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LAY SUMMARY

A clearer understanding of the human developmental process from fertilised egg to
organogenesis has started in recent years to translate into applications for regenerative
medicine. The first steps in early embryogenesis, cell divisions of the fertilised egg, leads to
a spherical sphere-like formation called blastula, which develops as a cavity and is referred
to as a blastocyst. This spherical globe is surrounded by uterine tissue that provides
mechanical forces and strains affecting the gastrulation process, where the three germ layers
(ectoderm, mesoderm, and endoderm) arise to form the embryo. The dynamic interplay
between mechanics and biochemical signals during morphogenesis of early development in
human is poorly understood. Since their discovery, pluripotent stem cells have become a
valuable tool to mimic early embryogenesis in vitro due to their ability to self-renewal and
give rise to all cell types of an embryo. Approaches such as 3D culture and synthetic
biomaterial and hydrogels enabled to create models attempting to mirror the native
extracellular matrix (ECM) microenvironment. Progress in imaging and computation has
enabled detailed and quantitative readouts of cell biology. In this project, we bring together
stem cell biology, high-content imaging, and hydrogel-based technology to explore

morphogenesis events and cell fate organisation in a 3D model.
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ABSTRACT

During gastrulation, the pluripotent stem cells of the epiblast differentiate, ultimately
shaping the embryo's body plan. This process is tightly associated with extensive cellular
movements that induce breaking symmetry to form anterior-posterior axial elongation
giving rise to the three germ layers. Morphogenesis events and lineage specifications of
the tri-germ layers are regulated by distinctive interactions, including cell-cell contacts
that transmit biochemical signals and cell-ECM interplay with physical forces exerted
from the extra-embryonic environment. Nonetheless whether tissue rearrangements are
regulated mechanically (tissue environment) or biochemically (cellular response) is
poorly understood. Cultures of human induced pluripotent stem cells (hiPSC) offer
unprecedented scope to profile and screen conditions affecting cell fate decisions and
self-organisation during early embryonic development. The impact of biochemical
signalling (BMP4, NODAL, and WNT) in 2D micropattern systems has been well-

established, which recapitulates the three germ layers patterning in vivo.

I have proposed here a 3D hiPSC platform to induce gastrulation upon BMP4 treatment.
My aim is to investigate how biochemical cues and physical confinement separately
influence morphogenesis and differentiation. To investigate the biochemical effect, I used
BMP4 to trigger symmetry breaking and elongation of hiPSC spheroids in suspension
culture. Having different medium conditions representing self-renewing (E8 medium)
and differentiation (KSR BMP4) and their controls (E§ BMP4 and KSR) gave rise to
distinct morphologies in suspension. I also postulated that morphogenesis and changes in
shape are regulated by cellular tension in response to biochemical cues. Hence, |
hypothesised that PEG-peptide hydrogel systems inhibit elongation and thus enable us to
interrogate if physical confinement affects not just morphogenesis but also cell fate
specification. High content analysis (HCA) was used as readouts obtained from live
imaging to observe morphological changes and immunostaining techniques to detect the
expression of pluripotency and differentiation markers. Our approach enables us to
investigate changes in shape and patterning of the three germ layers using hiPSC and

sheds light on the interplay between chemical signals and physical forces.
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GENERAL INTRODUCTION

1 GENERAL INTRODUCTION

1.1 Gastrulation

In early human development, fertilised egg undergoes a series of cell fate divisions that
lead to the formation of the blastocyst, consisting of an external layer trophectoderm (TE)
and the inner cell mass (ICM). In the late blastocyst stage, the ICM give rise to the epiblast
cells and hypoblast: a layer of cells known as primitive endoderm (PE) (Figure 1.1 A).
Gastrulation occurs when the pluripotent cells of the epiblast segregate and gives rise to
the three germ layers (ectoderm, mesoderm, and endoderm), ultimately forming the
human embryo (Figure 1.3 B) (Tam and Behringer, 1997, Wolpert et al., 2015, Rossant
and Tam, 2022). This complex process involves highly dynamic events resulting in

changes in cell shape and cellular rearrangement (Kim et al., 2017, Hashmi et al., 2022).

The onset of the process is marked by the changes in embryo morphology through the
formation of the primitive streak, which is indicated by symmetry breaking to initiate
anterior-posterior (A-P) axis elongation. One of the crucial steps during gastrulation is
that the epiblast cells undergo epithelial-mesenchymal transition (EMT). The cells
collectively migrate and ingress toward the primitive streak to facilitate the formation of
the tri-lineages of germ layers (Tam et al., 1997, Simunovic et al., 2019). During the EMT
process, the epithelial layer of the epiblast loses its apical-basal polarity and cell
adhesions to facilitate cellular movement (Kim et al., 2017). Hence, the epithelial marker
E-cadherin (E-CAD) undergoes downregulation which reduces adhesion molecules
between cells, thus increasing cell motility and switching to N-cadherin (N-CAD), the
characteristic of the mesenchyme phenotype. These mesenchymal features allow for
cytoskeleton remodelling to promote differentiation during gastrulation (Kim et al.,

2018a, Nakaya and Sheng, 2008, Thiery et al., 2009).
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Figure 1.1 Early embryonic development in vivo.

A) Post-fertilisation cells undergo series of cell division to develop the blastocyst a hollow
ball of cells that consists of ICM, PE and TE. B) later in development the ICM in the
blastocyst gives rise to the three gem layers (ectoderm, mesoderm, and endoderm),
whereas the TE gives rise to the extra-embryonic ectoderm tissue (ExE) tissue. Figures
adapted from (Arnold and Robertson, 2009, Heemskerk and Warmflash, 2016).
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Models of the role of chemical morphogen signals in cell fate control during development
were introduced by Alan Turing (Reaction Diffusion, RD, Turing, 1952) and Lewis
Wolpert (Positional Information, PI, Wolpert et al., 2015). The RD model (the Turing
system) is described as an activator that can regulate its expression and an inhibitor, which
is upregulated and diffuses faster than the activator, thereby creating self-organised
gradients of pathway signalling (Figure 1.2 A). In contrast, the PI model (Wolpert’s
system) suggests that the early asymmetry in the embryo, including spatial polarisation
of the signalling cascade, controls the pattern formation of cell fate (Figure 1.2 B). The
diffusible signals are distributed asymmetrically and expose cells to distinct
concentrations which determine cell fate decisions based on concentration manner

(Turing, 1952, Green and Sharpe, 2015, Wolpert et al., 2015).
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Figure 1.2 Reaction-diffusion and positional information models regulate cell fate
patterning in embryo development.

A) In the RD system, a homogenous distribution of morphogen cues reacts in an
activator-inhibitor manner that triggers its own expression (green) and the expression of
its inhibitors (red). A positive feedback diffusion from the activator maintains the stability
of its high levels, while the higher diffusion rate of the inhibitor results in lateral inhibition
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of the activator. This creates different zones of substrate distribution which regulate cell
fate patterning. B) The Pl model defines the concept of morphogens gradient signal, in
which the concentration of molecule determines cell fate. Adapted from (Green and
Sharpe, 2015).

1.1.1 Biochemical signals

Decades of biochemical studies in mouse embryos revealed the dynamic morphogen
pathways essential in the mammalian gastrulation process (Arnold and Robertson, 2009,
Green and Smith, 1991). Therefore, recent studies of human stem cell models provide
insights into signalling pathways that lead to axial elongation and germ layer
specifications (Camacho-Aguilar and Warmflash, 2020). The signalling cascades include
fibroblast growth factor (FGF) families, WNT and members of the transforming growth
factor Beta superfamily (TGF-B) such as NODAL and bone morphogenetic protein
(BMP) (Camacho-Aguilar and Warmflash, 2020, Chhabra et al., 2019).

The signalling pathway in the early mouse embryo during in vivo gastrulation is well
established. TE, the extra-embryonic ectoderm tissue (ExE), initiates BMP4 secretion,
and the signalling activity increases through a positive feedback loop (Figure 1.3 A).
Thus, the BMP signal induces WNT expression in the epiblast and visceral endoderm
(VE), which activates NODAL signalling, and subsequently, NODAL stimulates BMP4
signalling in return (Ben-Haim et al., 2006b, Chhabra et al., 2019). In parallel, BMP,
WNT and NODAL antagonists (LEFTY 1, CER1 and DKK1) are expressed from the
anterior visceral endoderm (AVE) and restrict the primitive streak (the site of
gastrulation) to the posterior domain of the embryo. The migrated epiblast cells, through
the EMT process, are exposed to NODAL signalling to trigger the expression of
mesoderm marker Brachyury (BRA) which then forms mesoderm and definitive
endoderm (Rivera-Pérez and Magnuson, 2005, Shahbazi and Zernicka-Goetz, 2018,
Chhabra et al., 2019). Other studies showed that BMP signals induce primordial germ
cells (PGCs) specification in posterior epiblast cells (Leitch et al., 2013, Irie et al., 2015).
In contrast, the anterior epiblast induces the formation of ectodermal cells where WNT
and NODAL signals are inhibited by the AVE tissues (Perea-Gomez et al., 2002). The
interplay between biochemical signals creates gradients along the A-P domain that are

thought to control gastrulation in a concentration-dependent manner and specify the germ
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layers (Arnold and Robertson, 2009, Siggia and Warmflash, 2018). Several studies
demonstrated that the signalling cascade during gastrulation is regulated through ligands
such as BMP4 and NODAL signals that transduce SMADI1/5/8 and SMAD 2/3,
respectively, WNT signals activate B-catenin to induce germ layers differentiation (Figure
1.3 B-C) (Chhabra et al., 2019, Camacho-Aguilar and Warmflash, 2020, Nemashkalo et
al., 2017). However, FGF signalling transduces MEK, which regulate cell proliferation,
migration, and survival during gastrulation event (Figure 1.4 C) (Camacho-Aguilar and

Warmflash, 2020, Oki et al., 2010).
1.1.2 Hippo pathway and YAP signalling

The hippo pathway /YES-associated protein (YAP) function as mechanotransduction
sensor that perceives mechanical stimuli and transmits these signals to regulate cell
proliferation, fate decisions, and organ development. In response to biochemical cues,
mechanical tension is generated between cell-ECM and cell-cell; the YAP activity
mediates these signals (Heng et al., 2021, Cai et al., 2021). The mechanosensing response
is initiated at cell surfaces via integrins which trigger the activation of YAP signalling
and promote its localisation in the cytoplasm (inactive) and translocation to the nucleus
(active). Hence, this prompt changes at the protein activity level, localisation, and gene
expression to determine cell fate (Cai et al., 2021). YAP signalling has been reported to
contribute to cell rearrangement and morphogenesis during development. In addition, the
YAP protein stimulates genes encoding expression for cytoskeletal regulators such as
actin networks, focal adhesions, and ECM molecules to facilitate morphogenesis. During
early gastrulation phases in mouse embryos, YAP protein was shown to be active in the
migratory cells. This suggested that YAP protein is necessary to direct cell migration and

initiate axial formation during gastrulation (Sousa-Ortega et al., 2023).
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Figure 1.3 Signalling dynamic pathway that regulates gastrulation events.

A) Schematic of signalling cascade flow in a mouse embryo (E5.5, E6.5), BMP signals
from the ExE activate WNT in the epiblast (EPI) which resulted in NODAL activation and
initiate the primitive streak during gastrulation, thus BMP4, WNT, and NODAL are
antagonised by LEFTY1, CER1 and DKK1 secreted from AVE. B) NODAL and BMP
ligands members of the TGF-R family, activates pPSMAD2/3, and pSMAD1/5/8. C) WNT
receptor eventually induces R-catenin, and FGF activates MEK. The signalling pathways
direct cell lineages specification. Figures adapted from (Liu and Warmflash, 2021) and
signalling pathways created by BioRender.com

1.2 Pluripotent stem cells

Defining features of stem cells are self-renewal (the capacity to replicate into identical
cells) and differentiation (to give rise to cells performing a function). The differentiation
potential is referred to as ‘potency’ (Smith, 2006, Martello and Smith, 2014). Pluripotent
stem cells (PSCs) have the potential to maintain self-renewal by producing identical
daughter cells and undergo differentiation generating, in principle, all somatic cell
lineages of the embryonic germ layers (ectoderm, mesoderm, and endoderm) (Figure 1.4
A). These cells offer an unprecedented tool for human disease modelling and drug

screening. Great insights into cell fate decisions, signalling pathways, disease
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mechanisms and fundamental aspects of early development can be thus obtained in vitro

(Shi et al., 2017, Rowe and Daley, 2019, Niakan et al., 2012).

Human PSCs are typically obtained from two main sources: human embryonic stem cells
(hESC) or human induced pluripotent stem cells (hiPSC). A breakthrough happened as
hESC were successfully isolated in 1998 from the ICM of the human blastocyst (Thomson
etal., 1998, Reubinoff et al., 2000). However, using hESC raised some major issues: first,
ethical concerns because of their origin from human embryos; second, their
immunogenicity response, restricting use for cell-based therapies (Sugarman, 2008,
Niakan et al., 2012, Parr et al., 2017). Since then, much progress has been made in the
stem cells field towards a readily source of human PSCs for the purpose of regenerative
medicine (Figure 1.4 B) (Shi et al., 2017, Parr et al., 2017). In 2007, Yamanaka and
colleagues reported that hiPSC could be produced by reprogramming differentiated adult
human somatic cells into a pluripotent state using four transcription factors KLF4, SOX2,
OCT4, and C-MYC (Takahashi and Yamanaka, 2006, Takahashi et al., 2007). Since the
debate of whether hiPSC differentiation is as efficient as hESC and whether differences
exist at the molecular level has been a focal point of discussion (Chin et al., 2009,
Yamanaka, 2012). Few studies reported that several genes are expressed in hESC and not
in hiPSC; changes in DNA methylation suggest that hiPSC could represent another
subtype of pluripotent cells (Chin et al., 2009, Deng et al., 2009). Later, other groups
analysed a wide range of hiPSC and hESC lines and demonstrated overlapping in gene
expression between the two types of cells (Guenther et al., 2010, Newman and Cooper,
2010, Bock et al., 2011). These findings determined that these cells are relatively
consistent (Bock et al., 2011, Yamanaka, 2012). Since then, because of the benefits, the
reprogramming technology provided hiPSC lines derived from adult donors that most
likely share the same, including morphology, and gene expression of hESC during culture

in vitro (Parr et al., 2017, Yamanaka, 2012).

hiPSC can be generated from fibroblast cells via skin punch biopsies or other adult
somatic cells such as peripheral blood mononuclear cells (PBMCs) and keratinocytes
(Takahashi et al., 2007, Silva et al., 2015, Aasen et al., 2008). Several protocols have
described the reprogramming process to produce hiPSC lines using integrating and non-

integrating vectors or free DNA methods (Silva et al., 2015, Schlaeger et al., 2015). The
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integrating techniques widely used to generate hiPSC are based on retroviral vectors,
which incorporate transcription factors into the host genome to activate the pluripotency
genes (Gonzalez et al., 2011, Takahashi and Yamanaka, 2006). It has been reported that
this method can lead to mutagenesis and residual expression of reprogramming factors in
hiPSC and their derivatives, thereby limiting their use for clinical applications (Kang et
al., 2015, Schlaeger et al., 2015). Improvement in reprogramming technology to reduce
footprint, i.e., avoiding the persistence of exogenous genetic materials in the host cell, has
been effective. Non-integrating methods include RNA virus such as adenovirus gene
delivery (Zhou and Freed, 2009), Sendai virus (Fusaki et al., 2009), as well as non-viral
methods such as episomal vectors (Okita et al., 2011), synthetic mRNA (Warren et al.,
2010), and piggyBac transposons (Kaji et al., 2009). Many of these non-integrating or
DNA-free approaches to generate hiPSC showed low reprogramming proficiency,
excluding the Sendai virus and epsiomal vectors (Schlaeger et al., 2015). Using the two
technologies resulted in extremely reliable reprogramming efficiency and is well-suited
for manufacturing or clinical use compared to all integrated and non-integrated methods

(Schlaeger et al., 2015, Chen et al., 2011, Yu et al., 2011).

