tested, however, the same base protocol was followed consistently
throughout.

The cellular microarrays were maintained in culture medium either by complete
immersion of the chip in 4-well Nunc™ plates (ThermoFisher Scientific) or by attachment of
Nunc™ Lab-Tek™ Il slide chamber separators (ThermoFisher Scientific) with 8 wells.

Matrigel-based microarrays were also tested on this platform. In this case, the cell
microarray was directly printed onto the PS-MA-coated slide without previous patterning,

unless a mixture of Matrigel and alginate was being tested.

[1.4.2.1. Glass slide coating and patterning for alginate microarray

Acid-cleaned borosilicate glass slides (Coresix Precision Glass, Inc.) were spin-coated
with 0.1% (w/v) PS-MA dissolved in toluene (Sigma-Aldrich), for 30 seconds at 3,000 rotations
per minute (rpm), allowed to dry and stored in a clean environment. In the case of alginate
microarrays, at least one day before printing the cells, the slides were pre-patterned. In
standard protocol, a sterile mixture of 1 part 0.1 M BacCl; (Sigma-Aldrich) to 2 parts 0.01%

(w/v) PLL (Sigma-Aldrich) was prepared and printed onto the PS-MA-coated slides (typically
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60 nL per spot). Different concentrations of BaCl, and CaCl, (Sigma-Aldrich) were tested. The

slides were allowed to dry overnight in a clean environment.

I1.4.2.2. Cell collection for microarray printing

Generally, hPS cells were collected for microarray printing at the same stage as they
were passaged: around 4-5 days after plating, when presenting dense colony centers and/or
merging colony edges. The cells were pre-incubated with ROCKi for 1 hour at 37°C and, after
being washed twice with DMEM/F-12, they were incubated with Accutase for 5-7 minutes at
37°C and detached into DMEM/F-12. The cells were then pelleted by centrifugation and
resuspended in culture medium with ROCKi. After determining the cell density using a
hemocytometer, the cells were centrifuged again and resuspended in the appropriate volume
of culture medium with ROCKi to achieve the target printing density.

HepG2 cells were collected for printing at around 80-90% confluency. The cells were
washed twice with PBS and incubated for 5 minutes with trypsin/EDTA before being detached
into DMEM with 10% FBS. After the cells were centrifuged and resuspended in fresh EMEM
with 10% (v/v) FBS, the cell density was determined using a hemocytometer and adjusted for

the target printing density.

11.4.2.3. Alginate-based microarray printing

Before printing the cells, the microarrayer chamber was sprayed with 70% ethanol and
wiped. The printing circuit was washed with 70% (v/v) ethanol followed by ultra-pure water,
to reduce the risk of contamination and the humidifier was turned on to achieve a >95%
humidity level inside the chamber.

When ready to print, the cell suspension was mixed 2:1 with 3% (w/v) alginate and
loaded into a 96-well plate (Corning) and onto the microarrayer plate dock. The suspension
was printed onto the chips pre-patterned with BaCl,/PLL or CaCly/PLL, which caused the
alginate to almost immediately cross-link and encapsulate the cells. The chips were then

either 1) transferred to a 4-well plate and immersed in culture medium or 2) attached to Lab-
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Tek Il slide chamber separators. In the latter case, the separators and the chips were pressed
together for 1 minute, after which culture medium was added to the wells.

The cellular microarrays were cultured at 37°C and 5% CO; in a humidified incubator.
hPSCs were grown in TeSR-E8 or mTeSR1 (both from Stem Cell Technologies) with Pen/Strep,
with ROCKi during the first 48 hours and daily media replacement. HepG2 cells were cultured

in EMEM with 10% (v/v) FBS and Pen/Strep.

11.4.2.4. Matrigel-based microarray printing

The printing of Matrigel-based cellular microarrays required the adaptation of both
the microarrayer and the protocol, although the general workflow was maintained. The
microarrayer was fitted with a refrigeration circuit to cool down the printing tip and circuit
and the humidifier was controlled manually to reduce condensation. Both the printing and
washing circuits were fed with ice-cold water and the printing sequence was accelerated to
reduce the time that Matrigel was inside the circuit. The 96-well source plate was kept on ice
and was only placed inside the microarrayer immediately before it was ready to aspirate the
cell suspension.

After collecting the cells, the suspension was placed on ice and allowed to cool down
for a few minutes before being mixed with Matrigel. The mixture ratio was determined by the
lot dependent Matrigel protein concentration: a working concentration of 5 mg/mL was used,
and the cell density was previously adjusted accordingly. When combinations of Matrigel and
alginate were tested, the cell suspension was mixed with alginate first. The suspension was
loaded on a 96-well plate and put into the microarrayer for printing. Immediately after
printing, the chips were transferred into a custom humidified chamber (a 150 mm Petri dish
containing water and two 35 mm Petri dish lids to hold the chip above the water) with the
microarray facing down and incubated at 37°C for 20 minutes, to allow the Matrigel to
completely gelate. The microarray chips were then either immersed in medium or attached

to slide chamber separators, as described in Section 11.4.2.3.
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11.4.2.5. Cellular viability assessment on glass slide-based microarrays

The analysis of on-chip cellular viability was performed using the Live/Dead®
viability/cytotoxicity kit for mammalian cells (ThermoFisher Scientific) and allowed the
evaluation of cell survival and growth in different media and/or substrate formulations. The
Live/Dead kit is composed of two dyes: calcein AM, which stains live/viable cells with green
fluorescence, and ethidium homodimer-1 (EtHD), which stains dead/non-viable cells with red
fluorescence. The adopted protocol was based on previously established procedures (Melit et
al., 2014; Fernandes TG et al., 2008, 2010).

Before staining, the microarrays were washed in DMEM/F-12 for 5 minutes, at 37°C.
A control for 100% dead cells was prepared by adding 0.1% (w/v) saponin/PBS to the washing
medium in this step. The cells were then incubated with the staining solution containing 1 uM
Calcein AM and 2 uM EtHD for 25 minutes, at 37°C and 5% CO,. After staining, the Lab-Tek
slide chamber separator, if used, was removed and the chips were rinsed using a washing
buffer (121 mM sodium chloride, 18 mM sodium bicarbonate, 1 mM calcium chloride, 4 mM
potassium chloride, 0.3 mM magnesium chloride, 0.4 mM magnesium sulfate, 17.5 mM D-
glucose, 17 mM HEPES, pH 7.4) three times for 10 minutes, to remove unbound dyes. An
additional wash with 50 mM trehalose (Sigma-Aldrich) in PBS was performed in the case of
Matrigel-based microarrays, to improve dye retention (Nierode Gletal, 2016) The mijcroarrays were
dried using a stream of nitrogen and stored in the dark. The fluorescence was assessed by
scanning the chips in a GenePix 4200A microarray scanner (Molecular Devices), using a 488
nm laser for excitation, with a blue filter for detection of green emission and a 645AF75/594
filter for detection of red. The scanner software interface GenePix Pro 6.0 was used to process

the images and quantify the fluorescence intensity.

11.4.2.6. Protein expression analysis by immunofluorescence on glass

slide-based microarrays

The expression of pluripotency markers was assessed on-chip by immunostaining.
The adopted protocol was based on standard procedures for immunocytochemistry, using a

primary antibody and a fluorophore-conjugated secondary antibody. This protocol was

64



performed on microarrays using the Lab-Tek Il separator, which allowed differential
immunostaining on the same chip.

The microarrays were rinsed with washing buffer (composition described in Section
[1.4.2.5) to remove the residual medium and debris, and fixed with 4% (w/v) formaldehyde
(ThermoFisher Scientific) in PBS with calcium and magnesium (PBS-Ca/Mg, ThermoFisher
Scientific) for 15 minutes, at room temperature. After washing twice for 5 minutes with PBS-
Ca/Mg, the cells were permeabilized with 0.25% (v/v) Triton-X100 (Sigma-Aldrich) in PBS-
Ca/Mg for 30 minutes and blocked with 3% (w/v) BSA (Sigma-Aldrich) in PBS-Ca/Mg for 1
hour, all at room temperature. Immunobinding with the primary antibody was done in
blocking solution for 2 hours and, after washing three times 10 minutes, the cells were
incubated with the secondary antibody and 1 pug/mL Hoechst 33342 (ThermoFisher Scientific),
alsoin blocking solution, for 1 hour and 30 minutes. The microarrays were washed three times
with PBS-Ca/Mg and dried with a nitrogen stream. In the case of Matrigel-based microarrays,
an additional wash with 50 mM trehalose in PBS-Ca/Mg was performed before drying.

Qualitative analysis of the microarrays was performed using an Olympus IX51 inverted

microscope equipped with a DP20 (Olympus) color camera.

11.4.3. MicroPillar/MicroWell chip cellular microarrays

The significant limitations related to the use of glass slide-based microarrays with hPS
cells led us to gradually transition towards a different platform. The MicroPillar/MicroWell
(MPMW) system (Samsung Electro-Mechanics Co) is composed of two complementary
polystyrene chips with the approximate size of a standard microscope slide: a) the MicroPillar
chip, with 532 (14 x 38) 0.75 mm-diameter pillars, and b) the MicroWell chip, with the same
532 respective wells of 1.2 mm diameter. In this system, the cell suspension is spotted onto
the pillars while the medium is printed into the microwells. The chips are then sandwiched

together with each pillar in its correspondent well, immersing the encapsulated cells in the

media (Nierode GJ et al., 2016; Kwon S-J et al., 2014)
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11.4.3.1. Preparation and reuse of MicroPillar and MicroWell chips

After preliminary testing with the MPMW system, a protocol was established for the
initial washing and treatment of the chips, as well as a washing protocol for their reuse to
reduce costs.

Initial experiments resulted in inconsistent outcomes in terms of cell viability and
recurrent spot detachment from the pillars. It was also noted that some of the pillars and
wells appeared to have contaminant residues that could be impacting the efficacy and
robustness of the platform. A washing routine was adopted as an attempt to reduce the
variability. Briefly, the MicroPillar chips were rinsed with deionized water and 70% (v/v)
ethanol (aq) and blow-dried with a flow of nitrogen. A UV-treatment was performed by
exposing the chips to a UV-lamp for 4 hours, as a strategy to improve spot attachment by
photo-oxidation of the pillars’ surface, thus reducing their hydrophobicity. The routine for the
MicroWell chips was the same, but also included a sonication step in 0.1% (w/v) sodium
dodecyl sulfate (SDS) (aq) for 90 minutes, between the water and ethanol washes.

The cost of the chips and the demand for large quantities due to the daily media
changes required by hPSCs prompted a strategy of chip recycling. The MicroPillar chips were
first incubated with trypsin/EDTA for 2 hours at 37°C to remove Matrigel and cell residues,
followed by the same routine described for the first use, but with the UV-
treatment/sterilization reduced to 90 minutes instead of 4 hours. The protocol for MicroWell
chip recycling was also similar to the one described for the first use, but the chips were left in
the SDS solution overnight after the sonication, and the UV-treatment/sterilization was

reduced to 90 minutes.

11.4.3.2. Cell collection and Matrigel-based microarray production in the
MicroPillar/MicroWell system

The procedure for cell collection and microarray printing using the MPMW system

was, in almost its entirety, the same as described in sections 11.4.2.2 and 11.4.2.4, respectively.

The most significant difference was the use of the MicroWell chips for incubating the cells in

the culture medium, instead of using a 4-well plate or a Lab-Tek Il slide chamber separator.

Before collecting the cells, the media were prepared and printed into the MicroWell chips,
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750 nL per well. The chips were covered with Parafilm and stored at 4°C. After printing the
cell suspension, the MicroPillar chips were incubated at 37°C for 20 minutes, to allow Matrigel
to gelate, as described previously. At this point, the MicroWell chips containing media were
also transferred to an incubator at 37°C, to allow the media to warm up. After the incubation,
the MicroPillar and the MicroWell chips were sandwiched together, with each pillar in its
correspondent well, placed inside a humidity chamber (a 150 mm Petri dish with water and
the lid of a 100 mm plate), pillars facing down, and incubated at 37°C and 5% CO,. The daily
media changes were carried out by replacing the MicroWell chips with new chips containing

fresh media.

11.4.3.3. Staining procedure for the analysis of cellular growth, viability,
and protein expression in the MicroPillar/MicroWell system

The staining for the assessment of cellular growth and viability in the MPMW system
was performed similarly to what was described in section 11.4.2.5, using the Live/Dead kit. The
MicroPillar chips were washed and incubated with the staining solution using 4-well plates.
The staining solution also contained 1 pg/mL Hoechst 33342 for controlling the total cell
number per pillar.