24



GENERAL INTRODUCTION

A Donor Somatic cells hiPSC
) ) Reprogramming oo
fﬁ \f > —
/ | ‘\ SOX2 oo

7 A\ ocT4 J®)
| [’ c-MYC ;
/ \” KLF4 :
) ‘1"\) H

i . '- .
Self Renewal Differentiation

‘/@\A Ectoderm Mesoderm Endoderm
/iié/\
Muscle cell

@ @@ @ Neuronal cell - Lung cell

\\§ Blood cell
) |
S AR O Pancreatic cell
Pigment cell )
Kidney cell
B hESC

2000

1500

1000

The number of paper
references

500

100

hiPSC

3000
2500
2000

1500

The number of paper
references

100

1986 2006 2023

Figure 1.4 Generating hiPSC from adult somatic cells.

A) Adult somatic cells can be turn into embryonic-like state via reprograming technique
using the Yamanaka’s factors (SOX2, OCT4, C-MYC, KLF4). Under defined medium
conditions the pluripotent cells maintain self-renewing or undergo differentiation into the
three germ layers, which give rise to all cell types in the body. B) Graphs representing
the volume of published research using hESC (top) versus hiPSC (bottom). The use of
hiPSC has been increased recently in comparison to hESC. Figure was created with
BioRender.com, and Graphs adapted from https://pubmed.ncbi.nim.nih.gov/.
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The remarkable progress in cell reprogramming technology to produce hiPSC lines over
the past years has allowed scientists to develop strategies for modelling human disease
and drug screening (Figure 1.5 ) (Wu and Hochedlinger, 2011). Several studies have
described differentiation protocols representing specific human diseases or tissue
development often guided by the signalling molecules driving in vivo differentiation
(Csobonyeiova et al., 2015, Tabar and Studer, 2014). Using in vitro hiPSC approaches
provides significant advantages compared to some animal models to gain insight into the
inheritance and rare human diseases (Saito-Diaz and Zeltner, 2019b, Rowe and Daley,
2019). On the other hand, the reprogramming technology that leads to hiPSC offers great

potential for cell therapy applications.
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Figure 1.5 Applications of hiPSC.

A Schematic shows hiPSC obtained from adult somatic cells via reprogramming
using four transcription factors (SOX2, OCT4, C-MYC, KLF4). Cells can be
obtained from healthy donors or patients, which allows investigation of molecular
or cellular phenotypes through direct differentiation or 3D organoid systems that
are amenable to multiple applications, including gene editing and drug screening.
Figure was created with BioRender.com.
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1.2.1 Modelling development and its importance

The emergence of hiPSC -based models and, notably, the improvement in differentiation
protocols and genetic manipulations offer great opportunities to investigate the
mechanism of many aspects of the human embryo (Zhu and Huangfu, 2013). Their
potential to be differentiated into all cell lineages in vitro is applicable to generate distinct
organ structures such as the pancreas, intestine, liver, brain, and lung that recapitulate the
native tissue (Pagliuca et al., 2014, Sato and Clevers, 2013, Csobonyeiova et al., 2015,
Dye et al., 2015).

Monolayer differentiation protocols have been widely employed to mimic signalling
pathways during in vivo embryonic development by manipulating growth factors or
cytokines in the culture medium (McCauley and Wells, 2017, Lenne et al., 2021). The
hiPSC -derived cell types in traditional two-dimensional (2D) systems are only restricted
to express markers of specific lineage but lack tissue organisation (Zhu and Huangfu,
2013, McCauley and Wells, 2017). However, the complexity of the in vivo processes and
capacity of self-organisation in 2D systems is not fully adequate. This opens the
opportunity for three-dimensional (3D) models and organoids system (Simunovic and
Brivanlou, 2017). The basic 3D technique is multi-cellular aggregates embryoid bodies
(EBs) that express some features of the in vivo signalling cues and phenotype aiming to
understand the molecular and cellular events. In most human models, the EBs undergo
spontaneous differentiation and poorly assemble the native tissue organisation
(Simunovic and Brivanlou, 2017, McCauley and Wells, 2017). Therefore, recent efforts
have been made to modify the 3D structure using bioengineering approaches for more
sophisticated culture systems. These advances in 3D culture strategies developed an
organ-like structure termed organoids, a PSCs-derived structure consisting of multiple
cell types and tissue layers mimicking the complexity of the human organ (Simunovic
and Brivanlou, 2017, Zhu and Huangfu, 2013, McCauley and Wells, 2017). Several
studies adopted this method which provides a unique tool to investigate the process of
organ development or tissue regeneration in adults, particularly for primary cells that are
difficult to access, such as neurons, gut and early embryonic development (Clevers, 2016,

Lancaster and Huch, 2019, Kim et al., 2020).

27



GENERAL INTRODUCTION

The use of hiPSC as a starting point owing to their ability to differentiate into the three
germ layers (ectoderm, mesoderm, and endoderm) in the absence of the extraembryonic
tissue is a great advantage (Lancaster and Huch, 2019). Manipulating culture conditions
through signalling factors or extracellular matrices (ECM), microenvironment has proven
very successful in generating endoderm-derived organoids such as intestine, liver, and
pancreas, ectodermal organoids including mini-brains, and mesoderm-derived organoids
such as kidney and blood vessels (Kim et al., 2020, Clevers, 2016). The ECM is a highly
dynamic factor that influences cell behaviour, self-renewing and fate decisions; however,
changes in ECM composition resulted in various diseases (Hofer and Lutolf, 2021,
Bateman et al., 2009, Cox and Erler, 2011). Matrigel or Geltrex have been widely used to
model artificial ECM matrices to provide cell-ECM interactions in the structure of the
organoids (Hofer and Lutolf, 2021, Kleinman and Martin, 2005). Enhanced cell viability,
growth and differentiation have been reported in various organoids. The lack of flexibility
in modifying the physical properties is a major limitation in defining cellular interaction

and signalling mechanisms (Kleinman and Martin, 2005, Hofer and Lutolf, 2021).

Furthermore, modern bioengineering strategies such as designing synthetic hydrogels are
now effectively poised to mirror more closely native microenvironments (Lutolf and
Hubbell, 2005). These biomaterials allow controlling stiffness, degradability, and
adhesions, thereby opening opportunities to investigate the impact of the
microenvironment on organoid growth and differentiation. This sophisticated approach
has been used successfully to support intestinal organoid and neural tube formation,
which showed better viability and organisation compared to Matrigel (Hofer and Lutolf,
2021, Cruz-Acunaetal., 2017, Ranga et al., 2016). Overall, several studies have proposed
use of 3D culture systems as a valuable tool to dissect the role of the physical
microenvironment on hiPSC self-organisation and morphogenesis (Terhune et al., 2022,

Hofer and Lutolf, 2021, Lancaster and Huch, 2019).
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1.2.2 Models of gastrulation in vitro

The limitation of obtaining embryos at an early stage due to both ethical and technical
reasons opens opportunities for the use of animal models such as mice, Xenopus and
chicken to provide insight into the human embryogenesis (Beccari et al., 2018, Green,
2002, Chapman et al., 2001, Arias et al., 2022). The fundamental signalling pathway is
well-studied in mouse embryos owing to its similarity to human development; however,
there are significant variations between the two models in shape and time (Rayon et al.,
2020, Mol¢ et al., 2021a). One of the main differences is that the early mouse embryo
creates a cup-shaped structure. In contrast, the human embryo forms a flat disk shape
suggesting that both species have different mechanisms that direct morphogenesis and

cell fate decisions (Mol¢ et al., 2021a, Niakan et al., 2012).

Therefore, intense research focuses on developing in vitro models and remarkable efforts
to generate a reminiscent model of an early human embryo (Vianello and Lutolf, 2019).
Using hESC or hiPSC, various models have been established, including a 2D system
(simplicity) and 3D systems (complexity) (Warmflash et al., 2014, Moris et al., 2020).
These models enable the understanding of the mechanism of morphogenesis in human
embryos and capture complex developmental events. Such models are amenable to gene
editing and can be combined with drug screening to tackle quantitative questions, which
can help improve developmental biology and fertility medicine (Heemskerk and

Warmflash, 2016, Arias et al., 2022).

1.2.2.1 2D systems

The stem cells culture advancements enabled the use of micropatterned substrates that
provide geometrical control and organised signalling environments to recapitulate aspects
of in vivo gastrulation (Warmflash et al., 2014). This platform was created by coating the
culture surfaces with a substrate that prevents cell and protein adhesion, generating
defined ECM regions. Biomaterials such as polymer poly(L-lysine)-grafted-
poly(ethylene glycol) (PLL-g-PEG) or poly (dimethylsiloxane) (PDMS) stamps are often
used to create the desired pattern (D'Arcangelo and McGuigan, 2015, Théry, 2010).
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Micropatterned systems in 2D have been used to investigate the signalling pathways
underlying self-organisation and fate decisions in early human development. Various
groups have harnessed techniques to develop models of gastrulation by integrating
biochemical cues and control of the pattern size (Warmflash et al., 2014, Camacho-
Aguilar and Warmflash, 2020). Initially, hRESC were cultured on micropatterned designed
by PDMS stamps to examine the effect of geometry on cell fate, which resulted in
spontaneous differentiation into endoderm and neural lineages without the addition of
exogenous growth factors (Bauwens et al., 2008). Another study has demonstrated that
hESC cultured on defined patterns can radially organise and differentiate into cells of the
three germ layers following BMP4 treatment. The pattern formation in the colonies showed
ectoderm (SOX2 positive cells) in the innermost region, surrounded by concentrical rings
of mesoderm (BRA and EOMES positive cells) and endoderm (SOX17 positive cells)
cells with an exterior TE ring (Warmflash et al., 2014). In a later study, hiPSC cultured
on micropatterned surfaces produced differentiated cells specified to the three lineages.
These processes were guided by stepwise biochemical models predicting the formation

of radial signalling gradient upon BMP4 induction (Tewary et al., 2017).

In 2D models, germ layer differentiation is achieved by manipulating signalling pathways
of WNT, NODAL, and BMP, highlighting the interplay between morphogen dynamics
that direct cell fate (Camacho-Aguilar and Warmflash, 2020). Nevertheless, the
interconnection of patterning, cell fate and morphogenesis during embryo development

remains difficult to untangle.

1.2.2.2 3D systems

Several 3D models have been employed to mimic the in vivo environment cues to provide
a reliable platform to investigate signalling pathways and morphogenesis (Bedzhov and
Zernicka-Goetz, 2014, Simunovic et al., 2019, ten Berge et al., 2008, Moris et al., 2020).
The proposed systems address the interconnections across the two questions of how germ

layer fate patterns form and how the shape of the embryo emerges.

One approach is the use of co-culture of hESC and extraembryonic trophectoderm stem
cells (ETS) to develop embryo- like structure (Bao et al., 2022, Bedzhov and Zernicka-
Goetz, 2014). Aggregated cells in Matrigel or collagen ECM-coated matrices formed
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cavity, axis polarisation and self-organisation recapitulating gastrulation events of a
natural embryo. Their finding demonstrated that interaction between embryonic and
extraembryonic cells in 3D ECM is necessary to form embryo-like axis elongation and

induce gene expression pattern (Harrison et al., 2017, Motris et al., 2012).

On the other hand, various protocols have harnessed systems to trigger gastrulation in
vitro, focusing on controlled geometrical size and biochemical cues without adding or
forming extra-embryonic tissues (Siggia and Warmflash, 2018, Deglincerti et al., 2016).
These studies have shown inducing a range of morphogens of the TGF-f family,
including BMP4 and NODAL, the WNT and FGF or their inhibitors to regulate hESC/
hiPSC germ layers differentiation (Liu and Warmflash, 2021, Martyn et al., 2018). A 3D
hESC model of epiblast exposed to exogenous BMP4 signalling resulted in spontaneous
segregation with a mutually exclusive expression of SOX2 /BRA (Simunovic et al.,
2019). This model demonstrated the symmetry breaking without showing axial
elongation; however, after BMP4 treatment, epiblast formed the anterior domain of SOX2
(pluripotent) and posterior domain of BRA (mesoderm) (Simunovic et al., 2019). Another
group has shown ESCs aggregates could specify mesoderm when WNT pathway is
stimulated; nonetheless, WNT inhibition induces neuroectoderm differentiation (ten

Berge et al., 2008).

Human ‘gastruloids’ derived from hPSCs arrange as a multicellular system that
undergoes elongation and differentiates to form the three germ layers (Arias et al., 2022,
Moris et al., 2020). Recently, Moris et al. proposed a 3D hESC gastruloids culture system
most similar to early embryo development using hESC induced with WNT signalling,
which builds upon a previously defined 3D model of mouse gastruloids (Moris et al.,
2020, Beccari et al., 2018). Here, hESC were pre-treated with CHIRON pulse a (WNT
agonist) before the spheroid formation, which triggered symmetry breaking and thus
drove elongation along the A-P axis in the absence of extraembryonic tissues (Moris et
al., 2020, Bedzhov and Zernicka-Goetz, 2014). Human gastruloids formed polarised
patterns of the three germ layers (ectoderm, mesoderm, and endoderm), and spatial
transcriptomics analysis showed patterns of HOX genes expression and somitogenesis

mirroring human development in vivo (Moris et al., 2020).
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Furthermore, 3D gastruloids cultured under hypoxia conditions showed spontaneous axial
elongation and enhanced mesodermal differentiation in the absence of a WNT activation

(Lopez-Anguita et al., 2022).

The ability of these various 3D gastrulation-like models to recapitulate aspects of
gastrulation, including axial elongation and patterning organisation, morphogenesis and
signalling (Bao et al., 2022) helped overcome limitations of the 2D systems (Lenne et al.,

2021, Liu and Warmflash, 2021).
1.2.3 Modelling human diseases and drug discovery

Integrating disease modelling derived from patient-specific hiPSC that manifest cell-
based phenotype and drug compounds assays provides a high-throughput screening
(HTS) platform to ensure efficacy and safety (Grskovic et al., 2011, Seki et al., 2020).
Successful attempts to generate robust in vitro models of various diseases to identify
pathological mechanisms have been reported (Grskovic et al., 2011, Shi et al., 2017,
Rowe and Daley, 2019). Ebert and colleagues described spinal muscular atrophy (SMN)
disease modelling by generating SMN patient-derived hiPSC line and another line
obtained from a healthy relative differentiated into motor neurons. These cells
successfully recapitulated the disease genotype and phenotype in culture, thereby used to
analyse the cellular response to drug compounds aiming to rescue motor neuron defects
(Ebert et al., 2009, Grskovic et al., 2011). Another study focussed on modelling a rare
fatal neural disorder named (Familial dysautonomia) characterised by a mutation in the
I-x-B kinase complex-associated protein (IKBKAP) gene. Therefore, this mutation
results in autonomic and sensory neuron degeneration (Saito-Diaz and Zeltner, 2019a,
Shi et al., 2020). Patient-specific hiPSC were differentiated towards the neural crest
lineage, which expresses low IKBKAP in vitro, mirroring the disease phenotype in vivo.
In this study, various drug molecules screening was performed using the developed hiPSC
model, revealing several promising candidate drugs that could increase the expression of
IKBKAP (Shi et al., 2020). Since then, several disease-specific hiPSC have been
generated to identify novel therapeutic strategies targeting Parkinson's disease (Nguyen
et al., 2011, Seibler et al., 2011), Amyotrophic lateral sclerosis (Wainger et al., 2014),
and Alzheimer's disease (Bright et al., 2015). These studies illustrate the impact of hiPSC-
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based disease modelling could presumably be used to enhance the personalised medicine

approach to the drug discovery (Saito-Diaz and Zeltner, 2019b).

Utilising hiPSC in cell-based assays for HTS by testing large-scale compounds is an
effective approach to explore drug side effects and cytotoxicity (Shi et al., 2017, Saito-
Diaz and Zeltner, 2019b). The ability to test cells from patients can provide a valued
insight into assessing phenotypic behaviour in response to compounds' sensitivity or
toxicity during clinical trials in the drug development (Shi et al., 2017, Grskovic et al.,
2011). Clinical trial failure due to compounds' efficiency or safety is widespread.
Therefore, many pharmaceutical companies have established the use of healthy hiPSC
and patients derived for proof-of-concept trials (Grskovic et al., 2011). For example,
hepatocyte-like cells derived from hiPSC express functional markers that are used to
explore the response to hepatotoxic drugs (Shi et al., 2017, Takayama et al., 2012).
Another study demonstrated that hiPSC-cardiomyocytes could be employed to obtain a
reproducible assessment for the electrophysiological cardio-toxicity screening (Harris et
al., 2013). Likewise, this approach has been proposed to predict neuro-toxicity in
response to a large set of compounds during clinical trial (Schwartz et al., 2015).
Differentiated hiPSC to various cell types provide a clinically relevant platform to predict
drug toxicity or sensitivity of potential compounds during drug development (Shi et al.,

2017).
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1.2.4 Cell therapy

The use of patient-specific hiPSC in cell-based therapy is a promising application in the
field of regenerative medicine. This provides an opportunity to overcome the current
challenges of allogeneic transplants, including immunogenicity and the limited source of
donor tissues (Yamanaka, 2020). Since the establishment of hiPSC and the growing
excitement in cell-based therapies, few successful autologous hiPSC transplant cases
have been reported (Kimbrel and Lanza, 2020, Okano and Sipp, 2020). The first
breakthrough study was reported in 2017 for the cell replacement of age-related macular
degeneration (AMD). In this study, autologous hiPSC differentiated toward retinal
pigment epithelial (RPE), which was then transplanted into the patient’s eye (Mandai et
al., 2017). The transplanted RPE cells exhibited gene expression consistent with those of
the native RPE tissue; four years later, a follow-up study verified the treatment efficiency
without signs of immuneorejection (Takagi et al., 2019). In another study for a patient
with Parkinson’s disease, autologous hiPSC-derived dopamine neurons were transplanted
in the patient. After two years of transplantation, clinical evidence showed graft survival
and improved patient symptoms (Schweitzer et al., 2020). Furthermore, ongoing clinical
trials using autologous hiPSC- based cell therapies on treating diseases such as corneal
epithelial, spinal cord injuries, and cardiomyocytes for heart failure to avoid the risk of

immune rejection response (Okano and Sipp, 2020).

Although these autologous clinical trials showed encouraging results for hiPSC-based
cell therapies, manufacturing production and biobanking costs remain major limitations.
In contrast, the advent of allogeneic hiPSC approaches scaled up manufacturing batch
production and reduced the cost (Yamanaka, 2020, Okano and Sipp, 2020). The hiPSC
can be cryopreserved and immediately accessible for patients who require acute
treatment, unlike autologous derived cells, which take time to generate before
implantation. In addition, hiPSC can be obtained from healthy donors and ensure the
delivery of healthy cells, not harbour disease-causing mutations. However, the critical
issue with this type of cell therapy is their rejection due to incompatibility with the host
immune system (Yamanaka, 2020, Pearl et al., 2011). A possible approach to avoid the
risk of immune response from the patient is human leukocyte antigen (HLA)-matching

(Hanatani and Takasu, 2020, Sullivan et al., 2018). These cells are clinical grade that was
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first produced and biobanked in many institutes, including the Centre for iPS Cell
Research and Application (CiRA) in Japan and UK’s Cell and Gene Therapy Catapult
(Barry et al., 2015, Umekage et al., 2019). Nevertheless, some reports revealed that HLA-
matching type failure was observed in several cases. Further investigations are needed to
validate the safety and whether these cells are enough to reduce the long-term

immuneorejection (Okano and Sipp, 2020, Sugita et al., 2020).

Another approach in cell therapies is the gene editing of hiPSC-derived models such as
clustered regularly interspaced short palindromic repeats (CRISPR), which targets the
correction of specific gene mutations for disease treatments (Kimbrel and Lanza, 2020,
Yamanaka, 2020). For example, in a mouse model, the phenotype of sickle cell anaemia
could be rescued after the implantation of hematopoietic progenitors ex-vivo from the

autologous hiPSC (Hanna et al., 2007).

Notably, the progress in developing hiPSC-based cell therapy technologies increased the
number of potential clinical trials offering unique tools for personalised and regenerative
medicine. However, therapeutic safety and efficiency remain vital concerns (Okano and

Sipp, 2020).
1.2.5 HipSci

The applications of hiPSC in modelling diseases, aspects of development and cell therapy
attempts are well-established. However, several studies suggested that hiPSC lines are
heterogeneous due to the genetic background of the individual cell line between donors
(Kim et al., 2011, Leha et al., 2016, Kilpinen et al., 2017). The high variability of
phenotypic and genetic characterisations of hiPSC restricts their use for potential studies

and clinical trials (Kilpinen et al., 2017).

The Human Induced Pluripotent Stem Cells Initiative (HipSci) (www.hipsci.org) is an
open-access resource of hiPSC lines obtained from healthy donors and patients with
genetic diseases. The HipSci project has generated large-scale of hiPSC libraries over 700
lines, which have been characterised via genomic and proteomic assays and analysed for
morphology, proliferation, and cell adhesion properties (Streeter et al., 2016, Kilpinen et

al., 2017). The data for each cell line is readily accessible to the wider research society as
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a reference which is an important tool to identify and elucidate phenotypic outliers
associated with specific hiPSC due to genetic variation. A later study was built upon the
initial characterisation of HipSci resource and DNA data sets; they integrated high-
content imaging and gene expression from 110 hiPSC lines to identify inter-individual
genetic variation that drives cell phenotype. hiPSC lines were cultured on different
concentrations of fibronectin (ECM protein), an extrinsic factor (environmental), to
examine cell behaviour (Figure 1.6 A). These observations were then linked to the
intrinsic factor (genetic) characterisation of hiPSC demonstrated phenotypic outliers in
37 cell lines (Vigilante et al., 2019). A recent study by the group in our centre utilised the
HipSci cell lines to establish a 2D platform to identify genetic variants that influence
hiPSC differentiation (Figure 1.6 B). Their findings showed that normal hiPSC cell lines
undergo differentiation. However, cell lines with genetic variation exhibited outliers in
the differentiation (Vickers et al., 2021). This platform opens the opportunity to
investigate genetic variations that impact lineage differentiation and morphogenesis in

3D models, which could reveal unidentified phenotypic outliers in 2D models.

HipSci is a unique source to investigate the influence of genetic background on inter-
individual variability in cell behaviour and differentiation phenotypes. This will
remarkably improve the outcome of hiPSC-disease modelling, drug development or cell

therapeutics studies.
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Figure 1.6 The identification of phenotype outliers in hiPSC that correlate with
genetic variations using HipSci cell lines.

A) Selection of hiPSC cell lines were cultured and screened on different fibronectin
concentrations (Fn1, Fn5, and Fn25), cell lines (Yuze_1) on top, and (ffdc_11)
associated with nsSNVs in genes related to cell adhesion integrins (ITGA6 and ITGB1)
respectively. These cell lines showed phenotypic outliers in cell behaviour compared to
the control cell line in the middle. B) 2D micropattern system showed variation in germ
layers differentiation between cell lines. Figures adapted from (Vigilante et al., 2019,
Vickers et al., 2021).
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1.3  The role of the tissue microenvironment

In human embryo development, when the blastocyst reaches the uterus, it becomes
embedded into the uterine wall and completely embedded by the inner layer of uterus
tissue. This provides mechanical interactions between the environment (uterus) and
embryonic tissues, which play a key role in cell fate and direct embryo development.
Physical confinements and mechanical forces exerted from the uterus, such as constraint,
provide pressure that controls body axis formation and cell fate commitments (Vianello

and Lutolf, 2019, Lenne et al., 2021, Petzold and Gentleman, 2021).
1.3.1 ECM and cell interactions

Cell-ECM interactions through integrins within the local tissue environment regulate the
tri-lineage germ layers specification (Ranga et al., 2014, Arnold and Robertson, 2009).
This is mediated by physical cues from molecules such as integrins that bind to ECM
proteins that promote cell adhesion and govern differentiation (Figure 1.7) (Vining and
Mooney, 2017, Vianello and Lutolf, 2019). Integrins are transmembrane receptor
heterodimers for cell-ECM adhesion consisting of 18a, and 8(3 subunits; their specific
expression depends on the type of cell-ECM interaction (Kawase and Nakatsuji, 2023,
Vitillo and Kimber, 2017). Integrins link the ECM with intracellular cytoskeleton (such
as actin) allowing cells to sense the external stimuli of the local environment. In addition,
integrins transmit biochemical signals into the cell and contribute to trigger intercellular
signalling pathways and regulate cell attachment, cell spreading, migration and
proliferation (Vitillo and Kimber, 2017, Jansen et al., 2017). During the early stages of
development, B1-integrin secreted by extra-embryonic tissue initiates a signal to bind to
the ECM of the epiblast which facilitates polarisation and tissue morphogenesis (Bedzhov
and Zernicka-Goetz, 2014, Mol¢ et al., 2021b). Lack of integrin signalling is associated
with cells' inability to form polarising structures and to establish the gastrulation process
(Mol¢ et al., 2021b). Moreover, it has been demonstrated that the ECM modulate cell fate
decisions through integrins molecule that transmits signals from the ECM proteins to the
cell that stimulates the cytoskeleton remodelling and tissue rearrangement for germ layers
patterning (Petzold and Gentleman, 2021, Cheng et al., 2013). It has been reported that

both hESC and hiPSC express a range of integrins activated when bound to selective
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ECM substrates, such as laminin-rich, vitronectin, and fibronectin which mediate cell

adhesion (Vitillo and Kimber, 2017).
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Figure 1.7 The role of microenvironment in cell behaviour and differentiation.

The interaction between the cell and the local environment via integrins and cell adhesion
molecules. This specific cell- ECM binding induce intracellular signalling that regulates
gene expressions, cell phenotypes, cell fates, homeostasis and tissue regeneration.
Figure adapted from (Lutolf and Hubbell, 2005).
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1.3.2 Bioengineering approaches

The use of free-floating 3D models (i.e., spheroids in suspension culture) to manipulate
the molecular and physical stimuli provided by the surrounding tissue is limited.
Mirroring the in vivo microenvironment of the human embryo to understand the
interaction between signalling molecules and physical forces from local tissue remains
challenging (Lenne et al., 2021, Vianello and Lutolf, 2019). Bioengineering approaches
have become promising alternatives to overcome the limitation of manipulating the
physical constraints more closely to the native tissue environment (Gjorevski and Lutolf,

2017).

1.3.2.1 Synthetic hydrogel

Synthetic biomaterials such as PEG-based hydrogels are cross-linked polymer networks,
hydrophilic, and water-swollen, used to provide well-defined, reproducible
environments. The hydrogel network can be formed at different sizes to allow for
nutrients and growth factor transport, and their physical properties (i.e., stiffness,
degradation) can be modified to design a 3D culture system that mimics the native ECM
environment (Walters and Gentleman, 2015, Ranga et al.,, 2014). The cell-ECM
interactions play an important role in cell fate decisions and cell behaviour (Blache et al.,
2022). In vivo cells receive biochemical or mechanical cues when binding to the ECM or
via cell-cell adhesion, thus allowing cells to control matrix remodelling and govern many
cellular functions. Hydrogels can be used to manipulate cell-ECM in a 3D in vitro model
to create a culture system that brings together the mechanical and biochemical cues and
gain insight into the impact of cell fate decisions (Blache et al., 2022, Walters and
Gentleman, 2015, Guvendiren and Burdick, 2013). This approach often provides a
suitable scaffold for encapsulated cells to promote adherence, proliferation, and

differentiation into different cell types.

Previously, the hydrogel system has been reported by Lutolf’s group using 8-arm PEG-
vinyl sulfone (VS) and PEG-acrylate (Acr) functionalised by transglutaminase factor
(FXIIIa). The hydrogels initially crosslink with two identical bifunctional peptides, which
resulted in reacting with the chain end of any PEG arm, which disturbs the network

efficiency (Grskovic et al., 2011, Gjorevski and Lutolf, 2017, Gupta et al., 2021).
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However, another hydrogel system has been described to overcome the limitation of the
previous system's enzymatic reaction and insufficient network formation by using a 4-
arm PEG-based system and hetero-bifunctional peptide. This improves network
efficiency, especially when creating low polymer concentration hydrogels below 4%

(Jowett et al., 2021, Lust et al., 2021, Norman et al., 2021).

Constructing such a complex 3D platform with independent control of biochemical cues,
ECM, and hydrogel physical properties enables us to elucidate how extrinsic factors
influence cell fate decisions (Walters and Gentleman, 2015, Vining and Mooney, 2017).
Indeed, hydrogel stiffness can be tuned by varying the polymer concentration, and
biological cues controlled by incorporating integrin-binding arg-gly-asp (RGD) and
matrix metalloproteinase (MMPs) degradable peptide sequences (Gjorevski et al., 2016,
Petzold and Gentleman, 2021). The RGD sequence is a cell attachment site binds to
specific integrins such as avp3, avp5 to promote cell adhesion, proliferation, and cell
viability (Yamada et al., 2022, Jansen et al., 2017). Various studies have determined the
role of matrix stiffness and degradability on multiple cellular processes, including cell
proliferation, differentiation, and migration (Vining and Mooney, 2017, Gjorevski and
Lutolf, 2017). Low matrix stiffness (soft conditions) promotes cell proliferation, whereas
intermediate conditions support self-renewal and colony formation of single mouse
embryonic stem cells (mESC) (Ranga et al., 2014). The cell adhesion (RGD) ligand
density is shown to induce lumen formation in intestinal organoids and control the neural
(Jansen et al., 2017)tube morphogenesis (Gjorevski and Lutolf, 2017, Ranga et al., 2016).
Recent work showed intestinal organoid formation is favoured in hydrolytically
degradable or viscoelastic (rather than purely elastic) matrices (Jowett et al., 2021).
Overall, these flexible physical properties of the hydrogel are a potential tool to
investigate the role of the microenvironment and morphogen regulating hiPCSs

morphology and differentiation.
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1.4 High-content image analysis

High-content analysis (HCA) approaches to obtain quantitative readouts from digital
microscopy images provide unprecedented opportunities to derive automated multi-
parametric data to quantify cell behaviours and morphology at the single-cell level
(Mattiazzi Usaj et al., 2016). This approach can be used in high throughput to generate
data from many conditions. Studies have employed HCA to characterise the effect of
small molecules in several aspects of cell-based assays, including cell proliferation, cell
morphology, cell cycle, cytotoxicity, and protein expression (Kerz et al., 2016, Massey,
2015). The cells under distinct culture conditions exhibit dramatic changes over time
including cell shape (roundness vs. spreading) (Leha et al., 2016, Kerz et al., 2016). These
phenotypic features are often analysed by object detection and segmentation methods to
create analysis pipelines. In most pipelines, multi-channels per image were used as a
reference to identify cellular objects or phenotypes; however, an automated workflow
using phase contrast images has been described based on cell shape and area. In this
method, live imaged hiPSC were analysed in response to different concentrations of
fibronectin by integrating a novel CellProfiler- based image analysis pipeline. This
platform generated robust image segmentation, which can be utilised to analyse other cell
types and to characterise large panels of hiPSC (Kerz et al., 2016). Another study has
reported high-content image analysis coupled with immunofluorescence to characterise
endothelial cells phenotype from different sources such as hiPSC-derived endothelial
cells and human umbilical vein endothelial cells. This platform enables to analyse of cell
phenotypes under distinct culture conditions, including the presence or absence of

biochemical cues (Wiseman et al., 2019).