The analysis of protein expression was performed as described previously, in section
11.4.3.6, also using 4-well plates for MicroPillar chip washes and incubation steps, except in
the incubations with antibodies. In this case, the antibody solutions were prepared and
printed as an array onto a MicroWell chip covered with a Parafilm strip, which had been lightly
pressed down to create small concave pits over each well. The hydrophobicity of Parafilm and
the concave shape allowed each drop of antibody solution to remain in the position that it
was printed and isolated from the rest. The MicroPillar chip was carefully placed on top of the
Parafilm strip so that each pillar contacted with each respective drop. The incubation was
performed inside a humidity chamber (as described in section 11.4.3.2) to prevent the
evaporation of the small volumes.

The MicroPillar chips were scanned in a Cellomics ArrayScan XTI (ThermoFisher
Scientific) high-content platform, using a 5x objective with the following filters: 1) BGRFR 386-
23 for Hoechst (blue) detection; 2) BGRFR 485-20 for green fluorescence detection and 3)
BGRFR 549-15 for red fluorescence detection. Each pillar was individually scanned using the
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blue channel (Hoechst) as a reference for auto-focus. The images were exported using the
platform software interface, HCS Studio Cell Analysis (ThermoFisher Scientific). Automated
image processing and fluorescence intensity analysis were performed using MATLAB. The

guantitative data were further processed using Microsoft Office Excel 2016.

[I.5. Image processing and analysis using MATLAB

The development of a high-throughput platform requires not only the capacity to
efficiently test large sets of conditions but also the ability to rapidly process and analyze the
readings or outcomes of those tests. Given the amount of data that is usually generated using
these platforms, automated analysis is usually the most efficient approach, although it
generally requires a considerable degree of optimization.

In this work, two different scanning equipment were used for microarray imaging: 1)
a GenePix microarray scanner for the glass slide-based arrays and 2) a Cellomics ArrayScan
high content platform for the MPMW system. While the GenePix equipment had been
previously used and optimized, the Cellomics ArrayScan platform was still being optimized for
this specific application at the time that the experiments were conducted. Therefore, while
both systems had software interfaces with analysis capabilities, a strategy of designing and
writing an analysis tool using MATLAB was adopted, to process the images gathered from the
MPMW chips. Using a simple iterative computing approach, the fluorescence intensity data
generated using this system allowed the indirect estimation of cellular viability. Additionally,
part of the work described in this thesis involved image analysis for the measurement of
cellular aggregates in suspension cultures, as referenced in section 11.3.1. The methodological
rationale and basic structure of each of these two MATLAB tools, as well as the algorithm for

estimation of cellular viability, will be briefly detailed in the following sections.

I1.5.1. Image analysis for the morphological evaluation of cellular

spheroids

While different image processing software already exists for object detection and

analysis, a MATLAB tool with a graphical user interface (GUI) was designed to improve the
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automatization of the process of measuring cellular spheroids in images, and the compilation

of results.

Monochrome microphotographs of the cell aggregates were compiled into a single

folder per condition. The tool was, in part, based on a Tutorial included in the MATLAB

documentation (http://www.mathworks.com/help/images/examples/detecting-a-cell-using-

image-segmentation.html) and was programmed to work following a sequence of steps:

1)

2)

3)

4)

Load the folder containing the set of images, which lists them numerically in the
background and displays the total number.

Load the first image, which automatically applies a series of built-in functions
(including ‘EDGE’, ‘IMDILATE’, ‘BWMORPH’, ‘IMFILL’, ‘IMERODE’ and
‘BWAREAOPEN’) to process it and detect any objects/aggregates. The loaded
image is displayed, and a switch allows the user to see both the original image and
the identified edged aggregates.

If necessary, the user can adjust the detection threshold to either increase or
reduce the object detection sensitivity, adjust the minimum diameter that an
object needs to have to be considered and/or use an object refinement tool to
interactively erase or add portions to the objects with an adjustable-diameter
“brush”. The refinement tool is equally useful to separate aggregates that are too
close together to be automatically detected as separate objects.

Load the detected objects, which gathers their area, perimeter, eccentricity, major
axis length, and minor axis length, expressed as number of pixels. The diameter D
is automatically calculated from the area A, considering the conversion factor

from pixels to micrometers k:

4Ak?
D =
A

(1)

and the dimensionless circularity C is calculated from both the area A and the

perimeter P:

_ 4ATT

p2 (2)
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Each object/aggregate is numbered, and the calculated diameters are displayed in
a table in the GUL.

5) The user can then select the aggregates and exclude any artifacts that may have
been detected as objects.

6) Export the gathered properties from each aggregate to the desired file format.

7) Repeat the whole process from 2 to 6, until all the images are processed, after
which the GUI displays the option to compile the data from each image into a
single file.

The numerical data were processed using MATLAB for the estimation of aggregate

morphological distributions. Microsoft Office Excel and R (R Core Team, 2019) \yare ysed for other

statistical analyses.

I1.5.2. Image processing and analysis for the assessment of fluorescence
intensity in cellular microarrays

The analysis of the images gathered from the MPMW chips with the Cellomics
ArrayScan would be possible with the software interface provided with the equipment.
However, given the complexity of that software, the limited availability of time to use it, and
the need for increased control of the processing steps and variables involved, the data was
analyzed using a custom MATLAB GUI. This GUI was designed to work as a modular sequential
system so that functionalities could be easily modified, or new ones could be added to the
process/analysis sequence.

The data was exported using the HCS Studio Cell Analysis software. Due to some
glitches in the software and the high number of images per chip, it was necessary to export
the data to two different file formats: *.c01 and *.dib. The images were automatically
converted to *.tif using MATLAB — c01 files were read using the Bio-Formats package
(available at http://www.openmicroscopy.org/bio-formats/) (tinkert M et al, 2010) \yhile dib files
were read using the  function ‘READCDIB’, available on  Mathworks
(https://www.mathworks.com/matlabcentral/fileexchange/11096-read-cellomics%C2%AE-
dib-files) — and renamed using a standardized format for easier identification and

downstream processing.

70


http://www.openmicroscopy.org/bio-formats/
https://www.mathworks.com/matlabcentral/fileexchange/11096-read-cellomics%C2%AE-dib-files
https://www.mathworks.com/matlabcentral/fileexchange/11096-read-cellomics%C2%AE-dib-files

After converting and renaming the full set of images of each chip and gathering them

into a single folder, they were processed using the GUI tool through a sequence of steps:

1)

2)

3)

4)

Load the folder containing the images and pre-analyze the set for the numbers of

rows, columns, and color channels, along with the detection of “blank” images, by

determining the fluorescence intensity maxima and standard deviation of each
image.

Set the position for a cropping mask. Because the pillars aren’t centered in all the

images, twelve reference pillars are selected from the chip to set a dynamic

position matrix — the user centers a round selection mask in each of the twelve
reference images and the program estimates the position for every other pillar.

The size of the cropping mask may be adjusted.

Preview the images overlaid with the cropping mask to confirm that the

positioning is appropriate and, if so, trigger the cropping. The intensity of the pixels

in the areas between the image angles and the round mask is set to O.

If required, apply background subtraction to the selected channels. The

background subtraction module determines a specific background threshold for

each image and follows three main steps. Briefly:

4.1) The intensity of each pixel in the image is iteratively exponentiated so
that the relative difference between the brighter and the dimmer pixels is
increased. Because the pixel values are constrained to a restrictive scale
(original images are 12-bit but are processed as 16-bit), there is a maximum
possible value that represents intensity saturation (i.e., 65535). For each
iteration, the standard deviation of pixel intensity in the whole image is
calculated and, generically, the point where it reaches a maximum is
considered the optimal iteration — the exponent that yields the greatest
absolute difference between signal and background.

4.2) After applying the determined exponent, a threshold is computed
using “MULTITHRESH” for all non-zero pixels of the image. This function
calculates a threshold using Otsu’s method, which clusters the pixel values into
two classes with minimal intra-class variance (OtuN 1979),

4.3) A logical/binary image mask is created from the determined threshold

(pixels with values below the threshold are set to 0 — “background” — and the
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rest are set to 1 — “signal”) using “IMQUANTIZE”, and subsequently processed
with smoothing and cleaning filters such as “BWAREAOPEN”, “BWMORPH”,
and “IMFILL”, to reduce artifacts and edge roughness; the mask is applied to

III

the original image, setting the “background” pixels to 0. The “signal” pixels are
also reduced by a baseline background value — 75% of the mean intensity
subtracted from the “background” pixels.

5) If required, apply peak/cell detection. The peak detection module is a basic
algorithm designed to detect relatively independent spikes of fluorescence in each
image, given an intensity threshold and a minimum distance between peaks; it is
appropriate for an approximate count of isolated cellular nuclei or cells.

6) Export the processed chip data, namely each pillar's total fluorescence,
fluorescence average, and standard deviation; the tool also exports the total
background subtracted from each image and peak counts, if those modules were
used, for post-processing quality check; the cropped images are also exported,
both with background and after the subtraction. The program also creates a single,
full resolution image montage per channel of all the pillars, according to the
original chip layout.

The exported quantitative data was analyzed using Microsoft Office Excel 2016. Image

composites of the different fluorescence channels were generated with Fiji.

I1.5.3. Computation of cellular viability from fluorescence intensity in
microarrays

Cellular viability can usually be calculated by subtracting the number of non-viable
cells from the total within a sample, thus getting the number of viable cells, and dividing that
difference by the total. The use of trypan blue to discern viable from non-viable cells is
standard protocol in most cell culture laboratories when dealing with cell suspensions (Strober
W, 2015) |n a cellular microarray, such as the MPMW chip, however, it is technically difficult to
get reliable counts of total cells and/or viable cells, particularly when they are not fully
discernible. To tackle this issue, a simple mathematical approach was employed to estimate
the on-chip cellular viability, using the fluorescence data collected and an iterative data fitting

method. The rationale for that approach will be briefly described.
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The MPMW chips were stained with 1) Hoechst, which stains all the nuclei; 2) calcein
AM, which stains the cytoplasm of viable cells; and 3) EtHD, which stains the nuclei of non-

viable cells. It is safe to assume that:

Froechst = Nr X fa, Feqicein = Ny X fp X1, Fgiup = Nuy X f¢ (3)

where Fyoeschts Feaicein and Fgeyp are the fluorescence intensities in each pillar of
Hoechst, calcein, and EtHD, respectively; Ny, Ny and N,y are the numbers of total, viable and
non-viable cells; f,, f, and f. correspond to the mean fluorescence intensity per cell stained
with Hoechst, calcein, and EtHD; and r is the mean nucleus to cytoplasm ratio. Therefore,

given that the total number of cells equals the sum of viable and non-viable cells,

Froechst X f_- = Feaicein X W + Fgtup X F (4)
a c

Because the purpose of this method is not to determine the average fluorescence per
cell of each dye or to calculate the nucleus to cytoplasm ratio, but rather to establish a
meaningful relation between available fluorescence intensity data, it is possible to replace

those variables with generic constants:

Froecnst = Feaicein X La + Fgenp X Ly (5)

For each chip, the generic constants L, and L, were estimated using MATLAB, by
iteratively computing the minimal sum of the squared residuals LS, in the entire data set (all

the pillars in the chip) with size n:

n

—= 2

LS = Z[FHoechsti - (Fcalceini X Lg + FEtHDi X Lb)] (6)
i=1

The viability VV was then calculated:

V= Fcalcein X La (7)
Fcalcein X La + FEtHD X Lb
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[I.6. Statistical analysis
The results described throughout this work are generally expressed as mean *
standard deviation (SD) or mean + standard error of the mean (SEM), as specifically indicated.
SEM corresponds the SD divided by the square root of the number of observations n:

SD
SEM = — (8)

The kernel density estimations (KDE) for the analysis of the cellular spheroid size

distributions (described in section I1.3.1) were calculated on MATLAB using the formula:

b = k() )

i=1

where D is the estimated density function of x (the aggregate diameter), n is the

sample size, h represents the bandwidth, and K stands for the Gaussian kernel function:

K L
= — 2
(w) = e (10)

A constant bandwidth of 12 was heuristically selected and used throughout the
analyses of spheroid size.

For spheroid-related data, normality was assessed using the Shapiro-Wilk test.
Because most data sets displayed poor correlation with the Gaussian distribution, the median
and the median absolute deviation (MAD) were used as measures of central tendency and
dispersion, respectively (median £ MAD), for aggregate diameter, circularity, and eccentricity.