Different assays can be set up to capture one specific condition for screening analyses,
such as the effect of a drug and perturbations, or profiling assays to compare conditions
to characterise a panel of cell lines. Quantitative information about cell behaviour can be
obtained from both live imaging data and endpoint image datasets (Mattiazzi Usaj et al.,
2016, Danovi et al., 2013). However, analysing images acquired from live microscopy is
challenging due to the 2D representation (Kerz et al., 2016). Clearly, there is an advantage

to combining these two methods. In particular, morphogenetic events can be better
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understood if observed at time intervals and if information for single cells can be obtained

(Wiseman et al., 2019).

Improvements in microscopy, computational capabilities and data analysis have enabled
to deliver of robust quantitative cell phenotypic data within cell populations, allowing
researchers to answer various biological questions (Massey, 2015, Mattiazzi Usaj et al.,
2016). A wealth of image information can be obtained through proprietary software
including Harmony (PerkinElmer), and Imaris (Oxford Instruments) or open-source
software such as CellProfiler (Carpenter et al., 2006) and Icy bioimage software to gain

quantitative readouts (Kerz et al., 2016, Hale et al., 2018).
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1.5 Aims & hypothesis

Cell fate decision during gastrulation is regulated by cell-cell interactions, cell-ECM
communications, and signalling mechanisms of the native microenvironment and its
mechanical properties (Arnold and Robertson, 2009, Vianello and Lutolf, 2019). Several
3D models under distinct environments cues have been described as mirroring aspects of
gastrulation and obtaining an organised differentiation pattern (Bedzhov and Zernicka-
Goetz, 2014, Simunovic et al., 2019, ten Berge et al., 2008, Moris et al., 2020). The
mechanism of the signalling pathway during this event has been well-studied in
micropattern 2D systems suggesting that the BMP4 signal is the main regulator to initiate
in vivo gastrulation (Warmflash et al., 2014, Tewary et al., 2017). Moreover, insights into
how biochemical cues and physical cues trigger tissue rearrangements and whether they
are regulated mechanically (tissue environment) or biochemically (cellular response) are

not fully investigated.
In my project, the aims are:

1) To investigate how biochemical cues (BMP4/ KSR) influence morphogenesis and
the tri-germ layers lineages in a 3D hiPSC model of gastrulation.
2) To explore how physical confinement separately influences morphogenesis and

germ layers differentiation.

Here, 1 proposed an adapted method of a previously well-defined 2D micropattern
platform based on BMP4 induction in a 3D model and integrating a PEG-peptide hydrogel
system to provide physical constraints. I hypothesised that BMP4 provides sufficient
signals to trigger symmetry breaking, elongation and differentiation of hiPSC spheroids
in suspension culture. Next, I postulated that cellular tension governs spheroids
morphological changes in 3D models in suspension. I also hypothesised that PEG-peptide
hydrogel systems would inhibit elongation and thus enable us to interrogate if physical

confinement affects not just morphogenesis but also cell fate specification.
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The main objectives of this thesis are:

e To characterise the distinct morphological phenotypes of 3D hiPSC spheroids
cultured under self-renewing and differentiating media conditions and to quantify
the dynamic changes using HCA (Chapter 3).

e To investigate the contribution of morphological changes and the germ layers
specification under distinct medium conditions (biochemical cues) via protein
expression of specific markers using immunostaining (Chapter 4).

e To explore the effect of PEG-peptide hydrogel encapsulation (physical
confinement) in morphological changes and germ layers differentiation

(Chapter 5).

These objectives will provide a platform to dissect the contribution of biochemical and
physical cues addressing whether morphogenesis is required to direct lineage

differentiation and patterning.
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2  MATERIALS AND METHODS

2.1 Cell culture
2.1.1 hiPSC cells

hiPSC lines were selected from HipSci biobank (www.hipsci.org). Cell lines were
obtained from various donors who donated skin fibroblast and reprogrammed using
Sendai virus vectors (CytoTune, Life Technologies, A1377801) expressing the four
reprogramming factors OCT4, SOX2, C-MYC and KLF4. Each clonal hiPSC line is
anonymised with four letters followed by a number representing the clone from that
donor. Cells are assessed for quality control profile to verify pluripotency and genotyping

as previously described (Kilpinen et al., 2017).
2.1.2 hiPSC thawing and culture

Selected hiPSC cells obtained from a healthy donor (Hoik 1), which has been chosen for
its growth quality and viability post-thawing. Cells were cultured in a feeder-free medium
using a 6-well plate (Thermo Fisher Scientific,10578911) coated with 10 ug/ml
vitronectin (Stemcell Technologies, 07180) in phosphate buffer saline (PBS, Sigma,
P4474). Vitronectin-coated 6-well plate (Thermo Fisher Scientific,10578911) was
incubated for 1 hour at room temperature (RT) and washed once with PBS. On thawing,
hiPSC were resuspended in Essential 8 kit (E8) medium containing 2% E8 supplement
(50x) (Thermo Fisher Scientific, A1517001), 1% Penicillin Streptomycin (5000U/ml)
(Life Technologies,15070063). Cells were centrifuged at 200g for 3 minutes and
subsequently resuspended with E§ medium supplemented with 10 uM Y-27632 Rho-
kinase inhibitor (ROCKi) (ENZO Life Sciences, ALX-270-333-M005) to improve cells
recovery post thawing, then cultured on a vitronectin-coated 6-well plate and placed in a
humidified incubator at 37 °C, 5% CO.. The following day, the medium was changed to
E8 medium upon colonies formation, fed daily and passaged every 4-5 days when

reaching 70-80% as routine hiPSC maintenance.
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2.1.3 hiPSC maintenance

For hiPSC passaging, as previously described, a 6-well plate (Thermo Fisher
Scientific,10578911) was coated with 10 pg/ml vitronectin (Stemcell Technologies,
07180) in PBS (Sigma, P4474). hiPSC colonies were washed once with Hank’s balanced
salt solution (HBSS) (Gibco, 14170120) and detached by incubating in Versene (Gibco,
15040033) for 3-4 minutes at 37 °C, 5% COa,. After the Versene solution was removed,
cells were released from the surface using E8 medium, followed by plating cells on
vitronectin-coated 6-well plates at a split ratio (1:6 — 1:10). Cells were cultured in a

humidified incubator at 37 °C, 5% CO- with daily feeding.
2.1.4 hiPSC freezing

Cells were frozen to generate long-term stocks and cryopreserved in liquid nitrogen
containers. When hiPSC colonies reached 70-80% confluence, cells were washed with
HBSS, detached using Versene (Gibco, 15040033) for 3-4 minutes, and incubated at
37°C, 5% COaz. Cells were resuspended in E§ medium containing 10% dimethyl sulfoxide
(DMSO) (Sigma, D2650) and transferred to cryogenic vials (Nuc cryoTubes, 377267).
Cells were maintained in Mr Frosty™ freezing container (Thermo Fisher Scientific,

10110051) at -80 ° C for 24 hours; then vials were transferred to liquid nitrogen.

2.2 Spheroids formation and 3D culture
2.2.1 Spheroids derivation from hiPSC

Prior to hiPSC dissociation into single cells and seeding, low attachment 96-well V-
bottom plates (Thermo Fisher Scientific, 268200) were coated with 5% (w/v) Pluronic
solution (Sigma, P2443) in PBS (Sigma, P4474). Cells on plates were centrifuged at 500g
for 5 minutes to settle, incubated for 30 minutes at RT, and washed once with PBS
(Gibco). To dissociate hiPSC colonies into single cells, colonies were washed once with
HBSS (Gibco, 14170120) and incubated in Accutase (Gibco, A1110501) for 4 minutes at
37 ° C, 5% COas. Cells were resuspended in E8 medium (Thermo Fisher Scientific,
A1517001) to inactivate the Accutase effect. Cells were centrifuged at 200g for 3 minutes
and resuspended in E8 medium supplemented with 10 pM ROCKi (ENZO Life Sciences,
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ALX-270-333-M005) to promote the survival of dissociated hiPSC. Single cells were
seeded in low attachment 96-well plates at a density of 750 cells/ well and cultured in E8
medium with 10 uM ROCKi (ENZO Life Sciences, ALX-270-333-M005) to prevent cell
apoptosis and enhance cell viability. After seeding, cells were centrifuged at 200g for 2
minutes to bring all single cells to the bottom in the centre of V-bottom well plate and

incubated for a further 48 hours at 37° C, 5% CO: to allow aggregation (Figure 2.1).
2.2.2 Gastrulation-like induction of hiPSC spheroids

The spheroids formation protocol was modified and adapted from (Ungrin et al., 2008,
van den Brink et al., 2014). After 2 days in culture and medium replacement (Figure 2.1),
hiPSC spheroids formed were cultured in self-renewing and differentiation conditions as
follows before being incubated at 37 °C, 5% CO- and cultured for 96 hours; (1) E8
medium supplemented with 2% E8 supplement (50x) (Thermo Fisher Scientific,
A1517001), 1% Penicillin Streptomycin (5000U/ml) (Life Technologies,15070063), and
10 uM ROCKi (ENZO Life Sciences, ALX-270-333-M005); (2) Knock out serum
medium KSR consist of Advance DMEM/F-12 medium (Thermo Fisher Scientific,
12634010), supplemented with 20% KnockOut serum replacement (Gibco, 10828010),
1% L-Glutamine (Gibco 25030081), 1% Penicillin Streptomycin (5000U/ml) (Life
Technologies,15070063), 0.1mM B-mercaptoethanol (Gibco,31350-010), 10 ng/ml basic
fibroblast growth factor (bFGF, Invitrogen, PHG0026),10 uM ROCKi (ENZO Life
Sciences, ALX-270-333-M005), and supplemented with 50 ng/ml BMP4 (R&D, 314-BP-
050). For control conditions, (3) E8 medium composition as in (1) supplemented with 50

ng/ml BMP4; and (4) KSR medium as described without adding 50 ng/ml BMP4.

2.3 PEG hydrogels
2.3.1 PEG-peptide conjugation and purification

PEG-peptide conjugates were created following the protocol described in (Jowett et al.,
2021, Lust et al., 2021). Custom-designed peptide non-adhesive/ non-degradable Ac-
KDW-ERC-NH: (consists of amino acids Ala, Cys , Lys, Asp, Trp, Glu, Arg, Cys, Asn)
was obtained from (Peptide Protein Research, Ltd. (UK), >98% purity;

https://web.expasy.org/cgi-bin/protparam/protparam). This custom-designed peptide Ac-
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KDW-ERC-NH; is a non-functional sequence that does not interact with the cells;
however, it was used to produce a physical confinement environment. To create the
conjugates, the peptide was dissolved in anhydrous dimethyl sulfoxide (Sigma, D2650)
at 10 mg/ml and anhydrous triethylamine (TEA, Sigma, 471283) at a ratio of 2:1 molar
to deprotonate the primary amine from the lysine side chain. Then, peptides were
conjugated to 4-arm PEG; each arm contains nitrophenyl carbonate (PEG-4NPC)
(JenKem Technology, USA). In this reaction, 16.67 mg/ml solution of 10 kDa PEG-
4ANPC (JenKem Technology, USA) in DMSO (Sigma, D2650) was added to the peptide
drop by drop with continuous mixing and allowed to react on an orbital shaker at a
12:1molar ratio of excess peptide to PEG-4NPC at 160 rpm for 30 minutes at RT. After
the reaction was complete, peptide conjugates were snap-frozen using dry ice and
lyophilised for three days to remove TEA and DMSO. To decrease disulfate bonds,
peptide conjugates were dissolved in a sodium carbonate-bicarbonate buffer pH 8.8 - 9.2
with 0.1g/ml Dithiothreitol (DTT, Sigma, D0632) at a ratio 8:1 molar. The solution was
purged with nitrogen gas for 5 minutes to maximise disulphide bond cleavage and
incubated for 3 hours at RT. Peptide conjugates were purified four times with MiliQ water
in Merck Millipore Ultrafiltration IMWCO units (10 kDa cut-off). This is followed by

snap freezing and lyophilisation peptide conjugates prior to storage at -20 °C.

The PEG-peptide conjugates were then quantified via Ellman’s assay (Thermo Fisher
Scientific, 22582) to measure the free thiols in peptide conjugates. To achieve this, 4
mg/ml solution of Ellman’s reagent was prepared in a reaction buffer of 0.1 M in PBS
(Sigma, P4474) at pH 8.0 and 1 mM EDTA (Thermo Fisher Scientific, BP2481) Aliquots
of 30 ul from the peptide conjugates were incubated in 50 pl of the prepared buffer and
allowed to react for 15 minutes at 30 rpm at RT, followed by UV measurement
absorbance at 412nm. The concentration of free thiols in Ac-KDWERC-NH2 conjugates
was calculated using the molar extinction coefficient of Ellman’s reagent (14150 M-1
cm-1) and equation c=A/be (A is the absorbance of the sample at 412 nm, b is 1 cm and
¢ 1s the molar extinction coefficient). To quantify the peptide yield conjugated in PEG-
KDWERC, 2 pl of the solution was measured using the protein A280 function on the

nanodrop. Then, the calculation was performed using € and Mw of the peptide.
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2.3.2 PEG-peptide hydrogel formation

PEG-peptide hydrogels were synthesised by reacting 4-arm PEG-peptide conjugates with
4-arm PEG-vinyl sulfone (PEG-4VS, 20 kDa) (non-degradable) or a mixture of 25% 4-
arm PEG-4VS and 75% 4-arm PEG- acrylate (PEG-4Acr, 20 kDa) (degradable) (All
JenKem Technology, USA). The reaction was performed in stoichiometric ratio 1:1
30mM HEPES buffer at pH 8 (Sigma, H3375) diluted in 1x HBSS (Gibco, 14025092) via
Michael's- type reaction. Briefly, the cysteine free-thiol on the C-terminal of the peptide
conjugate reacted with the vinyl-sulfone group on PEG-4VS or the acrylate group on
PEG-4Acr.

To create 2.5% or 5% non-adhesive/non-degradable, PEG- KDWERC was reacted with
PEG-4VS (to design non-degradable hydrogel) or (25% PEG-4VS with 75% PEG-4Acr
to form a degradable gel). This reaction was created in a stoichiometric ratio of 2:1 in 30
mM HEPES buffer (pH 8.0). PEG-peptide were incubated at 37 °C, 5% CO; to allow
gelation for 30-45 min prior to being placed in a culture medium or PBS. These PEG-
peptide hydrogels were formed to perform rheological measurements and degradation

assays.
2.3.3 Rheological measurements of hydrogels

The hydrogels 2.5% non-adhesive- non-degradable PEG-4VS and 75% PEG-4Acr were
formed as described previously in (section 2.3.2). Briefly, hydrogels were formed at 50
pl volume using 8 mm sigmacoate glass rings (Sigma, SL2) cast on a 24-well plate
(Greiner, BC017); rings were removed after gelation and placed in PBS (Sigma, P4474).
Storage modulus G’ was measured on a strain-controlled ARES from TA Instruments
using an 8 mm plate with a 0.01-rad angle. Prior to performing measurements, PEG-
peptide hydrogels were removed from the cell culture plate and placed onto the bottom
rheometer plate. All measurements were carried out at 37 °C and sealed with paraffin oil
to prevent evaporation. A frequency sweep was recorded, measuring G’ as a function of
shear frequency in 100-0.1 rad s—1 at a fixed strain of 1%. (Orchestrator software, version
7.2.0.2). Rheology assessments were carried out on times after hydrogel formation 0, 72,

120, and 192 hours.
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2.3.4 Tryptophan release quantification

Tryptophan cleavage in both hydrogels was quantified to measure hydrogel degradation.
PEG-peptide hydrogels were formed as described, cast on 6 mm sigmacoate-treated glass
rings (Sigma, SL2) on a 24-well plate (Greiner, BC017), and incubated at 37 °C, 5% CO-
for 30-45 min to allow gelation. Next, glass rings were removed, and gels were submerged
in cell culture media Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher
Scientific, 11965092) and incubated at 37 °C, 5% CO;. The degradation assay was
assessed after hydrogel formation at 0, 72, 168, and 216 hours by measuring the

absorbance of tryptophan in solution at 280nm.
2.3.5 hiPSC spheroids encapsulation in PEG-peptide hydrogel

hiPSC spheroids were harvested 48 hours post seeding in 96-wells V-bottom plate as
(described in 2.2.1) (Figure 2.1). Before encapsulating, each well's spheroid was rinsed
once and then resuspended with 30 mM HEPES buffer (PH 8.0) (buffer preparation
described in section 2.3.2). PEG-peptide compositions were mixed at desired volume
10 pl, including spheroids and cast on 96-wellss V-bottom plate (Thermo Fisher
Scientific, 268200) single spheroid per well for live imaging. Multiple spheroids were
mixed with PEG-gel compositions and fabricated on p-slides angiogenesis glass bottom
(ibidi, 81507) for confocal imaging. PEG-peptide hydrogel, as mentioned previously,
consists of 2.5% non-adhesive/non-degradable peptide conjugates PEG-KDWERC
crosslinked with either (1) 100% PEG-4VS or (2) 25% PEG-4VS and 75% PEG-4Acr.
The embedded spheroids were incubated for 30-45 minutes at 37° C, 5% CO; until
gelation (after 20 minutes, samples were checked to see if gelation formed to avoid
keeping cells without medium for a long time). Upon gelation, the medium was added in
the presence of 10 uM ROCKIi (ENZO Life Sciences, ALX-270-333-M005) (described
in section 2.2.2) as follows: E8 medium, KSR with BMP4 (50 ng/ml), and controls E8
supplemented with 50 ng/ml BMP4, and KSR. Cells were cultured for 96 hours and
incubated at 37 °C, 5% CO, with daily feeding.
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Figure 2.1 Schematic of experimental workflow.

hiPSC in single cells were seeded in low attachment plate 96- well V bottom cultured in
E8 medium in suspension; after two days in culture (Top) medium was changed to ES8,
KSR BMP4, E8 BMP4 and KSR. (Bottom) hiPSC spheroids were encapsulated in PEG-
4VS or PEG-4Acr hydrogels; after the hydrogels are fully crosslinked medium was
changed to E8, KSR BMP4 medium or control conditions E8 BMP4 and KSR medium.
Spheroids in both suspension and hydrogel were imaged using a live imaging
microscope every hour for 96 hours, followed by immunostaining for stemness and
differentiation markers and imaged using confocal.

2.4 Immunofluorescence labelling
2.4.1 Spheroids in suspension immunostaining

Spheroids in suspension were fixed using 4% paraformaldehyde (PFA) (Sigma) incubated
at room temperature (RT) for 45 minutes on a shaker followed by three washes with PBS
(Sigma, P4474) 5 minutes/wash. Cells were permeabilised and blocked with 0.3% Triton
X100 (Sigma) in PBS (Sigma, P4474), and 3% bovine serum albumin (BSA, Sigma,
A9418) for 1 hour at RT on a shaker. Primary antibodies were diluted in the blocking
buffer, and spheroids were incubated in primary antibodies overnight in the dark at 4 °C
on a shaker. Following three washes with 0.1% TritonX100 (Sigma) in PBS (Sigma,
P4474) 5 minutes/wash, cells were incubated in secondary antibodies and DAPI for 2
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hours at RT on a shaker. Finally, spheroids were washed three times with 0.1%
TritonX100 (Sigma) in PBS (Sigma, P4474) for 10 minutes/ wash. All antibodies used to
label spheroids in suspension in this thesis are listed in (Table 2.1). Controls for secondary
antibodies only and DAPI to detect non-specific binding were performed for spheroids

for each medium condition.
2.4.2 Cell proliferation assay

Spheroids in suspension at day 4 were labelled with 4uM EdU and incubated for 6 hours
using a Click-iT EdU Alexa fluor 488 imaging kit (Thermo Fisher Scientific, C10337).
Spheroids were fixed with 4% PFA (Sigma), incubated RT for 45 minutes on a shaker
and washed three times with PBS (Sigma, P4474). Cells were then blocked and
permeabilised using 3% BSA and 0.3% TritonX-100 (both Sigma) in PBS (Sigma,
P4474) for 1 hour at RT on a shaker, followed by washing three times with 3% BSA
(Sigma). Click-iT reaction buffer was prepared (following the manufacturer’s
instructions) at the desired volume. Cells were incubated in the reaction buffer for 30
minutes at RT on a shaker, followed by washing once with 3% BSA (Sigma). Nuclear
staining, Hoechst 33342 (1:1000, Invitrogen) was added to the cells and incubated for 30
minutes at RT on a shaker protected from light. Then, cells were washed twice with PBS

(Gibco) for 5 minutes/wash.
2.4.3 Embedded spheroids in PEG-peptide hydrogel immunostaining

Encapsulated spheroids in PEG-4VS and 75% PEG-4Acr were fixed with 4% PFA
(Sigma) incubated at RT for 45 minutes on a shaker. Then, cells were washed three times
with PBS (Sigma, P4474) for 10 minutes/wash followed by permeabilisation using 0.3%
Triton X100 (Sigma) in PBS (Sigma, P4474) for 1 hour. Cells were incubated in a
blocking buffer consisting of 0.1% TritonX100 (Sigma) and 3% BSA (Sigma) overnight
at 4°C on a shaker. Primary antibodies were diluted in the blocking buffer; cells were
stained and incubated for 36 hours in the dark at 4°C on a shaker. Following five extensive
washes using 0.1% TritonX100 (Sigma) in PBS (Sigma, P4474) for 10 minutes/wash,
cells were stained with secondary antibodies and DAPI overnight in the dark at 4°C with
shaking. Then, cells were washed five times with 0.1% TritonX100 (Sigma) in PBS
(Sigma, P4474) for 10 minutes/wash. All antibodies used to stain embedded 3D spheroids
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in PEG-peptide hydrogels are listed in (Table 2.1). Secondary antibody only and DAPI

were performed to detect non-specific binding.
2.4.4 Cell viability assay

A one-step cellular assay was used to detect live/dead cells post-hydrogel encapsulation.
Live and Dead Cell Assay (Abcam, ab115347) was used to stain the spheroids embedded
in PEG-peptide hydrogels after 96 hours in culture. Cells cultured in ES, KSR BMP4, E8
BMP4 and KSR medium were labelled with 1x live and dead dye to the medium.
Spheroids in suspension were stained for live and dead as a control; cells were incubated

for 10 minutes at 37 °C, 5% COs..
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Table 2.1. Antibodies used for 3D spheroids immunostaining.

Antibody

Rabbit anti-OCT4

Goat anti-SOX17

Goat anti-BRA

Goat anti- SOX2

Rabbit anti-EOMES

Mouse anti-YAP1

Alexa Fluor 555
Phalloidin

Donkey anti-rabbit Alexa
Fluor 488

Donkey anti-goat Alexa
Fluor 633

Donkey anti-mouse
Alexa Fluor 594

DAPI

Dilution
Suspension PEG-gels
1:500 1:50
1:100 1:50
1:200 1:50

1:200
1:200
1:50
1:100
1:500 1:50
1:500 1:50
1:500
1:1000

Manufacturer

Abcam

R&D

R&D

R&D

Abcam

Santa Cruz

Thermo Fisher
Scientific

Invitrogen

Catalogue
Number

ab19857

AF1924

AF2085

AF2018

Ab23345

sc-101199

A34055

A32790

A21082

A21203

D1306
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2.5 Imaging and quantification
2.5.1 Live cell imaging

Time-lapse imaging was performed at 37 °C, 5% CO; using JuLI™ Stage Real-Time Cell
History Recorder (NanoEnTek). hiPSC -derived spheroids in 96-wellss V-bottom plate
in suspension and encapsulated in PEG-peptide hydrogels imaged every hour for 4 days
(96 hours). Brightfield time-lapse images were acquired by 10x objective, using the
following set-up: exposure time= 65 ms, brightness= 18, and focus at ~8851 to capture
spheroids morphological changes over time. The setup could vary slightly between

experiments which require some adjustment (i.e., focus and brightness).

2.5.1.1 Image analysis for time-lapse imaging of spheroids in suspension

A time-lapse image analysis pipeline was built to quantify spheroids' area and shape as
morphological changes readouts. Firstly, raw images from the JuLI™ Stage Real-Time
Cell History Recorder (NanoEnTek) were extracted from time points 1 to 96 before
processing images in the segmentation pipeline. In this pipeline, the variation in pixel
intensity values between the two following time points was calculated to distinguish
values belonging to the spheroids area from the background. We observed the background
as a constant area with no change in pixel intensity, whereas regions with pixel intensity
variations were referred to as Delta images. Delta images were segmented using
CellProfiler (Broad Institute) software. Principal Component Analysis using Spotfire
High Content Profiler (Tibco, PerkinElmer) was used based on morphological parameters
to cluster spheroids from different conditions and times. A full method description is

included in this thesis as described in (Alsehli et al., 2021).

2.5.1.2 Computational neural networks for spheroids in suspension clustering

Here, data from CellProfiler were used to build a centroid of the images and these were
included in a training set together with metadata of their medium condition (E8 versus
KSR BMP4). The training and test sets were obtained from time-lapse data from time
points 1-96. A proof-of-principle phenotypic classification was built using a trained

convolutional neural network in collaboration with (Micrographia Bio, UK) that could
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indicate with increasing accuracy over time the medium condition of a particular spheroid

at a specific time-point as described in (Alsehli et al., 2021).

2.5.2 Confocal microscopy

2.5.2.1 Imaging of spheroids in suspension

After Immunofluorescence labelling as described in (section 2.4) spheroids in suspension
culture were transferred into 96-wellss plate, flat bottom, pclear black for imaging
(Greiner, 655090). Images for the selected markers and cell viability were acquired using
Leica TCS SP8 confocal microscope with a 40x oil objective, Z-stack step size Sum, 60
slices for spheroids cultured (E8 condition), and Z-stack step size 3um for (KSR BMP4,
E8 BMP4, and KSR) with a 40, 25, and 40 slices for each condition respectively.

2.5.2.2 Imaging of embedded spheroids in PEG-peptide hydrogel

Encapsulated spheroids in p-slides angiogenesis glass bottom (ibidi, 81507) were imaged
for markers expression and live/dead assay. Embedded spheroids were imaged with a 63x
oil objective, and 20 slices were taken at Z-stack step size 2um for all hydrogel
conditions. Image processing was performed and visualised using ImagelJ version 2.0.0

(Fiji) and OMERO. insight Version 5.5.9.

2.5.2.3 Image analysis

Image analysis for spheroids in suspension and encapsulated spheroids in hydrogels were
performed using Imaris software version 9.9. Here, nuclei were quantified using spot-
counting methods to determine the expression intensity of the germ layer, pluripotency,
and cell proliferation markers. The percentage of positive expression was determined
from the total number of cells in the DAPI channel for the respective spheroid. Co-
localisation of OCT4 and SOX17 was calculated based on expression thresholds for co-

expressed markers, and then spot detection was used to quantify the number of cells.

To measure sphericity after changes in morphology, a surface mask was created on the
DAPI channel using Imaris software version 9.9. This surface mask was performed to

select the spheroid region based on the DAPI threshold. This provides readouts for
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changes in shape via sphericity and deformation values (values range closer to 1
corresponds to spherical structure, while values below 0.7 indicate shape deformation

(Szmanda and Witkowski, 2021).

2.5.2.4 Icy analysis pipeline

To analyse the F-actin distribution around the spheroids, a pipeline was created in Icy
software (an open community platform for bioimage informatics) (de Chaumont et al.,
2012). Pre-processing of the images included conversion into maximum intensity
projections (MIP) and a gaussian blur to improve the segmentation quality of the whole
spheroid area based on the DAPI channel and the F-actin network based on the F-actin
channel. First, the two channels (DAPI and F-actin) were extracted separately (Figure
2.2). The DAPI channel was used for segmentation to detect the whole spheroid area
using HK-means thresholding, creating a mask of the entire spheroid. Here, in the HK-
means method, gaussian pre-filter (value =3) was used to remove noise, and the minimum
object size was selected at 10000 pixels to generate a region of interest (ROIs) that

represents the whole spheroid area.

As DAPI provides consistent and reliable staining, using this channel for mask creation
improves the quality and reliability of segmentation and removes any bias due to changes
in intensity in the F-actin channel. Next, A ’fill-holes in ROI’ step was included to create
a single mask that evenly covered the spheroid's whole area. Therefore, we determine our
ROIs by dividing the entire area mask into an inner ring area (to measure F-actin within
the centre of the spheroid) and an outer ring area (measuring F-actin within the periphery).
To create these ROI, for each image, the whole area mask was reduced by a scale
percentage of 25 along both the X and Y axis to reduce the ROI to the central region in
the inner core. Next, the inner ROI was subtracted from the whole area mask to obtain
the outer ring region. Reduction of each mask by a set scale percentage of 25 was chosen
to remove bias and maintain as even as possible volume within each ROI. After
identifying the ROI, the F-actin channel was used as input to extract the average intensity
within each ROI area. The pipeline was run in an automated fashion to remove bias.
Gastruloids with poor segmentation quality (if the whole mask value was greater than 1

ROI, due to fragmented gastruloids resulting in multiple masks) were excluded. To
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quantify whether F-actin distribution is focused centrally (inner ring) or peripherally
(outer ring), the ratio of average intensity (central: periphery) was calculated. The full

pipeline is available in (Appendix 1).
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Figure 2.2 Overview of F-actin analysis pipeline.

A) Schematic of a method to extract the average intensity of F-actin in the periphery and
centre of gastruloids. B) Example of output images of a spheroid after crucial steps of
the analysis pipeline, displaying mask creation and ROI extraction. (This pipeline was
created by Errin Roy).

2.6 Statistical analysis

Data from the live images pipeline and Imaris software were compiled into Microsoft
Office 365 Excel 16.62. Data were exported to GraphPad Prism version 9.3.1., Results
are represented as means with standard deviation (SD). Statistical analysis was performed
via ordinary one-way ANOVA test for multiple comparisons (Sidak test) to analyse
markers expression (OCT4, SOX17, SOX2, BRA and EOMES) between medium
conditions. The F-actin data t-test was used, and one sample t-test was used for each
hydrogel system to analyse degradability from days 0-5. To analyse cell viability after
encapsulation between stiff or soft hydrogels, 2-way Anova test was used. Data sets with

p values <0.0001, and < 0.05 are considered significant.
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3 DISTINCT MORPHOLOGY IN 3D GASTRULATION-
LIKE MODELS UNDER DIVERSE CULTURE
CONDITIONS

3.1 Introduction

Self-organising in 2D systems such as hiPSC micropatterning models have been
successfully used to recapitulate cell fate patterning and differentiation of three germ
layers ex vivo. In these models, the presence of BMP4 morphogen was found to trigger
pattern formation mirroring that in the early embryonic development (Warmflash et al.,
2014, Deglincerti et al., 2016, Heemskerk and Warmflash, 2016). However, the capacity
of morphogenesis renders 2D systems not fully adequate owing to the complexity of the
in vivo microenvironment. 3D models, on the other hand, offer a more realistic
opportunity to explore key features of gastrulation events inducing axial elongation and
lineage specifications (Siggia and Warmflash, 2018, Simunovic and Brivanlou, 2017,

Arias et al., 2022).

In this Chapter, I describe how I developed our proposed gastruloid-like model using
hiPSC. Cells were seeded at defined density in low attachment 96-well plates and treated
with BMP4 to form spheroids in suspension. Spheroids were then cultured in suspension
in selected medium conditions as follows: (1) E8, (2) KSR BMP4 with controls, (3) E8
BMP4 and (4) KSR. The main aim of this Chapter is to characterise the dynamic changes
of 3D hiPSC spheroids grown in self-renewing versus differentiating media conditions,
giving rise to distinct morphologies. We set up for this purpose a robust high-content
imaging-based platform to monitor morphology via live imaging and quantification

methods.