MAD was calculated using R and corresponds to:
MAD = k x median(|x; — ¥|) (11)

with k = 1,4826.
Spearman’s rank correlation coefficient (p) was calculated in R and used as a
nonparametric measure of the correlation between initial cell densities and different metrics

in aggregate culture.
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1l. Development of a 3-dimensional cellular
microarray for high-throughput studies

on human induced pluripotent stem cells



I11.1. Introduction

Human pluripotent stem cells (hPSC) are regarded as a powerful tool in the study of
developmental biology, toxicology, and drug screening, and hold great potential in the
development of new cellular therapies for regenerative medicine. However, comprehensive
knowledge and tight control over the mechanisms and microenvironmental cues that
influence self-renewal and differentiation are required for the development of reliable
models and the successful realization of this potential (Kimanskayaletal. 2008) The determination
of stem cell fate is conditioned by myriad variables, such as the availability of nutrients,
growth factors, and the components of extracellular matrix components and its
biomechanical properties (Hazeltine 1B et al, 2013)  The testing and optimization of such
microenvironmental conditions for efficient expansion and differentiation of hPSCs generally
involve laborious, time-consuming, and costly protocols. Furthermore, traditional 2-
dimensional culture platforms used for cell-based assays may not be suitable for an accurate
representation of physiological conditions (Baker BM & Chen G5, 2012)

The development of microfabrication, robotic micro-handling, and liquid dispensing
technologies has enabled the miniaturization of experimental platforms, thus allowing an
increased throughput by testing many conditions in parallel with the use of fewer cells and
reagents (Rothbauer Metal, 2016; Fernandes TG etal, 2009) - Ce||ylar microarrays, in particular, have been
proven useful as means of assessing the effects of variations in the cellular microenvironment

and soluble compounds, through the quantification of proliferation, cytotoxicity and the

expression of molecular markers (Nierode GJ et al., 2016; Kumar N et al., 2015; Meli L et al., 2012; Fernandes TG et al.,

2008)

This chapter describes the several strategies tested for the development and
optimization of a 3-dimensional high-throughput cellular microarray platform for studies with

hPSCs.

[11.2. Low viability of human pluripotent stem cells in alginate-based

microarrays

Lee et al. previously described a 3-D microarray system in which cells are mixed with

an alginate solution and spotted onto a PS-MA-coated borosilicate glass slide patterned with

78



PLL/BaCl,. When in contact with the BaCl,, the alginate crosslinks into a 3-D matrix and
encapsulates the cells, while the PLL stabilizes the printed spots on the hydrophobic surface
of the slide (tee MY etal, 2008) Thjs system has been successfully used for studies on growth,
differentiation, and toxicity screening on several human cancer cell lines, human neural stem
ceIIs, and mouse embryonic stem cells (Meli L et al., 2012, 2014; Fernandes TG et al., 2008, 2010; Lee M-Y et al., 2008).
The initial purpose of this work was to evaluate if this microarray system could be adapted
for studies with hPSCs.

Preliminary tests using single-cell dissociated H9 human embryonic stem cells
indicated an almost total loss of viability within the first 24 hours after printing, using the
standard protocol (1% alginate onto 33 mM BaCl,). Several different conditions were tested,
using two different cell lines. To evaluate if the salt and/or the salt concentration was
influencing cell viability, H9 cells were pre-incubated with 10 uM ROCK inhibitor Y-27632
(ROCKi) for 1 hour before detachment and single-cell dissociation using Accutase, and spotted
in a mixture of 1% alginate (60 nL and 300 cells/spot) onto a slide patterned with PLL and
either BaCl; (10 mM, 20 mM or 30 mM), CaCl2(10 mM, 20 mM, 30 mM or 50 mM), or a mixture
of 10 mM BaCl; and 20 mM CaCl,. The microarrays were incubated in mTeSR1 with ROCKi in
4-well plates and viability was assessed using the Live/Dead staining kit at three time-points:
3 h, 6 h, and 24 h. There were, however, no observable differences between the conditions
tested. While at 3 h most of the cells stained green, indicating high viability, they progressively
died and stained mostly with ethidium homodimer-1 (EtHD) at 24 h (Figure 1.1 —a - c).
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Figure Ill.1 — Low viability of hPS cells in alginate-based microarrays, under different
conditions. (a - ¢) H9 cells printed in 1% alginate onto different concentrations of either BaCl,
or CaCl, after (a) 3 h, (b) 6 h and (c) 24 h on-chip. Images correspondent to 50 mM CaCl, but
representative of all conditions tested. Green fluorescence (calcein-AM, calcein) represents
live cells and red fluorescence (Ethidium homodimer-1, EtHD) represents dead cells. Scale bar:
1 mm. (d) Ratio of calcein/EtHD fluorescence intensity in printed HepG2 and DF19 cells after
24 hours on-chip. HepG2 cells were used as a positive control. DF19 cells were printed onto
BaCl, (Bar) or CaCl, (Cal) and incubated in either mTeSR1 or TeSR-E8 media, with or without
100 pg/mL Matrigel (MG) supplementation. Results presented as mean = SD, > 74
spots/condition. (e) Ratio of calcein/EtHD fluorescence intensity of DF19 cells printed in
different concentrations of alginate (Alg), after 6 h and 24 h on-chip. The cells were incubated
in mTeSR1 medium supplemented with 100 pug/mL Matrigel. Results presented as mean + SD,
> 475 spots/condition.

To further investigate if the loss of viability could be mitigated by other factors, DF19
human induced pluripotent stem cells (hiPSC) were printed onto varying concentrations of
BaCl, and CaCl;, and incubated for 24 hours in either mTeSR1 or TeSR-E8 media with ROCKi.
Since alginate does not provide extracellular matrix (ECM) components, it was hypothesized
that supplementing the medium with Matrigel, a mixture of ECM proteins extracted from
Englebreth-Holm-Swarm mice tumors, consisting mainly of laminin, collagen IV, and entactin
(Hughes CSetal., 2010) cqy|d promote hiPSC survival. HepG2 human hepatocellular carcinoma cells

were printed in parallel to serve as a positive control for the protocol, as they had been
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previously studied on this system (MeliLetal, 2012) \While HepG2 cells retained high viability, most
DF19 cells died after 24 hours in all the conditions tested (Figure Ill.1 — d). Although Matrigel
supplementation appeared to increase DF19 cell viability (more than three-fold in all
conditions), it was still too low to enable further studies.

Even though there were no observable differences between BaCl, and CaCl, alginate
crosslinking in hiPSCs, BaCl, appeared to improve viability in HepG2 cells. Barium-crosslinked
alginate is typically stiffer than calcium-crosslinked alginate (M#rch VAetal, 2006) g the effect of
matrix stiffness on hiPSC viability was further tested by increasing the concentration of
alginate. DF19 cells were mixed with alginate to either 1.5% or 2% final concentrations,
printed onto BaCl; and incubated in mTeSR1 with ROCKi and 100 pg/mL Matrigel. No
considerable differences were found between conditions and most of the cells died within 24
h (Figure lll.1 — e). Modifications of other variables, such as cell density and spot volume, were

also tested, with no significant improvement in cellular viability.

[11.3. Matrigel-based matrix enhances hiPSC on-chip viability

The previous results evidenced that a simple alginate-based matrix would not sustain
hPSC survival and growth on-chip but indicated that media-supplementation with Matrigel
could improve viability. This was expected, considering Matrigel is known to support hPSCs
attachment and self-renewal under standard culture conditions (-am MT & Longaker MT, 2012; Xu C et al.,
2001) - Matrigel is thermo-sensitive and, in concentrations over 3 mg/mlL, gelates at
temperatures above > 10 °C. Although the resulting gel is much softer than cross-linked
alginate, it could potentially be used as an encapsulating matrix for 3-D cellular microarrays.

To test Matrigel as the encapsulating matrix in the microarray platform, a cooling
block was fitted to the printing head of the arrayer to avoid clogging of the circuit. DF19 cells
were mixed with Matrigel on ice to a final concentration of 5 mg/mL, printed onto PSMA-
coated borosilicate glass slides, 60 nL with 300 cells/spot, in eight blocks of 4 x 5 spots, and
incubated in either mTeSR1 or TeSR-E8 media with ROCKi. The matrix sustained cell survival
and growth for up to seven days (Figure Ill.2 — a, b), but several problems were detected: 1)
the spots smeared easily when the medium was added to the chips, leading to widespread

spot detachment at later days; 2) the spots did not confine the cells, which tended to spread
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out, thus precluding appropriate quantification (reason for the omission of day 7 in Figure Il1.2
—b); 3) the matrix seemed to degrade over time and, by day seven, most of the remaining cell
colonies resembled a 2-dimensional morphology. The differences observed in Figures II.2 —
a) and b) do not so much reflect a higher growth rate in TeSR-E8 but rather substantiate the

high variability of the results.
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Figure IIl.2 — Survival and growth of DF19 in Matrigel-based microarrays. The cells
were mixed with Matrigel, spotted onto glass slides, and cultured in either (a) mTeSR1 or (b)
TeSR-E8. Viability was assessed by Live/Dead staining at days 1, 3, 5 and 7. Black bars represent
calcein fluorescence intensity (live cells) and white bars represent EtHD fluorescence intensity
(dead cells). In (b), fluorescence for day 7 could not be quantified due to cells outgrowing the
spots. Results presented as mean + SEM, (a) = 7 spots per condition, (b) > 20 spots per
condition.
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Figure I11.3 —Survival and growth of DF19 cells in alginate/Matrigel-based microarrays.
The cell suspension was mixed with cold Matrigel and alginate, spotted onto glass slides
patterned with either 33 mM BaCls (a, c) or 50 mM CaCly (b, d), and cultured in either mTeSR1
(a, b) or TeSR-E8 (c, d), with ROCKi for 72 h. Viability was assessed by Live/Dead staining at
days 1, 3, 5, and 7. Black bars represent calcein fluorescence intensity (live cells) and white
bars represent EtHD fluorescence intensity (dead cells). Results presented as mean = SEM, (a)
20 spots per condition, (b) = 18 spots per condition, (c) = 19 spots per condition, and (d) 20
spots per condition.

Given that alginate alone did not support hPSC survival and Matrigel alone did not
provide sufficient spot stability, it was hypothesized that a mixture of the two components
could provide an appropriate encapsulating matrix. DF19 cells were mixed with cold Matrigel
and alginate, to final respective concentrations of 5 mg/mL and 1%, and spotted onto PS-MA
coated slides pre-patterned with either 33 mM BaCl, or 50 mM CacCl,. The chips were
incubated in either mTeSR1 or TeSR-E8, with ROCKi during the first 72 hours. The mixture of

alginate and Matrigel resulted in spots with higher stability that, unlike Matrigel alone, did
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not smear or degrade as much over time. In the four conditions tested, the cells survived and
proliferated during the first 3 days (Figure Ill.3 — a - d). After removal of ROCKi however, the
viability gradually decreased in most conditions, as evidenced by a reduction in calcein
staining and an increase in EtHD. Sustained survival after seven days was observed only in the
cells cultured in mTeSR1 and spotted onto CaCl; (Figure 111.3 — b). Overall, the cells spotted
onto CaCl, appear to have had improved survival and to have grown slightly faster during the
first three days. The results also suggest that the viability of the cells cultured in TeSR-E8
declined much faster between days 3 and 5, after ROCKi removal, compared to that of the
cells in mTeSR1 (Figure 11l.5 — a). Taken together, the data indicate that calcium-cross-linked
alginate may vyield higher survival during the first days and that mTeSR1 may improve the
survival and growth of this hiPSC line under these specific conditions, after ROCKi removal. In
the condition that allowed cell survival through to day 7, it appeared that some cells were
outgrowing the spots, similar to what had been observed when Matrigel alone was used as
the encapsulation matrix.

It is common to assume that different cell lines may react differently to certain
conditions. Given that hiPSC lines may be derived by different reprogramming methods and
using different cell sources, cell line-specific parameters such as survival after single-cell
dissociation and growth rate under specific conditions are likely to vary. Therefore, a different
cell line of hiPSCs was used, to test if the low on-chip viability of DF19 cells was reproducible
across hiPSCs. A CBiPS cell suspension was prepared in 5 mg/mL Matrigel and 1% alginate,
and spotted onto PS-MA-coated borosilicate glass slides patterned with either 33 mM BaCl;
or 50 mM CaCl,. The chips were incubated in TeSR-E8 medium supplemented with ROCKi for
the first 72 hours.

Both conditions tested yielded robust cell survival and growth (Figure 1ll.4 — a, b).
While the results suggest that CaCl, may improve cell survival through to day 3, as observed
in previous experiments, by day 5 there were no considerable differences between
conditions, regarding both calcein and EtHD fluorescence intensities. Nevertheless, barium-
cross-linked alginate appears to have promoted faster growth between days 3 and 5, as
indicated by a higher fold-increase in calcein fluorescence (Figure 1.5 — b). Consistent with
what had been hinted in the experiment with the DF19 cells, the alginate matrix did not
prevent cellular migration and growth outside the spots. Because the survival and growth of

CBiPS cells were considerably higher compared to those of DF19 cells (Figure IIl.5 —a, b), the
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outgrowth was likewise more evident (Figure IIl.6 — a, b). On day 7, in both conditions, the
maintenance of EtHD is indicative that the concomitant sharp decrease in calcein
fluorescence does not represent cell death but rather supports the observation that the cells

“escaped” the encapsulation matrix.
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Figure l1l.4 —Survival and growth of CBiPS cells in alginate/Matrigel-based microarrays.
The cells were mixed with Matrigel and alginate and spotted onto glass slides patterned with
either (a) 33 mM BaCl, or (b) 50 mM CaCl,. The chips were incubated in TeSR-E8 medium with
ROCKi for 72 h and viability was assessed by Live/Dead staining at days 1, 3, 5, and 7. Black
bars represent calcein fluorescence intensity (live cells) and white bars represent EtHD
fluorescence intensity (dead cells). Results presented as mean + SEM, (a) = 41 spots per
condition, (b) = 24 spots per condition.

Overall, these results show that the use of the described glass-slide based microarray
system with alginate, Matrigel, or a combination of the two as 3-D encapsulating matrices,
does not allow robust survival nor controlled growth of hPSC. The poor cell viability after
alginate encapsulation was enhanced by the addition of Matrigel, but the cellular outgrowth
on the surface of the chip in the presence of that compound renders this system unfitting for

high-throughput studies with this type of cells.
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Figure Il.5 — Fold-change of calcein fluorescence intensity in DF19 and CBiPS cells, in
alginate/Matrigel-based microarrays. (a) DF19 cells were spotted onto BaCl, or CaCl, and
incubated in either mTeSR1 or TeSR-E8. (b) CBiPS cells were spotted onto BaCl, or CaCl, and
incubated in TeSR-E8. Viability was assessed by Live/Dead staining at days 1, 3, 5, and 7. Fold-
change relative to day 1 of each condition. Results presented as mean + SEM. Refer to captions
of Figure 111.3 and Figure I1l.4 for the number of replicates per condition.

b CaCl,

Figure 1l1.6 — CBiPS cellular outgrowth in alginate/Matrigel-based microarrays.
Representative images of cells spotted onto either (a) BaCl, or (b) CaCl,, on day 7. Green
fluorescence (calcein) represents live cells and red fluorescence (EtHD) represents dead cells.
White dashed circles represent approximate spot positions. Scale bar =1 mm.

[1l.4. Matrigel-based microarray on MicroPillar/MicroWell chips allows

hiPS survival and proliferation

Experiments on glass slide microarray chips showed that Matrigel enhanced hiPSC
viability and growth. However, the soft nature of the resulting gel led to spot smearing and

detachment, while the apparent coating of the surrounding surface led to cellular outgrowth.
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A system that allowed less disturbance of the spots and the limiting of the area around them
would possibly enable the use of Matrigel as an encapsulating matrix for hPSC 3-D
microarrays.

Samsung Electro-Mechanics developed a microarray chip system composed of two
polystyrene chips: a MicroPillar chip with 532 (14 x 38) pillars of 0.75 mm diameter, and a
complementary MicroWell chip with 532 wells of 1.2 mm diameter (tee DWetal, 2014) The cells
are printed on top of the pillars in the MicroPillar chip, while the medium is printed into the
wells in the MicroWell chip. Both chips are then combined so that the encapsulated cells on
each pillar are submerged in the medium inside the corresponding microwell. This system
allows for a higher degree of multiplex testing than the glass slide-based microarrays, given
that more conditions, such as different media, soluble factors, or drugs, can be tested in
parallel in a single chip, with true, isolated replicates. Furthermore, it was recently shown to
be suitable for Matrigel-based microarrays for toxicological and differentiation studies in
neural stem CEHS (Nierode GJ et al., 2016, 2019)'

Preliminary tests showed that the MicroPillar/MicroWell (MPMW) system allowed the
survival and growth of hiPSC printed in Matrigel. Protocol optimizations for chip washing and
UV-treatment improved the reduction of the spot detachment and sporadic cell death that
were initially observed. The system also required the development of a new analysis protocol,
using a Cellomics ArrayScan High-content Screening scanner and subsequent image

processing for noise/background reduction and fluorescence intensity quantification.
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Figure 111.7 — Validation of fluorescence quantification as an indicator of hiPSC number
on micropillar chips. CBiPS cells were mixed with Matrigel in four different densities and
spotted onto MicroPillar chips. One hour after printing, the chips were stained with (a - c)
Hoechst, (d - f) calcein and (g - i) EtHD. The chips were scanned and the resulting images were
processed for background subtraction and cell counting. (a, d, g) show the relation between
mean fluorescence intensity and cell count, per pillar, before background subtraction (black
dots) and after (white dots). (b, e, h) show the relation between mean fluorescence intensity
after background subtraction and cell count, averaged per experimental condition, as mean +
SEM. (c, f, i) are representative images of each condition after background subtraction, each
row corresponding to a different cell density, ordered top-down from higher to lower. Scale
bar =500 um.
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To establish a reliable quantitative method, the relation between mean fluorescence
intensity and cell number was assessed. Suspensions of CBiPS cells with different densities
(2.5 % 108 cells/mL or 150 cells/spot; 5 x 108 cells/mL or 300 cells/spot; 1 x 107 cells/mL or 600
cells/spot, and 1.5 x 107 cells/mL or 900 cells/spot) were prepared in 5 mg/mL Matrigel,
spotted onto a MicroPillar chip and incubated in TeSR-E8 medium with ROCKi for 1 hour,
followed by Live/Dead and Hoechst staining. The chip was dried and scanned, and the images
processed. A simple automatic algorithm was used to determine an approximate cell number
per pillar, based on fluorescence intensity peaks. The results showed that the estimated cell
number and the mean fluorescence intensity of each dye were linearly correlated, both
before and after background subtraction (Figure 111.7 — a - i). Background subtraction allowed
the reduction of replicate absolute dispersion, as indicated by the standard deviation of the
fluorescence intensity of each condition, by an average of 33.9% in the case of Hoechst, 0.3%
in calcein and 55.9% in EtHD (Figure IIl.7 — a, d, g). When the data-points were averaged per
condition, the linear regressions of fluorescence intensity as a function of cell number yielded
R? > 0.99 in all three fluorescence channels (Figure 111.7 - b, e, h), thus validating the use of
mean fluorescence intensity as an indicator of cell number. This experiment further showed
that CBiPS cells retained approximately 76% viability one hour after printing, but additional
experimental replicates will be required to confirm this result.

To investigate the viability and growth on-chip of hiPSC over time, CBiPS cells were
printed in Matrigel, 300 cells/spot, and incubated in either mTeSR1 or TeSR-E8 media, with
ROCKi for the first 48 hours. Because spot degradation at later days and inconsistent cell
survival were observed in preliminary experiments, media supplementation with 100 pg/mL
Matrigel, 10 ng/mL FGF, or both, were tested to evaluate the effects on spot stability and
dispersion of initial survival, respectively. Staining with Live/Dead and Hoechst was performed
ondays 1, 3,5, and 7, and the resulting images were processed for background subtraction
and fluorescence quantification. Cellular viability was analyzed using a simple algorithm in
MATLAB, by iteratively estimating two factors that yielded the least difference between the
sum of the fluorescence intensities of calcein and ethidium homodimer and the intensity of

Hoechst, as described in Chapter Il.
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All the conditions tested allowed the growth of hiPSC for 7 days (Figure l11.8 —a - f). In
mTeSR1 medium, the cells generally displayed a lag phase of approximately two to three days,
evidenced by the residual increase in calcein fluorescence (Figure 111.8 — a) and estimated
viability (Figure IIl.8 — b) between days 1 and 3, and reached a plateau at around day 5. TeSR-
E8 medium, on the other hand, appears to have reduced the lag phase, with over 3-fold
increases in calcein fluorescence in all conditions except in Matrigel and FGF supplementation
(Figure 111.8 — d), and over 10% relative increases in estimated viability in all conditions (Figure
1.8 — e). All conditions appear to reach a plateau on day 5, except TeSR-E8 with FGF
supplementation which, unexpectedly, displayed a more linear growth pattern. Cells grown
in TeSR-E8 with Matrigel and FGF supplementation showed a steeper increase in calcein
fluorescence between days 3 and 5, followed by a decrease at day 7, evidencing limited
growth capacity within the 3-D matrix and increased cell death above a certain threshold.
Consistent with this, the estimated viability decreased considerably between days 5 and 7.
Nevertheless, on day 7, the cells cultured in mTeSR1 supplemented with Matrigel and
Matrigel plus FGF displayed a higher fluorescence intensity than the conditions without
Matrigel, suggesting that it may enhance the capacity of the encapsulation matrix to preserve
cellular proliferation. In terms of matrix stability, Matrigel supplementation appeared to delay
the degradation of the spots, as indicated by the rounder cell colonies on day 7 in the
conditions containing this supplement, opposed to the flatter colonies in the conditions
without it. FGF supplementation did not appear to produce any effect in terms of cell survival.
Further experiments will be needed to confirm these results.

The proliferation of hiPSC on-chip does not necessarily imply self-renewal, as these
cells are prone to spontaneous differentiation. To evaluate the maintenance of pluripotency
on-chip, CBiPS cells were spotted onto a MicroPillar chip, incubated in TeSR-E8 and, after
seven days, stained for pluripotency markers OCT4, SOX2, or SSEA4, by immunofluorescence.
Although co-expression was not analyzed, all the pillars stained positive for marker
expression, suggesting that pluripotency is maintained on-chip at least through to day 7
(Figure 111.9 — a - c). Differentiated cells were, nevertheless, detected in some pillars by lack of
marker expression, although they generally represented a small fraction of the total number

of cells.
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Figure 111.9 — Pluripotency maintenance of CBiPS cells in Matrigel-based microarrays,
on the MicroPillar/MicroWell chip system. Cells were mixed with Matrigel, spotted onto the
MicroPillar chip and incubated in TeSR-E8 medium for seven days. Pluripotency was assessed
by immunostaining for (a) OCT4, (b) SOX2 and (c) SSEA4, displayed in green. Cells were
counterstained with Hoechst, displayed in blue. Dashed circumferences represent
approximately the borders of the micropillars. Scale bar = 200 um.

[11.5. Exploratory testing of combinatorial media supplementation on

pluripotency maintenance

Considering that the MicroPillar/MicroWell system was able to sustain hPSC growth
and pluripotency maintenance in regular culturing conditions, its functionality as a screening
platform was assessed. CBiPS cells were printed onto MicroPillar chips in Matrigel, 300 cells
per spot, following the procedure adopted in previous experiments, but combinations of
different soluble compounds and growth factors were added to TeSR-E8 medium, specifically
a) Matrigel, 20 pg/mL, b) heparin, 10 ug/mL, c) hyaluronic acid, 20 pg/mL, d) FGF2, 10 ng/mlL,
and e) epidermal growth factor (EGF), 10 ng/mL. All different possible combinations were
tested, along with an untreated control condition, in a total of 32 experimental conditions.
The cells were cultured for seven days under these conditions, with daily media changes, after
which the chip was dried and stained for OCT4 expression by immunofluorescence.

While the results did not provide any marked differences between experimental

conditions, there is a suggestion that some of the combinations may have led to the loss of
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pluripotency in some of the cells, with a decrease in OCT4-specific fluorescence of about 20%
relative to the untreated control (Figure I11.10). The combinations of hyaluronic acid with FGF
or with EGF were the only that suggested an increase in OCT4 expression, although it was

limited to about 5%.

MG - + - - + + - +
Heparin - - + - + - + +
HA - - - + - + + +

C

FGF

EGF

FGF + EGF

0.6 1 14
Oct4+ fluorescence intensity relative to control

Figure 111.10 — Effect of combinatorial medium supplementation on the expression of
OCT4. CBIiPS cells were mixed with Matrigel spotted onto MicroPillar chip and incubated in
TeSR-E8 medium with combinations of Matrigel 20 pg/mL (MG), heparin 10 ug/mL,
hyaluronic acid 20 pg/mL (HA), FGF2 10 ng/mL (FGF) and epidermal growth factor 10 ng/mL
(EGF). Unsupplemented medium was used as control (C), and relative OCT4 expression was
assessed by immunofluorescence after seven days. The heatmap represents the OCT4-
specific average fluorescence intensity, normalized with Hoechst, with red indicating lower
fluorescence and green indicating higher fluorescence, relative to the control. n >=3in all
conditions except the one marked with *, where n = 2.