This Chapter includes my first author publication without breaking the publisher’s
copyright in (section 3.3.2) https://doi.org/10.1016/j.ymeth.2020.05.017
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3.2 BMP4 signalling induces axial elongation in 3D gastrulation-like models

We first set out to investigate whether 50 ng/ml BMP4 is sufficient to induce axial
elongation in hiPSC-derived gastrulation 3D model in suspension. Defined cultured
medium conditions (E8) that promote self-renewing and (KSR BMP4) triggers
differentiation and their controls (E§ BMP4, and KSR) were used to explore spheroids
phenotype behaviour in response to biochemical cues. Here, cells were plated in single
cells 750 cells/well and cultured in E8 medium for 2 days to allow aggregation.
Aggregates formed standardised spherical shape when cultured in 96- well V bottom
plates before changing the medium to E§, KSR BMP, E§ BMP4, KSR and medium
(Figure 3.1 A). After 96 hours in culture, live imaging revealed consistent phenotypic
variations in each medium condition (Figure 3.1 B). Cells cultured in E§ medium formed
a spherical shape, in KSR BMP4 medium spheroids were observed to break symmetry
and exhibit axial elongation. The control conditions formed intermediate phenotypes, in
E8 BMP4 spheres that were smaller in size and tended to form small protrusions while

culturing in KSR alone exhibited a budded morphology.

Based on these observations (~230 spheroids) qualitative readouts showed 3D spheroids
in E8 formed consistent round structures, whereas in KSR BMP4 medium most of the
spheroids formed a long axis, few created a (budded structure)- defined as a small tip
structure shaped out of the spheroid, and some remained sphere (Figure 3.1 C). In the
intermediate conditions, the E§ BMP4 formulate spherical shaped structures (smaller in
size when compared to E8 condition), while few tend to form a small-budded structure,
however in KSR spheroids mostly created budded structures and few remained round
(Figure 3.1 C). These observations are consistent with our previous findings in (Alsehli
et al., 2021) which demonstrated a robust platform to detect morphological changes in

each medium condition.
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Figure 3.1 hiPSC forming a distinct morphology under diverse medium
conditions.

A) hiPSC in single cells were seeded in low attachment plate 96- well V bottom cultured
in E8 medium for 2 days to form aggregates, then the medium was changed to E8, KSR
BMP4, E8 BMP4 and KSR. Scale bar 500 um. B) The changes in spheroid shape, E8
medium maintained spherical shape, KSR BMP4 induced axial formation, in control
conditions E8 BMP4 remains spherical, while KSR formed budded structure. C)
Qualitative assessment of the dynamic morphological changes in each medium
condition (total number of 230 spheroids). 62
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3.3 High-content image analysis

Based on these results, we sought to develop image analysis pipelines that quantify
changes in morphology using 3D endpoint images obtained from confocal microscopy
and a series of time-lapse images acquired (2D) by live imaging microscopy. This allows
for analysing the degree of deformation of the final shape (section 3.3.1) and the dynamic
changes in morphology over time (section 3.3.2). Here, we propose methods of efficient

spheroid area segmentation using Imaris and CellPofiler software.

3.3.1 Quantification of 3D hiPSC distinct variations under diverse culture

conditions based on endpoint images

To identify how closely the shape of the 3D structure after 96 hours formed a perfect
sphere or showed shape deformation, we used confocal images to measure the volume of
the spheroid (Figure 3.2 A). Here, the segmentation of the spheroid area was created by
surface mask based on DAPI channel thresholding to outline the whole spheroid area to
allow for calculating sphericity values. The changes in morphology revealed that hiPSC
spheroids cultured in E§ medium produce nearly perfect spheres with values laid between
0.7 to 0.9 representing a sphere-shaped structure (Figure 3.2 B). In the KSR BMP4
medium, the data showed fluctuations in shape values determined from 0.2 to 0.5 which
indicates the massive deformation in shape when compared to the E8 medium (Figure 3.2
B). In the intermediate conditions, E§ BMP4 showed slightly diverse sphericity values
hinting at less round structures in comparison to the E§ condition, whereas in KSR cells
values are mostly 0.6- 0.7 rounded shapes (Figure 3.2 B). The existence of the budding
structure in the KSR decreases the sphericity values to more intermediate structure. These
data demonstrate the dynamic changes in spheroids morphology under diverse culture

conditions in response to biochemical cues.
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Figure 3.2 Quantification of morphological changes.

A) Confocal representative images of 3D culture masked using surface object tool via
Imaris software. A surface mask of spheroid area was created based on the DAPI
channel threshold to quantify deformation in shape. B) Sphericity values were obtained
from the masked images, in E8 values are closer to 1 indicate a round shape, in KSR
BMP4 value varies between 0.2 — 0.7 which demonstrates an elongated shape, E8
BMP4 and KSR exhibit substantial variation in sphericity values between rounded to
deformed shape, statistic test ordinary one- way ANOVA (n=22, 36 spheroids in E8, and
rest of conditions respectively, bars= SD)
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ABSTRACT
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High-throughput imaging methods can be applied to relevant cell culture models, fostering their use in research
and translational applications. Improvements in microscopy, computational capabilities and data analysis have
enabled high-throughput, high-content approaches from endpoint 2D microscopy images. Nonetheless, trade-offs in
acquisition, computation and storage between content and throughput remain, in particular when cells and cell
structures are imaged in 3D. Moreover, live 3D phase contrast microscopy images are not often amenable to
analysis because of the high level of background noise.

Cultures of Human induced pluripotent stem cells (hiPSC) offer unprecedented scope to profile and screen
conditions affecting cell fate decisions, self-organisation and early embryonic development. However, quanti-
fying changes in the morphology or function of cell structures derived from hiPSCs over time presents significant
challenges. Here, we report a novel method based on the analysis of live phase contrast microscopy images of
hiPSC spheroids. We compare self-renewing versus differentiating media conditions, which give rise to spheroids
with distinct morphologies; round versus branched, respectively. These cell structures are segmented from 2D
projections and analysed based on frame-to-frame variations. Importantly, a tailored convolutional neural
network is trained and applied to predict culture conditions from time-frame images.

We compare our results with more classic and involved endpoint 3D confocal microscopy and propose that
such approaches can complement spheroid-based assays developed for the purpose of screening and profiling.
This workflow can be realistically implemented in laboratories using imaging-based high-throughput methods
for regenerative medicine and drug discovery.

1. Description of theoretical basis and framework for the

technique

and quantify cell patterning and the formation of 3D structures, such as
spheroids [2]. These applications require the ability to acquire dynamic
information over time and ideally perform on-the-fly analyses for

Significant attention has been dedicated to the development of
relevant cell culture models that can mirror the behaviour of human cells
in vivo. Imaging methods are being deployed as important tools to
analyse cells in complex environments in vitro [1]. This has interesting
applications in the establishment of quality control protocols for ther-
apeutics, as well as in cell therapy development and manufacturing. In
particular, many systems are emerging that enable scientists to observe

quality control, screening and profiling campaigns [3].

High content analysis (HCA) approaches designed to obtain quanti-
tative read-outs from microscopy images provide opportunities to derive
automated multi-parametric data to quantify single cell behaviour and
morphology. This information can be obtained from both live and
endpoint image datasets [4]. There is a clear advantage in combining
these two methods especially to study morphogenetic events. Indeed,
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Fig. 1. Spheroids obtained from hiPSCs present
consistent changes in morphology in different media

spheroids
(day2)

conditions. (A) Scheme of this study — hiPSC (left) are

plated in suspension. After 2 days medium is changed
timeframes

H1-96 (day2-6)

either maintaining in self-renewing E8 conditions or
moved to differentiating KSR BMP4 conditions. Wells
are imaged every hour from day 2 to day 6. Scale Bar,

500 uM. (B) Consistency of changes in shape — We
observe formation of round or branched spheroids in the
different media. Representative experiment at 96 h
with n = 9 technical replicates. Images included are of
spheroids in E8 (left) and KSR BMP4 conditions
(right). (C) Endpoint confocal imaging — Representa-
tive spheroids at 96 h (endpoint day 6) imaged with
confocal microscopy. Note the consistent shape

DAPI Oct4

E8

live imaging yields important time-dependent morphological informa-
tion despite being more challenging to segment. On the other hand,
endpoint images collected from cultures stained with dyes or immuno-
fluorescent cell lineage markers tend to be easier to segment. Quanti-
tative data can be processed via image analysis pipelines and workflows
[5,6]. This approach enables scientists to explore cell dynamics, allow-
ing for insights into biological and biochemical mechanisms in vitro
[7.8].

Continuous improvements in microscopy and computation have
effectively empowered high-throughput HCA from endpoint microscopy
images in 2D. Nonetheless, trade-offs between content and throughput
remain. In particular, quantifying changes in 3D morphology over time
is potentially of great interest and yet generally operationally chal-
lenging in terms of set up, workflow, data storage and computation.
Moreover, live 3D images from phase contrast microscopy tend to prove
suboptimal and bring challenges to segmentation. More complex solu-
tions with dyes, reporters and immunofluorescence have been explored
and yet are harder to deploy for characterisation of large panels of
human cell lines [9]. Furthermore, especially in complex cultures such
as hiPSCs and primary cells, studies often focus on either live or
endpoint imaging and are rarely combined [5,7].

hiPSCs have the ability to self-renew (producing identical daughter
cells) and to differentiate into virtually all cell types of the human body.
These cells offer promising applications for disease modelling and drug
discovery. Analysing patterns of cells in vitro has the potential to pro-
vide insight into the mechanism of cellular behaviour, cell fate, and early
embryonic development [10,11]. However, significant challenges in
acquisition and analysis present when attempting to recapitulate self-
organisation, cell fate patterning, and morphogenesis of early
mammalian embryogenesis in vitro in 3D and in a dynamic manner

34

changes in DAPI and staining of Oct4 pluripotency
marker.

KSR + BMP4

[12].

Multicellular aggregates called embryoid bodies (EBs) recapitulate
some aspects of in vivo development and facilitate the understanding of
cell fate dynamics and organisation [12,13]. More complex 3D ap-
proaches have provided robust simulation of in vivo gastrulation
including symmetry breaking-like events prior to differentiation [14,15].
Methods have been described that dissect the molecular mechanisms
involved in gastrulation in manageable in vitro systems that can be
referred to as 2.5D [16]. Interesting examples have recently moved the
field forward towards predictive modelling via in silico analysis [17].
These methods will have an important value in quality control of cells
and could be exploited across a wide range of applica- tions for
regenerative medicine [1].

Our eyes effectively combine low resolution frame to frame variation
for detection of movements with refined definition and colours. In fact,
synergistic strategies have evolved in mammals that combine detection
of movements in low lighting conditions (rods for peripheral vision)
with higher resolution and colours (cones in the fovea). This combina-
tion can be modelled and has in fact been explored for specific purposes
in other fields [18]. Similarly in concept, high content analysis strategies
have been developed that couple screening lower magnification images
with acquisition of a higher magnification images for regions of interest
that satisfy defined criteria (see [19,20]).

Here, we report a method based on frame by frame subtraction,
efficiently eliminating areas for which pixel intensities do not vary from
frame to frame which in growing spheroids images correspond to the
background. This pipeline refines segmentation by considering only the
extracted pixels with changes in intensity values from one image to the
other in subsequent timeframes. We analyse hiPSC in self-renewing
versus differentiating conditions in 96-well plates. We demonstrate
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that this method can successfully capture distinct morphology variations
dependent upon biological conditions in a scalable and high-throughput
manner. We demonstrate the value of this approach and propose it can
be applied to a range of cell systems presenting similar challenges.

2. Materials and methods
2.1. Human iPSCs culture

As described [21] 6-well plates were coated with 4% Vitronectin
(STEMCELL Technologies) diluted in Phosphate Buffered Saline (PBS,
Sigma). Cells were cultured in feeder-free Essential 8 (E8, Thermo-
Fisher) with 2% supplement according to manufacturer’s instructions,
and 1% (5000U/ml) Penicillin/Streptomycin (Pen/Strep, Gibco). Cul-
tures were medium-changed daily and passaged every 4 days at
approximately 80% confluence. hiPSCs colonies are washed with Hank’s
Balanced Salt Solution (HBSS), incubated with Versene cell dissociation
solution (Gibco) for 3—4 min at 37 °C, 5% CO, and resuspended in E8
medium in 6-well vitronectin-coated plates. The hiPSC cell line Hoik 1
was obtained from the HipSci biobank (www.hipsci.org) [21].

2.2. Preparation of 96 well V-bottom plates

Before dissociating hiPSCs colonies into single cells and seeding in 96 well
V-bottom plates, hiPSCs were observed visually to confirm that they had not
undergone spontaneous differentiation as this will affect the spheroid
formation and differentiation. To pre-treat the 96 well V-bot- tom plates,
50 pl of 5% pluronic solution were added before centrifu- gation for 5
min at 500 x g, to ensure the plate is free of bubbles. If bubbles remain
we suggest to centrifuge again at higher speed or maximum speed for
an additional 5 min. Incubation at RT for 1 h was followed by washing
with PBS and addition of 50 ul of E8 medium with 10 uM Y-27632 Rho-
kinase inhibitor (ROCKi, ENZO Life Sciences) to each well to avoid
drying. This prevents hiPSCs from adhering to the plate and promotes
spheroid formation. Note that for the 96 well V- bottom plate layout of
this experiment, cells in E8 condition were plated in columns 1-3
whereas cells in KSR-BMP4 condition were plated in columns 10—-12.
Results in Fig. 1 are from a representative experiment with n = 9
technical replicates. Over 3 biological replicates have been obtained
with these conditions in parallel.

2.3. Spheroid formation

Cells were washed with HBSS (Gibco), colonies dissociated into
single cells by incubating them for 4 min in Accutase (BioLegend) at 37
°C, 5% CO,. Single cells were resuspended in E8 and 10 uM ROCKi.
Prior to cell seeding, 96 well V-bottom plates (ThermoFisher Scientific)
were coated with 5% (w/v) Pluronic solution (Sigma) for 1 h. In these
ultra-low adherence conditions, cells were seeded at a density of 750
cells/well in 96 well V-bottom plates, incubated at 37 °C, 5% CO, in E8
and 10 pM ROCKi and left for 24 h to allow cell aggregation. Following
another 24 h of culture in E8 medium, hiPSCs cluster and form aggre-
gates. Medium was then replaced with different medium conditions in
the presence of 10 uM ROCK:i as following: Self-renewing conditions: E8
medium and 1% Pen/Strep; Differentiating conditions: Knock Out
Serum Replacement medium (KSR) consisting of Advance DMEM/F-12
medium, supplemented with 20% KnockOut serum replacement, 1% L-
Glutamine, 1% Penicillin Streptomycin (5000U/ml) (all Gibco), 0.1 mM
B-mercaptoethanol (Sigma), 10 ng/ml basic fibroblast growth factor
(bFGF) (Invitrogen) supplemented with 50 ng/ml BMP4 (Invitrogen)
morphogen. Culture medium was changed after 48 h once the spheroids
formed to the following medium conditions all in the presence of 10 pM
ROCKi; E8 medium, and KSR supplemented with (50 ng/ml) BMP4.
Subsequently, hiPSCs spheroids were monitored for 96 h using a JuLI™
Stage live imaging microscope in a controlled environment at 37 “C and
5% CO; inside a tissue culture incubator. The plate was spun down for
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30 s at 200 x g after medium replacement as described in the previous
step, to bring all spheroids to the bottom of the plate in the centre of V-
bottom wells.