I11.6. Discussion and main conclusions

The development of a three-dimensional cellular microarray platform capable of
performing screening tests on hPSCs would, in theory, allow the high-throughput generation
of quantitative data regarding cell proliferation, viability, and differentiation upon different
combinations of stimuli. This study describes several of the strategies employed to develop

such a platform and the subsequent tests performed to validate its usefulness.
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The first strategy consisted of a glass-based microarray with the encapsulation of cells
in alginate. This platform had been previously shown to allow the growth and differentiation
of mouse embryonic stem cells (Fernandes TG etal, 2010) The tests carried out using hESC line H9
and hiPSC line DF19, however, were not successful as it was not possible to retain cell viability
past the initial 24 hours. Human and mouse embryonic stem cells, although sharing the same
designation, require different conditions in culture and it is now fairly established that each
represents a different stage of pluripotency (ZhaoH &JinY, 2017; Nichols J & Smith AG, 2009) ' Qne striking
difference is that mESCs tolerate single-cell dissociation, while this process promotes
apoptosis in hESCs. As the microarraying protocol used required single-cell dissociation, a
ROCK inhibitor was added to the culture medium as an attempt to mitigate the apoptotic
effect (Watanabe Ketal,, 2007) Hgwever, all the conditions tested resulted in massive cell death. It
is possible that alginate, being a relatively inert matrix, does not allow the single cells to
establish any connections, either with any extracellular matrix components or with other
cells, thus promoting cell death. Although alginate has been previously described as an
effective encapsulation matrix for hPSCs, the cells were then encapsulated as aggregates ¢
M etal, 2011; Siti-lsmail N et al, 2008) Thjs [imitation is further supported by the fact that the addition
of dilute Matrigel to the culture media improved, although only slightly, the cell viability after
24 hours.

The second strategy tested involved the use of Matrigel as an encapsulating matrix.
Matrigel has been extensively shown to support the attachment and self-renewal of hPSCs in
traditional culture platforms (ChenKGetal, 2014) 3nq consistent with this, it allowed cell survival
and proliferation of encapsulated DF19 cells on the microarray. However, due to its softer
and labile nature, other limitations were identified, such as spot degradation and
detachment, and evasion of cells from the spots and onto the surrounding glass surface.
These issues impact both the robustness and accuracy of the microarray as a screening
platform due to the loss of replicates and the lack of confinement of the cells. Furthermore,
the fast degradation of the matrix resulted in a cell phenotype much more resembling of a 2-
dimensional culture by day 7.

In an attempt to surpass these limitations, a mixture of alginate and Matrigel was
tested, using different growth media and salts for alginate cross-linking. The use of mTeSR1
medium with calcium-cross-linked alginate was the only of the tested conditions that enabled

the survival of DF19 cells on day 7, with an approximate 5-fold expansion, while both calcium-
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and barium-cross-linked alginate with TeSR-E8 allowed the expansion of CBiPS cells. The use
of calcium-cross-linked alginate appeared to outperform barium in both media during the
initial 5 days, suggesting that the cells may favor the softer nature of the calcium-generated
matrix and/or that the barium might have a residual toxic effect. It is also interesting to note
that, although TeSR-E8 medium did not support DF19 cell survival after the removal of ROCK
inhibitor, it appeared to yield higher initial viability after printing. While the issue of cell
survival was solved, this strategy did not prevent cell evasion from the spots. One of the
strongest arguments in favor of using cellular microarrays is the possibility to test many
independent replicates in parallel. The lack of cell containment compromises the
independence and integrity of each replicate and is, therefore, a highly detrimental limitation.

The final strategy tested was a MicroPillar/MicroWell chip system composed of two
complementary chips. This system improved on the previous two by allowing complete
independence between replicates as well as higher throughput in terms of parallel conditions,
since each replicate is in its independent well. Using Matrigel as the encapsulating matrix, this
system enabled robust cell survival and expansion to about 5-fold after the first 5 days. From
day 5 to day 7, the results suggest that the cells stopped expanding, although another possible
explanation is that Matrigel degradation may have led to poor cell retainment. Despite slight
timepoint differences, both mTeSR1 and TeSR-E8 media yielded similar results in terms of cell
expansion and cell viability. Immunostaining for pluripotency markers revealed that CBiPS
cells retained the expression of OCT4 and SSEA-4 after seven days on the microarray in TeSR-
E8 medium, thus suggesting pluripotency maintenance. For further evidence, this expression
should be quantified in future experiments, as well as the co-expression of several markers,
since the presence of differentiated cells was also detected.

The functionality of the system as a screening platform was evaluated by testing OCT4
expression after incubation with different combinations of growth factors and extracellular
matrix compounds. The tested compounds included FGF2, EGF, Matrigel, heparin, and
hyaluronic acid. FGF2 is one of the main components of hPSC culture media and has been
shown to promote pluripotency maintenance (Levenstein MEetal, 2006) - On the other hand, data on
the effect that EGF might have on pluripotency maintenance is very scarce. Both heparin (Furue
MK et al., 2008) gnd hyaluronic acid (Gerecht s etal, 2007) haye also been associated with pluripotency
maintenance, although heparin has recently been reported to enhance cardiac specification

under differentiation conditions (tnYetal, 2017) 'Ajthough the results obtained were generally
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inconclusive, there were some indications that the addition of Matrigel and EGF to the growth
medium might lead to reduced expression of OCT4, whereas the supplementation with
hyaluronic acid may enhance it. The inconsistent results are indicative that further
optimization is required, particularly on the immunostaining protocol. Additional experiments
will be necessary to validate the outcomes.

Overall, this study described the testing of several platforms and strategies, and the
development of a functional high-throughput cellular microarray system for studies on
human pluripotent stem cells, with Matrigel as an encapsulating matrix. While the system is

not completely optimized, these results provide a solid base for future studies.
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IV. Characterization of human
pluripotent stem cell spheroids

cultured in static suspension



IV.1. Introduction

Over the last 20 years, the great majority of the studies performed on human
pluripotent stem cells relied on 2-dimensional culture platforms. While these provide a
simplistic model with better control of variables and less confounding effects, they may not
be fully suited to recapitulate the 3-dimensional physiological environment, particularly
regarding cell-cell contacts, soluble factor gradients and biomechanical cues (Baker BM & Chen Cs,
2012)'

In 2000, Itskovitz-Eldor et al. reported that hESCs were able to aggregate when
cultured in suspension and to generate progeny from all three germ layers as embryoid bodies
(Itskovitz-Eldor J etal., 2000) Tean years later, Steiner et al. described a method for the culture of hPSCs
as spheroids in suspension, with the maintenance of pluripotency (Steiner Detal, 2010) ‘cy|tyre of
hPSCs as spheroids has since been extensively reported as a 3-dimensional alternative to
adherent models, as well as an efficient scalable method for expansion (tei Y & Schaffer DV, 2013; Wang
Yetal, 2013; Chen VCetal, 2012) However, not many studies focused on the actual characterization of
hiPSC cultured as aggregates nor on how these cells respond to external stimuli in comparison
with cells cultured in 2-dimensions. The specification and optimization of culture and
differentiation conditions is a critical step towards the use of pluripotent stem cells in clinical
applications. Consequently, the extensive characterization of in vitro models is essential to
ensure their robustness and significance.

In this chapter, hiPSC spheroids were characterized in terms of morphology and gene
expression over time. Furthermore, the effect of different pre-detachment cell densities was
assessed in terms of spheroid number and morphology. Finally, the effect of some of the
conditions tested on the microarray platform described in Chapter Ill was evaluated in both

2-D and 3-D cultured cells.

IV.2. Characterization of hiPSC spheroids growth under static defined

conditions

In order to characterize the growth of hPSCs spheroids in terms of cell number, CBiPS
cells were incubated with ROCK inhibitor Y-27632 (ROCKi) for 1 hour before detachment and

single-cell dissociation using Accutase, resuspended in Essential 8™ (E8) medium containing
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ROCKi and plated on Ultra-Low attachment plates, 1 x 10° cells per well, or on Matrigel-coated
tissue culture-treated plates, 2 x 10° cells per well. The number of cells was assessed daily.
While some cell death was observed on day 1 in cells cultured on Matrigel, these cells had
recovered by day 2 and displayed exponential growth until day 4, plateauing on day 6 (see
Figure IV.1 — a, orange dataset). On the other, the death of cells cultured in suspension was
much more pronounced during the first two days, with the exponential phase appearing to
start only by day 4.

The size and morphology of hiPSC spheroids were evaluated by image analysis.
Microphotographs of the cellular aggregates were taken between days two and seven,
processed using MATLAB and the diameter was calculated based on the section area. In terms
of size, the spheroids displayed an approximately linear increase in diameter between days 2
and 6, with an apparent plateauing at day 7, with a median of 183 pm * 21 um (Figure IV.1 —
b). The kernel density estimation of the diameter distributions corroborated the consistent
growth with clearly defined peaks, although suggesting an increase in size dispersion between
days 2 and 5, followed by concentration until day 7 when 90% of the estimated density was
between 139 um and 236 um (Figure IV.1 — c - f). In terms of morphology, the spheroids’
cross-sections displayed a consistent circularity throughout the experiment, which correlates
with edge smoothness. The pronounced spike on day 3 may be best explained by sampling
error (Figure IV.1 — g). As for eccentricity, which refers to the difference between major and
minor axes of the spheroids’ cross-sections, there was a median decrease of 42.3% between
days 2 and 7, suggesting that the aggregates became more spherical as days progressed

(Figure IV.1 —h).

IV.3. Expression of pluripotency and differentiation markers in hiPSC

spheroids

Several studies have previously shown that hiPSCs cultured as spheroids under
appropriate conditions retain the expression of pluripotency markers, as well as the ability to

differentiate into all three embryonic Iineages (Li X et al., 2018; Chen VCet al., 2012; Zweigerdt R et al., 2011; Steiner

Detal, 2010) However, there is a limited number of reports focusing on the actual impact that
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this culture method may have on the expression of genetic markers versus traditional

monolayer culture.
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Figure IV.1 — Characterization of hPSC growth as spheroids in suspension. (a) Daily cell
count of CBIPS cells cultured on either Matrigel-coated tissue culture plates (orange) or low-
attachment plates (blue). Results presented as mean + SD, n > 3 except datapoint for day 1 of
cells cultured on Matrigel, where n = 1. (b — h) Variation of CBiPS spheroid diameter
distribution and morphology over time. Basic statistical estimators are presented in (b), where
the bars represent the median, the red dots represent the mean and the error bars represent
the median absolute deviation (MAD). The key features of kernel density estimation (KDE) are
presented in (c) where the bars represent the diameter at the density peak, error bars
represent the minimum diameter range that contains 75% of density, and red bars represent
the minimum diameter range that contains 90% of density. Representation of kernel density
estimation (KDE) of CBiPS diameter distribution on (d) day 2, (e) day 5, and (f) day 7. KDE with
Gaussian kernel, bandwidth = 12. (g) presents the circularity of spheroids, median = MAD. (h)
presents the eccentricity of spheroids, median + MAD. >144 cellular aggregates per data point.
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To evaluate the impact of 3-D culture on the expression of key genetic markers, CBiPS
cells were incubated with ROCKi for 1 hour, detached and dissociated to single cells using
Accutase, and replated on Ultra-Low attachment culture plates. The cells were cultured in E8
medium with ROCKi during the first 24 hours, with partial medium exchange daily. Samples
were collected on days 0, 1, 3, 5, and 7, and the expression of genetic markers on spheroids

was quantified using quantitative PCR (qPCR).
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Figure IV.2 — Expression of pluripotency and differentiation genetic markers in hiPSC
cultured as spheroids. CBiPS cells were plated as single cells on low-attachment plates and
cultured in E8 medium with ROCKi during the first 24 hours. Quantitative PCR analysis was run
on samples from days 0, 1, 3, 5, and 7, using GAPDH as the internal control, to evaluate the
relative expression of (a) POU5F1 (OCT4), (b) CDH1 (E-cadherin), (c) SOX1, (d) SOX17, and (e)
T (Brachyury). The expression on day O was used as the experimental control. Results
presented as the relative quantification (RQ) of base 2 of the AACT between day 0 and days 1-
7 + SE. Experimental replicates > 2 per condition.

The results suggest that the expression of POU5F1, the gene for OCT4, was not very
much affected by the culture method, with AACT variations of less than 25% relative to day O
(Figure IV.2 —a). As for CDH1, which codes for E-cadherin, there was a sharp 47% decrease on
day 1, followed by an increase and plateauing on day 7, with an expression about 50% higher

more than at day 0 (Figure IV.2 — b). Although the differences in the expression of the
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pluripotency markers tested were not very pronounced, there were considerable changes in
terms of the expression of differentiation markers. The expression of SOX1, an early marker
of ectodermal differentiation, was over eight times higher on day 1 than on day 0. Throughout
the experiment, the expression decreased to about 280% of the control by day 7 (Figure IV.2
—c). SOX17, a genetic marker for definitive endoderm precursors, had an expression pattern
very similar to SOX1, although higher — on day 1 it was overexpressed by 15-fold relative to
day 0O, followed by a gradual decrease down to 4-fold by day 7 (Figure IV — d). As for the
expression of mesendodermal differentiation marker T, the results indicated a sharp decrease
on day 1, at 12% of the control, followed by an increase to about 65% on day 7 (Figure IV.2 —

e).

E-cadherin Hoechst

Figure IV.3 — Expression of pluripotency and cell proliferation markers in hiPSC
cultured as spheroids. CBiPS were plated on low-attachment plates and cultured as aggregates
in E8 medium for 7 days. Aggregate sections were immunostained for (a) OCT4 (green), (b) E-
cadherin (red) or (c) Ki-67 (green), counterstained with Hoechst (blue), and analyzed by
confocal microscopy. Scale bar = 100 um.

To further evaluate the expression of pluripotency markers, sections of 7-day CBiPS
aggregates were immunostained and analyzed using confocal microscopy. OCT4 and E-
cadherin were expressed across the entire sections, indicating the maintenance of

pluripotency (Figure IV.3 — a and b, respectively). The expression of proliferation marker Ki-
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67 was also assessed, with cells on the outside staining more brightly than cells on the inside,

thus suggesting higher proliferation on the outside (Figure IV.3 —c).

IV.4. Effect of pre-seeding cell density on the efficiency of hiPSC

spheroid production

A significant initial challenge in the generation of hPSC aggregates was related to the
poor viability of these cells when dissociated to single cells. This limitation was largely
overcome by the use of ROCKi, which counters dissociation-induced apoptosis (Steiner D etal,, 2010;
Watanabe Ketal., 2007) - Nevertheless, considerable inconsistency was observed among experiments
in terms of cell survival and spheroid production after plating in non-adherent conditions.

One of the variables that were not being particularly controlled in previous
experiments was the cellular density at the time of cell detachment, before plating in
suspension. To test if this variable was influencing the yield of spheroid production, CBiPS
cells were plated as clumps at different densities on Matrigel-coated plates and cultured for
four days in E8 medium. The cells were then incubated with ROCKi for 1 hour, detached and
dissociated to single cells using Accutase and replated on Ultra-Low attachment culture plates
for aggregation. The number of aggregates was estimated by sampling on day 1 and directly
assessed on day 7, along with the estimation of cell number. While it was not possible to
establish a clear correlation by regression analysis, Spearman’s rank correlation test returned
a coefficient of 0.66 with a p-value < 0.05 between pre-seeding cell density and the aggregate
number on day 1, suggesting that higher pre-seeding cell densities promote increased
aggregate generation (Figure V.4 — a). Conversely, the opposite trend was observed in terms
of aggregate number and cell number on day 7, with negative coefficient values under -0.6
indicating an inverse correlation (Figure IV.4 — b and c, respectively). A coefficient of 0.47
between pre-seeding cell density and the number of cells per aggregate was also observed,
hinting that higher pre-seeding densities may lead to larger aggregates. However, the p-value
of 0.15 indicates low statistical significance (Figure IV.4 — d). A higher number of data points

should clarify these results.
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Figure IV.4 —Effect of pre-seeding cell density on hiPSC spheroid yield. CBiPS cells were
plated on Matrigel-coated plates at different densities. Four days later, the cells were
detached, dissociated and replated on low-attachment plates and cultured for seven days in
E8 medium. The number of aggregates was assessed on (a) day 1 and (b) day 7. (c - d) The cell
number was assessed on day 7, both in (c) absolute terms and (d) relative to the number of
aggregates. The pre-seeding cell density corresponds to the cellular density before
detachment and replating in suspension. Results of Spearman’s rank correlation test displayed
in terms of coefficient (p) and p-value. Dotted lines represent the result of linear regression.

The effect of pre-seeding cell density was further characterized in terms of spheroid

size and morphology on day 7. The aggregate diameter appears to be correlated with the
density, with a coefficient of 0.52, however, the p-value of 0.11 does not grant the test
statistical significance (Figure IV.5 — a). To understand if the dispersion of the diameter
distribution was being affected, the correlation between pre-seeding density and the median
absolute deviation of the spheroid diameter was also evaluated. Surprisingly, the test
returned a strong correlation coefficient of 0.83, with a p-value < 0.005, thus indicating that
higher densities promote increased dispersion of aggregate size (Figure IV.5 — b). In terms of

morphology, lower pre-seeding cell densities appear to promote slightly more spherical-
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shaped aggregates, with a moderate inverse correlation between density and circularity and

a moderate correlation between density and eccentricity (Figure IV.5 — c and d, respectively).
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Figure IV.5 — Effect of pre-seeding cell density on the size and morphology of hiPSC
spheroids. CBiPS cells were plated on Matrigel-coated plates at different densities. Four days
later, the cells were detached, dissociated and replated on low-attachment plates and
cultured for seven days in E8 medium. On day 7, the aggregates were evaluated in terms of
(a) median diameter, (b) median absolute deviation of diameter, (c) median circularity, and (d)
median eccentricity. The pre-seeding cell density corresponds to the cellular density before
detachment and replating in suspension. Results of Spearman’s rank correlation test displayed
in terms of coefficient (p) and p-value. Dotted lines represent the result of linear regression.

IV.5. Characterization of hiPSC spheroid culture with combinatorial

medium supplementation

The extensive characterization of a cellular model should not only focus on basal

growth and phenotype but also the cellular response to specific stimuli. In Chapter lll, a 3-D

cellular microarray platform was used to screen different combinations of medium

supplements, evaluating their effect on the maintenance of OCT4 expression. Part of the
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tested conditions was replicated on hiPSC spheroid culture to determine their effect on

spheroid size and morphology.
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Figure IV.6 — Effect of combinatorial medium supplementation on the number of hiPSC
aggregates. CBiPS were plated on low-attachment plates and cultured as aggregates in E8
medium for seven days, supplemented with combinations of FGF2 10 ng/mL (FGF), EGF 10
ng/mL (EGF), heparin 10 pug/mL (Hep) and Matrigel 20 pg/mL (MG). Results correspond to the
estimated total number of aggregates on day 1, based on the average of 30 microphotographs
per condition. Error bars correspond to SEM.

CBiPS cells were plated on Ultra-Low attachment plates and cultured in suspension in
E8 medium with ROCKi during the first 24 hours, and with different combinations of basic
fibroblast growth factor 10 ng/mL (FGF2), epidermal growth factor 10 ng/mL (EGF), Matrigel
20 pg/mL (MG) and heparin 10 pg/mL (Hep). To evaluate how the different conditions
affected the initial cell survival and aggregate formation, the number of aggregates was
estimated on day 1. None of the conditions resulted in a higher aggregate number than the
control. However, of all the compounds tested, the only that appears to have caused a
significant impact on the initial number of aggregates was Matrigel, as all combinations
including it yielded a considerably lower number of aggregates relative to the control (Figure
IV.6). Heparin, when added on its own, with FGF, or with EGF, had very little effect when

compared to the control, FGF, or EGF, respectively. FGF and EGF had a very similar effect
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overall, although with slightly lower aggregate numbers than the control. It is interesting to
note that these growth factors, in particular FGF, appear to mitigate the effect of Matrigel,
since FGF/MG and FGF/MG/Hep vyielded a considerably higher number of aggregates than
MG and MG/Hep, respectively.

The effects of the different combinations of compounds on the size and morphology
of the spheroids were also assessed. Figure V.7 displays the kernel density analysis of the
diameter distributions, with relatively clear peaks in all conditions tested, although the
position of the peak and the curve width/dispersion and skewness vary considerably. The
control resulted in the peak at the higher diameter value, 181 um (Figure IV.7 — a). This is
consistent with the sample median diameter of 187 um + 31 um (Figure 1V.8 — a). FGF resulted
in a peak at a lower diameter value (147 um) but with higher density, indicating that the
distribution was less disperse (Figure IV.7 — b). On the other hand, EGF yielded a distribution
peaking at a slightly lower diameter than the control but also with a lower density (Figure IV.7
— c). All the other conditions tested yielded wider curves, indicating that the addition of
heparin and Matrigel to the culture medium led to higher heterogeneity in diameter size.
Matrigel, in particular, appeared to sharply increase the heterogeneity, as suggested by the
wider and more irregular curves (Figure IV.7 — g - i) and by the larger minimum diameter span
for 90% of the density (Figure IV.8 —b). However, it is also suggested that the combination of
Matrigel and heparin partially mitigated this effect, with more defined peaks and with higher
densities (Figure IV.7 —j - 1).

111



0,002

S a Control b FGF c EGF
I
£
@ 0,001
2
‘©
c
[}
a
0,000
0,002
< d Hep e FGF + Hep f EGF + Hep
I
£
8 0,001
2
‘©
c
[
0,000
0,002
c g MG h FGF + MG i EGF + MG
9
IS
£
@ 0,001
2
‘@
c
()
e M 4/\_\/\“ /\\/;
0,000
0,002
j Hep + MG k FGF + Hep + MG | EGF + Hep + MG
S
o
E
% 0,001
()
2 / \
c
[}
2 0,000
0 200 400 600 0 200 400 600 0 200 400 600
Diameter (um) Diameter (um) Diameter (um)

Figure IV.7 — Kernel density estimation of the diameter of hiPSC spheroids with
combinatorial medium supplementation. (a —I) CBiPS were plated on low-attachment plates
and cultured as aggregates in E8 medium for seven days, supplemented with combinations of
FGF2 10 ng/mL (FGF), EGF 10 ng/mL (EGF), heparin 10 pg/mL (Hep) and Matrigel 20 pug/mL
(MG). Unsupplemented medium was used as control. KDE with Gaussian kernel, bandwidth =
12. Results representative of > 112 cellular aggregates per condition.

In terms of morphology, the different combinations do not appear to have significantly
affected the circularity of the cellular aggregates, with all the median values ranging between

0.69 and 0.73 (Figure IV.8 — c). This is not the case for eccentricity, though, with the control
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condition yielding the lowest median value (0.34 + 0.10) and heparin appearing to generally

promote higher values (Figure IV.8 — d).
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Figure IV.8 — Characterization of hiPSC spheroids regarding size and morphology after
culture with combinatorial medium supplementation. (a - b) Statistical analysis of spheroid
diameter distribution. Basic statistical estimators from samples are presented in (a), where the
bars represent the median, the red dots represent the mean and the error bars represent the
median absolute deviation (MAD). The key features of kernel density estimation (KDE) are
presented in (b) where the bars represent the diameter at the density peak, error bars
represent the minimum diameter range that contains 50% of density, and red bars represent
the minimum diameter range that contains 90% of density. Gray bars correspond to the
unsupplemented control condition. (¢ — d) The morphology of the spheroids was analyzed in
terms of (c) circularity and (d) eccentricity. Results expressed as median + MAD. > 112 cellular
aggregates per condition.
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IV.6. Study of the effect of combinatorial medium supplementation on
the expression of pluripotency and differentiation markers in 2- and

3-D culture systems

While the results obtained from the combinatorial medium supplementation
experiment on the microarray platform in the previous chapter were not conclusive, there
were indications that some of the conditions tested led to decreased expression of OCT4,
which could be indicative of loss of pluripotency. The results previously described suggest that
these conditions favor alterations in terms of spheroid size and morphology. In order to
further understand how the cells respond to these stimuli in regard to pluripotency and
differentiation marker expression, the same conditions were tested on standard-scaled
monolayer or spheroid culture systems.