2.4. Immunostaining and comparison with end-point analysis

After 96 h, spheroids were fixed using 4% paraformaldehyde (PFA)
for 45 min at RT, and washed three times with PBS. Cells were per-
meabilised with 0.3% Triton X100 in PBS for 1 h at RT, followed by
blocking with 5% donkey serum in PBS for 1 h at RT. Primary anti-Oct4
antibody (Abcam) at (1:500) was diluted in 5% donkey serum in PBS
and incubated overnight at 4 “C. After three washes with PBS, secondary
antibody donkey anti-rabbit Alexa Fluor 488 at (1:500) (Invitrogen), and
DAPI at (1:5000) were added and incubated for 1 h at RT in the dark.
Spheroid images were acquired using Leica TCS SP8 Confocal laser scanning
microscope with a 40x oil objective. Confocal images were analysed in
Columbus (Perkin Elmer). Maximum projection for each channel were
merged into one image (Calculated Image) smoothed with a Gaussian
filter. The resulting image was used to create a mask of the whole
organoid (Image Region) and the morphological properties such as area
and width to length ratio were measured from these masks. We used
proprietary software exclusively to wvalidate the consistency of
morphological changes in the spheroids when imaged in more
cumbersome endpoint 3D images.

2.5. Live imaging

Images of spheroids were obtained by acquiring every hour for 96 h.
We tiled 4 fields at 10x objective using the JuLI™ Stage Real-Time Cell
History Recorder (NanoEnTek). To image all 96 wells in our conditions
takes 18 min. The total time of 96 h (4 days) is calculated for every cycle
(1 h). In other words, 96 cycles are acquired in parallel with a shift in
time of up to 18 min. Thus, the interval time is calculated for each well
and the monitoring of spheroid growth for each well can be considered
independent. The difference in time for acquisition of neighbouring
fields within the same well is negligible as an entire well is imaged in
under 12 s. Selection of the image position is nonetheless critical as it is
necessary to ensure that spheroids will be imaged for 96 h. We typically
define the central position of the 2 x 2 fields within the well within
ample margins accounting for the maximum expected spheroid growth
in the following 96 h based on previous experiments. These conditions
can be modified for other specific spheroids monitoring needs, other
devices and different image acquisitions. Importantly, image acquisition
set up (focus, time exposure, and level of brightness) may also vary
slightly from one experiment to another and adjustment of focus,
brightness level and exposure time are recommended. It is worth noting
that this analysis applies to imaging spheroids in transparent material
suspension and is more challenging in situations in which this is not the
case. Because the image analysis pipelines in this study are based on
Delta images as detailed below, we recommend choosing the time-frame
intervals that effectively capture growth. In other words, if spheroids
growth is not detectable in successive timepoints, longer time intervals
should be considered.

2.6. Image analysis and segmentation

The image analysis pipeline was created to analyse spheroids’ area
and shape using CellProfiler (Broad Institute) software [11]. Initially,
raw images are extracted from timepoint 1 to 96, then these images are
tiled, batch-loaded and processed using the segmentation pipeline. Here,
the differences in pixel intensity values between consecutive images are
calculated to identify those that are static. Areas that largely do not
change pixel intensities value belong to the background and not the
growing spheroid. A subtraction (Delta) is thus performed on every pixel of
two consecutive timepoints images. A difference of 0 highlights no
change in pixel intensity and therefore no movement between the two
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Fig. 2. Exploiting live images’ frame-to-frame variations to improve segmentation and automated analysis with computational neural networks. (A) Representative
images of spheroids cultured in E8 and KSR+BMP4 media at the beginning (1-2 h), middle (45-46 h), and end (95-96 h) of the observation period. The image Delta
is produced by subtraction of pixel intensities: note that background halos surrounding the spheroids are effectively removed with this strategy. Segmentation is obtained
from the Delta images via a dedicated CellProfiler pipeline (see Appendix | for details). Scale Bar, 500 um. (B) colours refer to prediction (top right square) and actual
condition (frame); one early timepoint example is inaccurately classified, whereas one late timepoint example is correct. (C) A tailored Convolutional Neural

Network is trained and used to predict Spheroid Phenotype Classification in two classes based on metadata of the medium conditions used. The graph shows phenotype
prediction accuracy (rolling average over 10 h) over time increasing at later timepoints.

time frames, which is classified as the background. Any differences
above 1 are classified as a moving spheroid and used to generate the
Delta image series. The resultant cell area in this processed Delta image
series is segmented to quantify changes in morphology. We then expand
the pixels that make up the spheroids as detailed in Appendix | (step-by-
step description of the CellProfiler pipeline). The rationale is similar to
methods described by others [22]. In order to evaluate whether quan-
titatively, the values of features extracted from our pipeline could be
used to cluster spheroids from these two conditions, we performed
Principal Component Analysis using Spotfire High Content Profiler
(Tibco, PerkinElmer) on individual spheroids imaged over a 96 h time
course (see Appendix 2B for the list of morphological features
considered).

2.7. Spheroid phenotype classification

Images are squared and centred by cropping on the width dimension,
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using the centroid of the segmented Delta mask as the focal point for
each stored image. Data is preprocessed by defining two simple bins based
on metadata obtained from the medium conditions: E8 versus KSR+BMP4.
The classification model accepts a batch of single-channel grayscale
processed images with dimensions of (batch, 1, height, width) and
outputs the softmax probability of spheroid type (rounded or branched).
The model network is setup as follows. ResNetl8 was selected as the
backbone of the spheroid classification model, as it has been well-
characterised and is available from the PyTorch model mod- ule [23]. The
ResNet architecture accepts 3-channels RGB images. To accommodate our
single channel grayscale images into this architecture, a single 2D
convolutional layer was implemented in between the input and ResNet
structure. This layer served to expand the input tensor from l-channel to
3-channels, creating an artificial “RGB” image for input into ResNet.
The output layer of ResNetl8 was amended to output 2 possible
classifications, instead of 1000. Total experiment dataset in- cludes 36
wells, of 96 timepoints each, broken equally among the
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treatment groups. Datasets for training and evaluation were broken up
as follows. A held-out evaluation set was composed of the images from
four complete wells from each treatment group (~20% of total samples),
selected at random. The training set was composed of the remaining
wells from each treatment. For training, standard augmentation was
used (random flip, random crop, and resize). Cross-entropy against the
binary classification for each image was computed as the loss function,
and the ADAM optimiser was used for backpropagation. The model
weights were checkpointed regularly and each checkpoint model was
evaluated against the held-out evaluation set without augmentation or
dropout regularisation. Importantly, the evaluation set was composed of
images derived from wells completely excluded from the training set to
prevent overfitting via timepoints directly before or after that would
have existed in the training set.

3. Results
3.1. Spheroid formation

Distinct cellular behaviour is observed in the different medium
conditions for 3D spheroids (Fig. 1A). In essence, hiPSCs spheroids
cultured in KSR+BMP4 medium elongate in shape producing budding
and branches. Conversely, cell structures in E8 medium grow to form
larger, round spheroids. These structures stain positively for pluripo-
tency marker Oct4 as observed under confocal microscopy (Fig. 1C). The
majority of cells are Oct4 positive in round spheroids from E8 conditions
whereas only a minority of cells remain pluripotent in KSR+BMP4
conditions and are typically localised in the ‘neck’ of the budding re-
gions. Examples of the shape parameters obtained for these structures
from confocal microscopy images are included indicating changes in
spheroid morphology parameters (Appendix 2A).

3.2. Image analysis

Having consistently observed such morphologies in structure from
these diverse conditions in endpoints, we set to evaluate whether simple
live imaging could be used instead of confocal endpoint analysis. To
quantify the phenotypic features variations over time, including size and
shape of hiPSCs we developed a dedicated image analysis workflow
within the framework of the open source CellProfiler software [11]. An
image series, termed Delta, was generated by quantifying the differences in
pixel intensity values of consecutive images within a time frame. This
strategy efficiently subtracts the background from one image to the other
(Fig. 2A). Morphological features from the segmented regions, such as
area and form factor, were captured for each timepoint and Principal
Component Analysis of all features is shown over time (Ap- pendix 2B).
This indicates that as time progresses from 1 h to 96 h the spheroids
diverge presenting specific morphological parameters. Alto- gether
these observations prompted us to explore whether the infor- mation
retained with simple microscopy over time would be sufficient to predict
using an automated approach the conditions of culture of the specific
spheroid. We used the Delta segmentation images to guide cropped box-
shaped image datasets and trained a convolutional neural network by
presenting images assigned to two bins of round/E8 versus
branched/KSR+BMP4 cell structures. Examples of predicted erroneous
and correct classifications are given (Fig. 2B, insets). Confusion is pre-
sent in early timepoints which appear to be almost random. Conversely,
the binning gradually becomes more accurate as the morphology of the

Appendix 1. Detailed CellProfiler pipeline
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spheroids in the diverse medium conditions becomes more distinct over
time (Fig. 2C).

4. Conclusion

We propose a novel method to exploit frame to frame variation for
efficient segmentation of simple phase contrast microscopy for live 3D
spheroids. This increases significantly the speed and hence the
throughput compared to existing strategies based on analysis of end-
points. A CellProfiler based pipeline is coupled with a trained convolu-
tional network to predict distinct media conditions analysing
morphology. This self-contained method is validated by unsupervised
clustering using principal component analysis and by comparison with
3D confocal microscopy. In this study, spheroids are obtained from
hiPSCs. A broad range of application across diverse cell systems in
regenerative medicine and drug discovery can be pursued. We recom-
mend such approaches can be immediately adapted and efficiently
implemented by laboratories using imaging-based high-throughput
methods.
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Module Function

Purpose
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Output

i. Primary analysis
Calculates absolute difference in pixel intensity
between each frame and the following frame to

generate a new set of images.

Image math

Save images Exports images as a new stack (Delta) for further

analysis.

Filters out objects to only retain those between 1

Identify
and 5000 pixels via thresholding.

primary
objects

Expand or Expands each object by 2 pixels.
shrink

objects

Filters out all pixels defined as
background, with no change in
intensity from each frame to the
following frame in the stack.

Exports a new set of images as a stack
(Delta) that can be analysed.

Identifies objects (areas of pixels

intensities that make up the spheroid).

Allows all objects including the ones
that make up the spheroid to be in
contact with each other.

Kack3
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Obj outlines
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(continued on next page)
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(continued)

Module Function Purpose Output
Splitor merge Merges all objects that are in contact with each Transforms all small objects that make
objects other (i.e. have a distance in pixels of 0). the spheroid into a single object.
" ObjExpMer
200
%00
600
800
1000
200
400
Fill objects Holes smaller than an area of 800 pixels will be Fills up left-over holes within the
filled. object (spheroid).
°
00
1200
400
Measure Identifies the size of all objects. Identifies the size of all remaining
object size objects in the field, including the 0
shape spheroid.
200
400
600
800
1000
1200
1400
750 1000 1250 1500 1750
Filter objects Removes: all objects with an area of less than Filters out anyfhmg notlarge enough Filtered: ObjExpMerFilFilt
60,000 pixels. to be a spheroid. ]
200
400
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800
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1400

1750
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(continued on next page)
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Purpose

Output

(continued )
Module Function
Expand or Shrinks object by 2 pixels.
shrink
objects

ii. Extract features
Measures the morphology properties of the

Measure
object size object.
shape
Export to Exports measurements to a spreadsheet for
spreadsheet analysis.

iii. Extract segmented spheroid stack
Converts object to an image, generating a stack
of binary spheroid (termed Binary).

Convert
objects to
image

Calculates absolute difference in pixel intensity
between each frame of Delta against Binary,
which generates a set of images of background
frames (termed Background).

Image math

Returns the edge of the spheroid to its
original size after initial 2-pixel
expansion.

Measures features of object (spheroid),

e.g. area, form factor.

Allows subsequent analysis of exported

values for desired features.

Generates an image from the object
(currently a binary form) to extract
spheroid from Delta stack.

Uses Binary spheroid image stack to
remove spheroid from Delta, thus
creating a stack containing only the
Background from Delta.

-
800
° 250 0 1250 1750

ObjExpMerFifiltshe

Original: ObjExpMerFilFilt

400
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800
1000
1200
1400
° 2% 500 750 1000 1250 1 175
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0
| n
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(continued on next page)

73



DISTINCT MORPHOLOGY IN 3D GASTRULATION-LIKE MODELS UNDER DIVERSE
CULTURE CONDITIONS

H. Alsehli et al. Methods 190 (2021) 33-43

(continued)
Module Function Purpose Output
Image math Calculates absolute difference in pixel intensity Removes background of spheroid from

ObjImgMat

between each frame of Delta and Background to Delta, and generates a stack of images
generate a set of images (termed Segmented). with a completely segmented spheroid.
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Save images Exports Segmented as a stack. Exports Segmented stack to be

subsequently analysed. 0
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CellProfiler pipeline and example dataset included in Supplementary.

Appendix 2. Validation with proprietary software
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Validation of morphology change in endpoint (Columbus) (A) For the examples images in Fig. 1B, Maximum projection DAPI staining is segmented

with Columbus as Mask from Calculated Image. Morphological parameters Width to Length Ratio (top) and Area (bottom) are shown for represen-
tative spheroids analysed to highlight and quantify morphological differences between conditions. (B) Validation of morphology features value
change (Spotfire High Content Profiler, Tibco, PerkinElmer). Multidimensional reduction on morphology features extracted from live image analysis
through the CellProfiler pipeline allows separation of spheroids based on the different conditions. Principal Component Analysis for segmented images at

each timepoint for E8 (blue) or KSR+BMP4 (orange). Size of the data points represents time; shape represents different wells. Unsupervised
clustering based on morphology parameters becomes apparent after several hours.

Appendix 3. Supplementary data
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3.4 Discussion

In this Chapter, I described a 3D model of hiPSC-derived spheroids that undergo distinct
morphological changes under diverse medium conditions. We used a standardised
starting cell number and obtained consistent sizes in low attachment 96-well plates in
suspension. Spheroids were cultured in defined medium conditions E§, KSR BMP4
representing self-renewing and differentiation (indicated by markers expressions as
described in the next section, Chapter 4), with their controls, E§ BMP4 and KSR
respectively, to monitor spheroids' behaviour. The aim here is to characterise the changes
in morphology. Thus, I have established a robust high-content imaging-based platform
via live imaging followed by quantification methods based on phase-contrast and

confocal images.

In our protocol, I initially optimised hiPSC-selected seeding density by plating a range of
single cells (500-5000 cells/well) to obtain reproducible hiPSC spheroids. These results
showed a seeding density of 750 hiPSC cells/well in 96-wells V-bottom plate formed
optimally reproducible homogenous spheroids, while larger spheroids grew in a
disorganised manner when cultured. I, therefore, chose 750 cells/ well as the ideal cell
number for all experiments when using (Hoik 1 cell line) due to the formation of well-
defined spheroids with standardised size when cultured in E§ medium. Following this, I
observed highly reproducible morphological changes in (KSR BMP4 and KSR)

elongation or budding between technical replicates.

Recent models described that symmetry-breaking and elongation could be driven under
defined culture conditions without the addition or formation of extra-embryonic tissues
(Moris et al., 2020, Simunovic et al., 2019, Baillie-Benson et al., 2020). hESC in
suspension under defined conditions treated with pulses of the WNT agonist (CHIRON)
resulting in an A-P axial organisation (Moris et al., 2020). WNT signalling is sufficient
to initiate axial elongation and patterning of the three germ layers in 3D human
gastrulation models. In contrast, in similar conditions, the presence of BMP4 without
WNT signalling, cells failed to drive similar aggregation and elongation without a
noticeable patterning (Moris et al., 2020). hESC in single cells embedded in a mixture of
hydrogel and Matrigel under a defined BMP4 dose were able to break the symmetry. In

77



DISTINCT MORPHOLOGY IN 3D GASTRULATION-LIKE MODELS UNDER DIVERSE
CULTURE CONDITIONS

this model, morphogenesis was identified by EMT markers and BRA/SOX2 polarisation
without an obvious presence of A-P axis formation (Simunovic et al., 2019) in vitro from
distinctive perspectives of axial elongation and EMT molecular markers. However, Moris
et al. proposed a more realistic mimic of morphogenesis in vivo. In this thesis, I have
shown a 3D model of gastrulation using hiPSC spheroid in suspension treated with 50
ng/ml selection of medium condition to compare the outcome between self-renewing (E8)
and (KSR BMP4) to their controls E§ BMP4 and KSR to observe the effect of BMP4 and
KSR separately.