CBiPS cells were plated on either Matrigel-coated culture plates or Ultra-Low
attachment plates as spheroids, and cultured in E8 medium supplemented with the same
combinations tested in the previous section. After seven days, the cells were detached and/or
dissociated and processed for flow cytometry to assess the expression of OCT4. In 2-D culture,
despite small variations, the fraction of OCT4-positive cells remained very close to the control
in almost all conditions, with some of the conditions with heparin leading to a decrease close
to 10% (Figure IV.9 — a). The effect of heparin becomes much more evident when the average
fluorescence intensity is considered. Figure IV.9 — b shows that all the conditions with heparin
led to a considerable decrease in the average fluorescence intensity relative to the control, of
up to 29% in EGF/Hep/MG. Heparin alone led to a decrease of 23%. These results also suggest
an increase of the average fluoresce in conditions with Matrigel and/or FGF, without heparin.
In spheroid culture, all the conditions with heparin led to a significant decrease in the fraction
of OCT4-positive cells relative to the control, with heparin alone causing a 44% reduction
(Figure IV.9 — c). While the fraction of OCT4-positive cells did not seem to be affected in
combinations without heparin, the average fluorescence intensity was lower in all the test
conditions, relative to the unsupplemented control (Figure IV.9 — d). When taken together,
these results suggest a considerably different response to the same conditions between cells

cultured in 2-D and 3-D, particularly regarding the effect of heparin.

114



QD
(@)

1,60 I 1 1,60 I 1
1 1 1 1
© 1,40 : : v 1,40 : :
c:6_1,20 ! ! 5_1,20 ! !
51,00 M ! ! © 51,00 [+ ! !
2 E 030 l 1 2 € (g0 ! !
88 ' 1 1 88 ' 1 1
+ £ 060 : : 5 2060 : :
8 0,40 : : 8 0,40 : :
0,20 : | 0,20 ! I
0,00 L : : 0,00 L : :
: i : :
b : | d : :
1,60 ! 1 1,60 ! !
1
g _ 140 ! ! g _ 140 ! !
c 2120 ! ! c 21,20 ! !
[CR =N 1 1 [CRE=1a 1 1
$ 51,00 = ] ' 28100 M ' |
g() ' 1 1 g(_) ! 1 1
5 2 0,80 ! ! 5 20,80 ! !
é“’ 1 1 éo 1 1
= 2 0,60 | ! = 2 0,60 | |
<t @© 1 1 < ®© 1 1
5 © 0,40 ! ! 5o 0,40 ! !
© 70,20 : . © 70,20 I : I i: I i
1
0,00 *~ ! : 0,00 Y ! !
FGF - - - -+ + + +|- - - - FGF - - - -1+ + + +,- - - -
1 1 1 1
EGF - - - -!- - -« -4+ + + + EGF - - - -!- - - -+ + + +
Hep -+ - +:- + - +:- + - + Hep - + - +:- + - +:- + - +
1 1 1 1
MG - - + +1- - + +]- - + + MG - - + +1- - + +1- - + +

Figure IV.9 — Flow cytometric analysis of OCT4 expression in hiPSC after culture with
combinatorial medium supplementation, in 2-D and 3-D systems. CBiPS cells were cultured
either (a — b) attached on Matrigel-coated plates or (c — d) as spheroids in suspension, in E8
medium supplemented with combinations of FGF2 (FGF), EGF, heparin (Hep), and Matrigel
(MG). Results displayed in terms of (a, c) the fraction of OCT4-positive particles relative to the
control and (b, d) the average fluorescence intensity relative to the control. White bars
correspond to the control condition. Error bars refer to standard deviation. Number of events
> 10000 per condition, n = 2.

To further understand how the different combinations of compounds affect hiPSC
spheroids in term of pluripotency and differentiation, the expression of genetic markers was
assessed by gPCR, again at day 7. Consistent with the flow cytometry results, all the condition
containing heparin led to a marked decrease in the expression of POU5F1, with heparin alone
resulting in a 69% reduction relative to the untreated control. As for the other compounds
tested, the results were very similar to the untreated control, with the most significant effect

being a 19% reduction in the condition with FGF alone (Figure IV.10 —a). Similar results were
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observed regarding NANOG expression, with all Hep+ conditions leading to a sharp decrease
while MG+/Hep- conditions resulted in a slight increase (Figure IV.10 — b). In terms of
differentiation, three genetic markers were assessed. The expression of SOX1 was lower by
30% and 29% in the cells cultured with Heparin alone and Matrigel alone, respectively, while
the combination of both compounds resulted in an expression closer to the untreated control,
with only a 13% decrease. The addition of FGF appeared to mitigate these effects, with the
expression of SOX1 in all FGF+ conditions being close to the control, except FGF+/Hep+/MGH+,
where the expression increased by 43%. The most evident effect on SOX1 expression was
caused by the combinations containing EGF and heparin, with over two-fold the expression
in the control, suggesting some bias towards ectodermal commitment (Figure 1V.10 — c). As
for SOX17, similarly to SOX1, its expression was slightly decreased in the conditions with
heparin alone and Matrigel alone. However, the combination of the two compounds led to a
considerable increase to over 2-fold the expression in the control, in conditions both with and
without the growth factors (Figure 1V.10 — d). T was overexpressed in all Hep+ conditions,
suggesting that the compound may promote or introduce a bias towards mesendodermal
differentiation. Also, while it did not appear to affect the other two differentiation markers,
FGF seemed to have slightly inhibited the expression of T, with a decrease of 34%.

Taken together, these results strongly suggest that the addition of heparin to the
culture medium has different effects on cells cultured in 2-D and 3-D, with a considerably
more likely loss of pluripotency in cells cultured as spheroids when compared to cells cultured
in monolayer. Furthermore, the increase in the expression of T gene in Hep+ conditions is
suggestive of epithelial-mesenchymal transition, which is typically accompanied by a strong
reduction in CDH1/E-cadherin expression. To assess the difference between the response of
the two culture systems, clarify the cellular phenotype regarding pluripotency, and to gain
some insight into the potential role of E-cadherin in this effect, a direct 2-D versus 3-D

comparison was carried out.
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Figure IV.10 — Expression of pluripotency and differentiation genetic markers in hiPSC
spheroids after combinatorial medium supplementation. CBiPS cells were cultured as
spheroids in suspension for seven days, in E8 supplemented with combinations of FGF2 (FGF),
EGF, heparin (Hep), and Matrigel (MG). Quantitative PCR analysis was run, using GAPDH as the
internal control, to evaluate the relative expression of (a) POU5F1 (OCT4), (b) NANOG, (c)
SOX1, (d) SOX17, and (e) T (Brachyury). Expression in sample cultured in the unsupplemented
medium was used as the experimental control. Results presented as the relative quantification
(RQ) of base 2 of the AACT between control and test conditions + SE. Experimental replicates
> 2 per condition.

CBiPS cells were dissociated to single-cells and plated on either Matrigel-coated plates

for monolayer culture or Ultra-low attachment plates for spheroid culture. Two seeding

117



densities were tested in monolayer culture to control the effect of cell density. The cells were
cultured for seven days in E8 medium with or without heparin, after which they were
processed for qPCR to evaluate the expression of POU5F1 and CDH1. Consistent with the
previous results, the expression of POUSF1 decreased in all conditions containing heparin,
although, this decrease was particularly stronger in cells cultured as spheroids, with a 64%
reduction from the expression on day 0. There was also a considerable difference between
the two seeding densities in monolayer-cultured cells, suggesting that cell density may play a
role in the observed effect (Figure IV.11 — a). As for the expression of CDH1, there was a
striking difference between the two culture systems — while heparin did not appear to have
any significant effect in cells cultured in monolayer, in spheroids it led to a 71% decrease in

CDH1 expression (Figure 1V.11 — b).
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Figure IV.11 — Effect of heparin on the expression of POU5F1 and CDH1 in cells
cultured in 2- and 3-D. CBiPS cells were plated as single cells on Matrigel-coated plates, at 5.0
x 102 cells/cm? (light gray bars) or at 2.0 x 10* cells/cm? (dark gray bars), or on low attachment
plates at 1.0 x 10° cells/cm? (white bars), and cultured for seven days in E8 medium (clear bars)
or E8 with heparin 10 pg/mL (dashed bars). Quantitative PCR analysis was run using GAPDH as
the internal control, to evaluate the relative expression of (a) POU5F1 (OCT4) and (b) CDH1 (E-
cadherin). Expression before plating, at day 0, was used as the experimental control. Results
presented as the relative quantification (RQ) of base 2 of the AACT between the experimental
control and the test conditions + SE. Experimental replicates > 2 per condition except where
marked with *, where a single measurement was taken.

IV.7. Discussion and main conclusions

The growing knowledge of the immense complexity and span of the
microenvironmental variables that influence cell behavior, and of how the implicit nature of

in vitro research models determines their biological and clinical significance has prompted the
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development and adoption of new techniques and analytical technologies in the field of stem
cell biology. The use of three-dimensional culture models, in particular, has gained increasing
relevance, as it is generally accepted that they mimic aspects of the cellular environment in
living organisms that are largely non-existent or compromised in traditional two-dimensional
models (Cimetta E & Vunjak-Novakovic G, 2014; Baker BM & Chen CS, 2012; Metallo CM et al., 2007). Wlth a hlgher IeveI Of
complexity, the use of three-dimensional culture systems as research models also entails the
need for a much broader control over different variables and for extensive characterization.

In this chapter, different methods were employed to characterize hiPSCs cultured as
spheroids in short-term static suspension with xeno-free chemically defined medium E8, in
terms of growth and aggregate size and morphology. These cells were also compared with
cells cultured in monolayer regarding the expression of pluripotency and differentiation
markers, and their response to medium additives.

CBIPS cells cultured in static suspension in E8 medium displayed a considerably lower
yield when compared with cells cultured in monolayer, mainly due to increased initial cell
death and likely a longer lag phase. The increased cell death after single-cell dissociation
during passaging has been reported in previous studies as one of the main limitations of this
culture system (Larijani MR etal, 2011; Steiner D et al,, 2010) Thjs effect is thought to be related to the
disruption of E-cadherin during enzymatic dissociation, an adhesion protein responsible for
cell-cell connections and having a critical role in hPSC survival (Ohgushi M et al,, 2010; Xu Y et al,, 2010)
Recently, Nath et al. have suggested the use of Botulinum hemagglutinin as a viable
alternative to enzymatic dissociation for the passaging of hPSC aggregates cultured in
suspension (NathsCetal, 2018) This compound selectively binds to E-cadherin, disrupting the cell-
cell interactions and causing partial disaggregation of cellular spheroids, but appears to allow
a faster recovery and to improve post-passaging cell survival compared to enzymatic
methods.

Consistent with the increase in cell number between days 2 and 7, the diameter of the
spheroids increased steadily, with a relatively stable dispersion. After one week in culture,
the spheroids displayed a median diameter of 183 um with a coefficient of variation of 11.8%,
which is lower than previously reported in static suspension culture systems (Larijani MR etal, 2011;
Amit M etal, 2010) | terms of morphology, two metrics were considered: a) circularity, which is
essentially a ratio between the expected perimeter of the section based on its area and the

measured perimeter, and provides an indicator of edge smoothness or regularity; and b)
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eccentricity, which is calculated based on the difference between the major and minor axes
and, therefore, constitutes an indicator of how spherical the aggregates are. The results
showed that circularity was not significantly changed throughout the experiment, while
eccentricity tended to decrease with time, thus suggesting that the aggregates became more
spherical. While these indicators may provide useful insights, they are based on single 2-D
projections of each aggregate and, therefore, the extrapolation of the resulting data should
be cautious.

Immunocytochemical analysis of day 7 CBiPS spheroid sections showed differential
expression of Ki-67 between innermost and outermost cells, indicating higher proliferative
activity on the outside of the aggregates and corroborating previous reports (Abecasis Betal, 2017;
Nath SC et al, 2017) -~ Expression of pluripotency marker POUSF1 in cells after seven days in
suspension was shown to be similar to that in cells cultured in monolayer, and is consistent
with the expression of OCT4 as observed by immunocytochemical analysis on spheroid
sections, thus strongly indicating the overall maintenance of pluripotency. As for CDH1, there
was a considerably decreased expression on day 1, followed by a moderate increase relative
to cells cultured in monolayer. The initial decrease may be related to the use of ROCK inhibitor
Y-27632 during the first day in suspension, as this molecule has been previously described to
reduce the expression of E-cadherin in hiPSC and promote mesendodermal differentiation
(Maldonado M et al., 2016) \\/hijle this effect may also explain the increase in the expression of
definitive endoderm marker SOX17, the hypothesis of a ROCKi-induced EMT bias is countered
by the increase in SOX1 and the sharp decrease in T expression on day 1, thus suggesting that
other effectors should be considered. As for the mild increase in CDH1 after ROCKi removal,
it is consistent with a report from Azarin et al. where the expression of E-cadherin increased
in hESCs cultured in 3-D microwells (Azarin SMetal, 2012) |t js important to note that despite the
considerable variations quantified in the expression of differentiation markers, the overall
late amplification curves obtained in qPCR for these markers indicate a relatively low amount
of target sequences. Further experiments will be required to validate these results.

In an attempt to understand the variables at play in the overall efficiency of aggregate
formation and growth, different pre-seeding cell densities were tested. The results presented
suggest that higher pre-seeding cell densities promote a higher aggregate count on day 1, but
a lower efficiency after one week, as indicated by lower aggregate count and cell count on

day 7. The higher aggregate count on day 1 in higher cell densities may be due to incomplete
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dissociation of the cells before seeding on low-attachment plates, or to faster reaggregation,
based on the assumption that the enzymatic dissociation is not as effective and/or aggressive
on high-density cultures compared to low-density cultures. Whether the lower efficiency was
due to higher cell death after ROCKi removal or to lower growth rate was not investigated. It
has been previously described that high-density hPSC cultures have a lower proliferation rate
and a higher propensity for spontaneous differentiation (Wu!etal, 2015) |n addition, Nath et al.
have reported that small hiPSC spheroids formed by forced aggregation tend to grow slower
(Nath SCeetal., 2017) Although the size of cell aggregates was not assessed on day 1, higher pre-
seeding densities might produce higher aggregate count but smaller aggregates, which could
result in less viability and proliferative ability after ROCKi removal. In this scenario, only the
larger aggregates would proliferate, which would be consistent with the suggestion of a
higher median diameter in higher pre-seeding densities. The higher diameter dispersion and
aggregate irregularity in higher densities would be consistent with increased spontaneous
differentiation, but this hypothesis should be confirmed with additional experiments.

Finally, CBiPS cell aggregates were characterized and compared to cells cultured in
monolayer in response to the addition of compounds to the culture medium, replicating some
of the conditions tested on the microarray platform and described in the previous chapter.
The addition of Matrigel to E8 was shown to promote a decrease in the initial aggregate
number on day 1 in suspension culture. Although the cell number was not assessed, this effect
may be due to an increased cellular aggregation in the presence of extracellular matrix
components in the culture medium. This hypothesis is supported by the considerably higher
diameter dispersion on day 7 in the presence of Matrigel, which resulted, at least in part, from
increased initial clustering of aggregates. On the other hand, FGF2, which plays a complex role
in the survival and Self_renewal Of hPSC (Chen G et al., 2011, 2012; Eiselleova L et al., 2009; Levenstein ME et al., 2006)
appears to produce compacter aggregates with a lower dispersion relative to the control, thus
suggesting that it might affect clustering. Previous reports have linked FGF2 to the
phosphorylation of GSK-3B, with consequent cytoplasmic accumulation and nuclear
translocation of B-catenin and expression of EMT-promoting transcription factors in hPSC
(Kinehara M et al, 2013, 2014; Ding VMY et al, 2010) Considering this effect, the increase of FGF2
concentration in the culture medium might be modulating the expression of E-cadherin
expression leading to decreased cell-cell adhesion, which would be consistent with the

decreased aggregation.
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When compared with cells cultured in monolayer, CBiPS cultured in suspension were
seemingly more reactive to the addition of heparin to the culture medium, as indicated by a
considerable decrease of OCT4 positive cells and average fluorescence intensity, evaluated
by flow cytometry. This effect was further supported by the striking decrease in the
expression of pluripotency marker genes POU5F1 and NANOG in cells cultured in suspension
with heparin. Interestingly, the morphology of the spheroids also appeared to be affected,
with a generally increased eccentricity in the conditions containing heparin, thus suggesting
that differentiating aggregates are less spherical. Analysis of the expression of differentiation
markers supported the hypothesis of heparin-induced differentiation, with overexpression of
mesendodermal marker T, suggestive of EMT, although the effect was not as clear regarding
the expression of SOX17. Conversely, the addition of heparin also appeared to promote
overexpression of SOX1 in the presence of EGF, which suggests interactions with different
signaling pathways. In the presence of heparin, cells cultured in suspension displayed a sharp
decrease in the expression of CDH1 with the addition of heparin, while its expression in
monolayer cells did not seem to be affected. Heparin has been previously reported to
promote hESC self-renewal in cells cultured in monolayer, in serum-free medium (Furue MKetal,
2008) More recently, however, it has been found to promote the cardiac differentiation of
hPSCs through modulation of Wnt signaling, though the exact mechanism is yet not known
(LinYetal, 2017) Hepgarin is a known inhibitor of protein kinase 2 (CK2), a serine/threonine protein
kinase involved in the regulation of gene expression and protein synthesis (O'Farrell Fetal, 1999)
Although the role of CK2 in hPSC has not been described and its activity is not fully clarified,
it has been reported to contribute to E-cadherin stabilization in the cell membrane (Lickert Het
al., 2000; Serres M etal., 2000) 5 gct synergistically with GSK-3B in the degradation of cytoplasmic B-
catenin (Bek S, 2002) and to su ppress EMT (Golden D & Cantley LG, 2015; Deshiere A et al., 2013)' Assuming that
this activity of CK2 is maintained in hPSCs, it could, hypothetically, play a role in the observed
effect of heparin.

It is yet relevant to note that because the heparin used is not synthetic but isolated
from porcine intestinal mucosa, there is a possibility that the observed effects are not caused
by heparin itself but rather by a contaminant. Therefore, additional experiments should be
carried out to validate the hypothesis that heparin, in fact, contributes to mesendodermal

differentiation of hPSC in suspension and to explore its putative mechanism of action.
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In summary, different methodologies were used to analyze and characterize hiPSCs
cultured for a short period in suspension in chemically-defined conditions, regarding spheroid
size and morphology, and the expression of pluripotency and differentiation markers. Results
indicated that lower pre-seeding cell densities resulted in a higher yield of aggregate
formation, along with higher uniformity in terms of size and shape after seven days in culture.
Additionally, consistent evidence is presented pointing to a different response to the addition
of heparin to the culture medium between cells cultured in monolayer and as aggregates in
static suspension. Overall, this study corroborates the notion that 2-D and 3-D culture systems
of hiPSCs may lead to significantly different results and highlights the importance of
performing extensive characterization of in vitro models as means to better understand the

different variables at stake and hold greater control over experimental settings.
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V. General discussion and conclusion



V.1l. General discussion and concluding remarks

Fueled by the expectation that stem cells will contribute significantly to the
development of new clinical therapies, the last two decades have seen considerable progress
in the areas of stem cell biology and engineering. Pluripotent stem cells have gathered much
of that attention due to their capacity to self-renew and to produce any cell of the adult body,
thus potentially allowing the regeneration of tissues with limited regenerative ability, or even
the reconstruction of entire organs. However, the translation of this potential to clinical
applications is largely dependent on the tight control of the conditions leading to self-renewal
and differentiation, which requires a deep knowledge of the molecular pathways and
mechanisms involved. For this, it is essential to develop and implement robust research
models that are not only efficient from a technical point of view but also biologically relevant
in that they are able to resemble the cellular environment in live organisms. This thesis
focused on the development and characterization of two three-dimensional culture systems
of human pluripotent stem cells, highlighting their main characteristics and challenges.

In the first part of this work, different strategies were tested to develop a three-
dimensional cellular microarray platform with human pluripotent stem cells, using cellular
encapsulation. Following previous studies, a glass slide-based microarray platform using
alginate as the encapsulation matrix was tested (MeliLetal, 2014; Fernandes TG etal., 2010) However, the
use of alginate was shown to produce low cellular viability. This was likely due to the cells
being printed as single cells, in addition to the fact that alginate does not provide a functional
matrix to which the cells can attach. The use of Matrigel, on the other hand, supported cell
survival and proliferation but did not provide enough spot stability nor did it successfully
retain the cells inside the printed spots. Similar unsuccessful results were observed using a
combination of Matrigel and alginate, with poor cell survival or poor cell retainment in the
spots, using different culture media. A different microarray platform was tested based on a
two-chip system composed of a MicroPillar chip and a MicroWell chip. The nature of this
system enables the complete isolation between replicates and, therefore, the screening of
many different soluble formulations at the same time, which is a common limitation in other
cellular microarray platforms (Montanez-Sauri SI et al, 2015) \Vjth the use of Matrigel as the
encapsulation matrix, this system allowed cell survival and proliferation in two culture media,

with evidence of pluripotency maintenance. Additionally, an automated image analysis tool
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was developed to assess on-chip fluorescence, thus allowing a fast and consistent result
guantification solution. Also, a new method to estimate the percentage of viable cells on-chip
using Live/Dead and Hoechst staining is proposed. As a proof of concept experiment, different
combinations of medium additives were tested on the microarray platform and the
expression of OCT4 was assessed after seven days. While the results were generally not
conclusive, there were indications that some combination caused changes in the expression
of this pluripotency marker.

Although promising results were obtained using the MicroWell/MicroPillar chip
system, further optimization is required, particularly in terms of spot stability over longer
periods, and the immunocytochemistry protocol to evaluate the expression of marker
proteins. Notably, Nierode et al. have recently reported the pre-coating of the MicroPillar
chip with polydopamine, which improved spot stability by enabling covalent attachment to
the Matrige| (Nierode Gl etal, 2019; Lee H etal,, 2009) Fyrthermore, it is also critical to perform a more
comprehensive characterization of this platform in regard to how the cellular phenotype and
the differentiation potential are affected, to better grasp its usefulness and robustness as a
screening platform for studies with human pluripotent stem cells.

The second part of this work focused on the characterization of static suspension
culture of human pluripotent stem cells. The purpose of this section was not so much to
evaluate this culture system in terms of proliferation potential, but rather to assess how
different morphological parameters may be affected under different conditions, to gain
insights on the effect that the culture system has on the expression of pluripotency and
differentiation markers in comparison with monolayer cells, and to replicate some of the
conditions tested on the microarray platform. Initial results evidenced cell proliferation and
pluripotency maintenance in static suspension using xeno-free chemically-defined Essential-
8 medium, which was consistent with previous reports (Ui X et al, 2018; Wang Y et al, 2013) '|mage
analysis was used to assess the spheroid apparent diameter, circularity, and eccentricity. The
effect of pre-seeding cell density was evaluated as to the generation of spheroids, indicating
that higher pre-seeding densities lead to an increased number of aggregates on the first day,
but a lower total cell count and higher diameter dispersion after seven days.

Some of the medium additive combinations tested on the microarray platform were
replicated both in monolayer cells and in cellular aggregates. The modest results observed in

the microarray platform were also observed in monolayer cells, in terms of OCT4-positive cells

131



and average of OCT4-specific fluorescence intensity. However, in cells cultured as spheroids,
heparin appeared to cause a considerable decrease in the expression of OCT4. This effect did
not correlate with the results obtained in the microarray. On the one hand, this may be
further evidence that the microarray platform and the immunostaining protocol require
optimization. On the other hand, the results may point to the hypothesis that, when
compared with the cells cultured in suspension, the cells cultured on the microarray respond
differently to the same stimuli. This would not be a far-fetched assumption, considering the
fact that cells encapsulated in Matrigel in a miniaturized culture system are subjected to
microenvironmental conditions quite different from the ones that cells cultured as spheroids
in suspension are subjected to. Regarding the effect of the different combinations of medium
additives on the cells cultured as spheroids, the results suggested that heparin may promote
mesendodermal differentiation, as supported by an increase in the expression of T,
concomitant with a decrease of POU5F1, NANOG, and, particularly, CDH1, which was not
affected in monolayer cells.

Overall, the systems, techniques, and results discussed in this thesis constitute an
interesting and relevant base for future work aiming at the exploration of the role of
microenvironmental variables in the cellular phenotype and the development of robust in

vitro cellular models for the study of human pluripotent stem cells.

V.2. Future trends

The increasing complexity of what is known about stem cells will likely be
accompanied by a growing complexity of the models used to study them, with the
introduction of new variables. For instance, the advantage of using three-dimensional culture
models does not lie directly on the dimensionality variable, but rather on the membrane
interactions, cytoskeletal tensions, soluble factor gradients, and other finer characteristics
that become more relevant and/or pronounced in a three-dimensional context (Baker BM & Chen
€5,2012) \With this in mind, it is not enough to simply use more complex models —their potential
rises from the possibility to actively control, engineer or finetune the variables that were

previously not being considered, spanning across the control of cell aggregation and
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aggregate size, the modulation of the biophysical properties of encapsulation matrices, and
the temporal and spatial regulation of exposure to morphogens (Kinney MAetal, 2014)

As relevant as the level of complexity tested in vitro, is the capacity to retrieve and
analyze data from that testing. The use of high-content screening platforms, in combination
with robust image analysis algorithms, improved automation, and machine learning, will likely
boost the generation of data from high-throughput screening platforms and contribute to

further the understanding of the mechanisms regulating stem cells (Nierode Getal,, 2016; LiL etal,, 2015;

Shariff A et al., 2010)
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