Moreover, the E8 medium was selected for undifferentiated conditions as it has been used
in our hiPSC culture and maintenance protocols (Chen et al., 2011, Zhai et al., 2022).
When spheroids are cultured in E8 medium, they maintain a spherical structure
suggesting uniform self-renewing. KSR BMP4 clearly changed morphology and
displayed A-P axis elongation mirroring morphogenesis during gastrulation. To
investigate whether BMP4 or KSR medium alone triggers this axial elongation, this
observation was compared with controls E§ BMP4 and KSR. This results in intermediate
phenotypes, E§ BMP4 remaining spherical and tends to form but small protrusions.
However, spheroids in KSR are unable to elongate but mostly generate a budded
structure. These findings suggest that the addition of the BMP4 molecule to the KSR
medium induced symmetry breakage and, thus, axial elongation. Nevertheless, we
observed high variation values between replicates of each medium condition shown in
the morphological quantification due to the differences in 3D spheroid size between
experiments (i.e., the analysis was performed on the number of spheroids from 10
different experiments pooled together). To overcome this, the analysis could be

performed on spheroids per experiment to minimise data variations of the same condition.

High-content imaging methods have been employed to obtain insight into cellular
behaviour and provide multi-parametric data to quantify single cells in a 3D context
(Mattiazzi Usaj et al., 2016). Ideally, images from immunofluorescent stained cells are
commonly used to acquire quantitative data owing to the simplicity of segmentation of
the nucleus or cell area based on transcriptional or cytoplasmic markers (Carpenter et al.,
2006, Alsehli et al., 2021). The read-outs from fluorescents microscopy images enable

characterising cell fate specification and spatial patterning in 3D gastruloids (Carragher

78



DISTINCT MORPHOLOGY IN 3D GASTRULATION-LIKE MODELS UNDER DIVERSE
CULTURE CONDITIONS

et al., 2018, Alsehli et al., 2021). However, live images from phase contrast microscopy
generate essential time-dependent morphological read-outs that are not often amenable to
be analysed because of the difficulties in segmenting the shape or outline of the region of
interest (whole spheroid area) of 3D moving structure (Alsehli et al., 2021, Carragher et
al., 2018). I have incorporated a first-author publication (section 3.3.2) reporting a novel
method based on analysing live phase contrast microscopy images of hiPSC spheroids.
Spheroids region segmentation is created by subtracting the background pixel intensities
of two following time points to generate an image with the spheroid, which is eventually
used for segmentation. This segmentation method enables efficient analysis of phenotypic
changes of live 3D spheroids, including area, size, shape, and roundness. This CellProfiler
pipeline can be adapted to analyse additional brightfield images for 3D spheroids across
diverse cell systems. A limitation of this pipeline, the analysis might be difficult in
situations in which the spheroids are not in a fully transparent material in suspension or

spheroids exhibit a high level of movement.

The results in this Chapter demonstrated that biochemical cues in medium conditions
influence cell behaviour and produce a consistent phenotypic variation. This supports my
hypothesis of BMP4 providing sufficient signals to trigger symmetry breaking and
elongation of hiPSC spheroids in suspension. Also, live image technology and the
generated image analysis pipeline are valuable tools to capture morphological changes in
high-throughput systems. Further characterisation of additional hiPSC lines using this

platform will give more overview of phenotypic variability between donors.
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4 DISTINCT EXPRESSION OF LINEAGE
DIFFERENTIATION MARKERS IN 3D
GASTRULATION- LIKE MODELS

4.1 Introduction

The biochemical signal from morphogen initiates the axial body formation in vivo, which
coordinates the dynamic cellular movements and the emergence of tri-lineages of germ
layers (van den Brink et al., 2014). The interaction between morphogen-triggered
signalling events and germ layers differentiation has been well-studied; however, much
less is known about how shape regulates cell fate decisions during gastrulation (Fulton et

al., 2020, Lecuit and Lenne, 2007).

In this Chapter, the main aim is to dissect the relationship between morphological changes
and lineage specifications under distinct medium conditions. As explained in the previous
Chapter 3 (sections 3.2 and 3.3), I described an experimental set-up adapted from a
previous well-defined 2D micropattern, extended into a 3D hiPSC model. This platform
showed axial elongation, thus, enabling us to explore whether this model gives rise to the
tri-lineage of the three germ layers. I hypothesised that BMP4 signalling is not only
sufficient to trigger symmetry breaking and elongation in hiPSC spheroids, but also
induces germ layer differentiation in suspension. Secondly, I hypothesised that cellular

tension directs spheroids' morphological changes in 3D models in suspension.
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4.2  Morphogenesis in hiPSC 3D gastrulation-like model drives three germ layers
specification post-BMP4 treatment

Having observed the distinct morphological changes after 96 hours cultured in medium
conditions (E8, KSR BMP4 and controls E§ BMP4, KSR), we set to investigate the
emergence of the three germ layers differentiation in the different conditions tested. To
determine the presence of endoderm, mesoderm and ectoderm lineages, immunostaining
for the differentiated markers (SOX17, BRA/EOMES, and SOX2) are respectively used.
However, one marker was used to identify each germ layer; markers for endoderm
(FOXA2, GATAG®); and ectoderm (NESTIN and SOXT1) can be used to validate lineage
expression (Gao et al., 2020). In addition, the pluripotency marker OCT4 is included, and
the percentage of cells expressing a specific marker in the spheroid was then quantified

(Figure 4.1 -4.3).

In hiPSC spheroids cultured in E8 medium, the pluripotency marker OCT4 was expressed
strongly, but SOX17 was not expressed (Figure 4.1 A). The percentage of cells expressing
OCT4 was shown at high levels above 95% of the spheroid, suggesting that cells maintain
pluripotency (Figure 4.1 B). In the KSR BMP4, a reduction in the OCT4 marker was
observed associated with the emergence of SOX17 expression in the anterior axis,
whereas, on the posterior side, OCT4 expression was not detected (Figure 4.1 A). The A-
P domains were identified based on visual tracking of the live imaging, the direction of
sphere elongation, was classified as anterior, and the original site of the sphere was
considered as posterior (Figure 4.2). Then, these images were then compared with
confocal images post-immunostaining to validate the assumed A-P domain for each
image. Notably, strong SOX17 expression was detected consistently in the distal domain
mutually exclusive with the OCT4 marker; the neighbouring cell population co-expressed
both OCT4 and SOX17 located in the middle of the elongated structure (Figure 4.1 A).
The quantification data showed significant downregulation in the OCT4 marker (P-value
<0.0001) and a high percentage of cells expressing SOX17 (endodermal marker); also, a
population of cells co-expressing OCT4/SOX17 (Figure 4.1 B-D). However, in E8
BMP4, the pluripotency marker OCT4 was detected at low levels with a polarisation of
this marker in the small-budded area (Figure 4.1 A). The percentage of cells expressing

OCT4 in this condition was dramatically reduced (P-value <0.0001), and SOX17 was
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detected at very low levels (P-value <0.0001) (Figure 4.1 B-C). Spheroids cultured in
KSR showed decreased OCT4 expression, and the SOX17 marker was detected (Figure
4.1 A). Quantification of the percentage of marker positive expression in these cells
revealed OCT4 reduction (P-value <0.0001) and fewer cells expressed SOX17 (P-value
= 0.0023) when compared to SOX17 in KSR BMP4 (Figure 4.1 B-C). Immunostaining

controls for the secondary antibodies were performed and shown (see Figure 4.1 E).
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Figure 4.1 BMP4 signalling induces SOX17 specification in 3D model of
gastrulation.

A) Immunostaining of OCT4 and SOX17 expression after 96 hours in each medium
condition. Spheroids cultured in E8 medium maintained pluripotency indicated by high
expression of OCT4 marker, while significant OCT4 reduction was observed in KSR
BMP4 and both controls E8 BMP4 and KSR. SOX17 is not detected in E8 medium
condition, strong expression of SOX17 marker is expressed in KSR BMP4 and polarised
to the assumed anterior side, SOX17 was detected in both E8 BMP4 and KSR
conditions. Scale bars 60 um. B) Quantification of OCT4 positive cells in E8, KSR BMP4,
E8 BMP4, and KSR medium condition, statistic test ordinary one-way ANOVA (n=17
spheroids, bars= mean value and SD). C) Quantification of SOX17 positive cells in each
medium condition, statistic test ordinary one-way ANOVA (n=13 spheroids, bars= mean
and SD). D) Quantification of OCT4 SOX17 co-expressed cells under the diverse culture
conditions, statistical test ordinary one-way ANOVA (n =16, bars= mean and SD). E)
Secondary only control for (Alexa fluor 488 and 633), images showed DAPI (top), and
Controls (bottom).

Therefore, 1 stained for mesodermal markers (BRA and EOMES) to examine if the
proposed 3D models also differentiated towards mesoderm lineages. As expected in the
self-renewing condition (E8 medium) the mesodermal markers BRA and EOMES were
not expressed (Figure 4.3 A). When 3D spheroids were cultured in KSR BMP4 medium
cells were able to specify the mesodermal layer detected by BRA and EOMES expression
(Figure 4.3 A). The quantification of the mean of cells expressing BRA is 25% of the
spheroid and the highest expression of EOMES was 12% (Figure 4.3 B-C) However, in
E8 BMP4 the mesodermal markers BRA was not detected but EOMES weakly expressed
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which was confirmed by the percentage of cells quantifications (Figure 4.3 A-C). Low

expression of BRA was observed in KSR, whereas EOMES was not expressed (Figure

4.3 A). Moreover, the data revealed that the BRA marker expressed in KSR BMP4 was

significantly higher compared to KSR alone (P-value = 0.0175) with no significant

differences in EOMES (Figure 4.3 B-C). Secondary antibody controls are shown in
(Figure 4.3 D). These readouts indicated that BMP4 not only induces SOX17

(endodermal marker) but also promotes BRA (mesoderm) expression in KSR BMP4.
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Figure 4.2 Tracking axial elongation via live imaging during time points.
Spheroids cultured in KSR BMP4 medium at different time points showed changes in
morphology; at 36 hours the spheroids start to elongate. Tracking the direction of
spheroid elongation allow to identify the assumed anterior — posterior domain.

85



DISTINCT EXPRESSION OF LINEAGE DIFFERNTIATION MERKERS IN 3D GASTRULATION-

LIKE MODELS

>
%

EOMES BRA DAPI

Merged

% of BRA cells

30

20

104

E8 BMP4

0.0175
T T T
2 Q& ]
LA G
& &
N

KSR

% EOMES cells

w
o
1

20

104

KSR BMP4

=
w

%

i3
|
i3

&
%
k-4
4—
6‘4 ]
e

&
4—
2

86



DISTINCT EXPRESSION OF LINEAGE DIFFERNTIATION MERKERS IN 3D GASTRULATION-
LIKE MODELS

E8 BMP4 KSR BMP4

=)

DAPI

Control

Figure 4.3 The emergence of mesodermal markers BRA and EOMES in 3D model
of gastrulation.

A) Immunostaining of BRA and EOMES expression post 96 hours in culture. In E8
medium mesoderm markers were not detected, in KSR BMP4 induced the expression of
BRA with a slight EOMES marker, E8 BMP4 showed very low EOMES expression. In
contrast, KSR cells exhibited very low BRA expression. Scale bars 60 um. B)
Quantification of BRA positive cells in the selected medium conditions E8, KSR BMP4,
E8 BMP4 and KSR, statistic test ordinary one-way ANOVA (n=13 spheroids, bars= mean
value and SD). C) Quantification of EOMES positive cells in the different medium
conditions, statistic test ordinary one-way ANOVA (n=13 spheroids, bars= mean and
SD). D) Control staining for secondary antibodies (Alexa fluor 633 and 488), DAPI (top),
and Controls (bottom).

SOX2 is a critical marker involved in pluripotency regulation during the early stages of
embryonic development and a marker of ectodermal-like lineage (Nazareth et al., 2013).
In the self-renewing condition (E8) spheroids, a slight expression of the SOX2 marker
was observed in some spheroids; this was co-expressed with OCT4, the pluripotency
marker (Figure 4.3 A-B). In the differentiation medium KSR BMP4, strong expression of
SOX2 was detected, and we observed an overlapping between OCT4/ SOX2 (Figure 4.3
A). The data showed an average percentage of cells expressing SOX2 (~ 50%), and the
percentage of cells co-expressing OCT4/SOX2 reaches 15% (Figure 4.3 B-C). In control
conditions, spheroids cultured in E§ BMP4 showed negative expression to SOX2, while
in KSR, high levels of SOX2 expression and low co-expression levels of OCT4/SOX2

were observed (Figure 4.3 A-C). A comparison between the percentage of SOX2 marker
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in (KSR BMP4 and KSR) revealed that SOX2 marker expressed in lower levels compared
to KSR (P-value= 0.0089), suggesting that KSR medium promotes ectoderm
specification (Figure 4.3 B).

Overall, immunostaining images of 3D hiPSC spheroids showed distinct expression of
lineage differentiation markers under diverse culture conditions. In E8 medium, cells
maintained OCT4 expression suggesting that spheroids are self-renewing and
undifferentiated. However, KSR BMP4 medium induced axial elongation and the
emergence of patterned three germ layers (SOX17, BRA, and SOX2 markers). In
controls, SOX17 was expressed and polarised toward small budding in E§ BMP4,
whereas in KSR, medium cells exhibited high expression of SOX2. Together, these
reproducible observations demonstrated that the addition of BMP4 to the KSR medium
induces spheroids to undergo gastrulation-like pattern formation, while in E§ BMP4, it
triggered SOX17 differentiation; and KSR alone promote spontaneous differentiation
mostly toward ectodermal-like lineage. Moreover, additional markers for the germ layer

should be tested to validate the presumed lineage specifications.
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Figure 4.4 The expression of SOX2 marker in 3D model of gastrulation.

A) Immunostaining images representing the OCT4 (pluripotency) and SOX2 marker
expressions after 96 hours. OCT4 marker is highly expressed in E8, a significant
decrease in OCT4 expression was observed in KSR BMP4, E8 BMP4 and KSR. SOX2
is detected at a low level in E8 medium, and in KSR BMP4 SOX2 is expressed, in control
conditions the marker was not detected in E8 BMP4, while it is highly expressed in the
KSR condition. Scale bars 60 um. B) Quantification of the percentage SOX2 positive
cells in E8, KSR BMP4, E8 BMP4 and KSR, statistic test ordinary one-way ANOVA (n=8
spheroids, bars= mean value and SD). C) The percentage of positive cells co-expressing
OCT4/SOX2 marker, shown in KSR BMP4 and KSR, statistic test ordinary one-way
ANOVA (n=7 spheroids, bars= mean and SD). D) Control images DAPI (top), and the
secondary only staining (Alexa fluor 488 and 633) (bottom).

4.3 Biochemical cues of diverse medium conditions regulate morphogenesis via

proliferation and cellular tension in 3D spheroids

Here, we sought to explore whether biochemical cues such as the addition of BMP4 or
KSR medium influence the proliferation and cellular tension of the 3D gastrulation
model. I hypothesise that proliferation regulates changes in shape and thus promotes
morphogenesis. I also postulate that cellular tension under diverse medium conditions
within different shapes drives elongation and budding formation therefore differentiation

of the three germ layers.
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4.3.1 The addition of BMP4 and KSR medium reveals distinct cell proliferation

phenotype drives morphological changes in 3D spheroids.

Cell proliferation was investigated using EdU staining on day 6 (before the end of
experiments), Edu labelling was incubated for 6 hours before fixation. Previously,
optimisation steps were performed to choose the desired working EdU concentration and
incubation time. The following concentrations (2uM, 4uM, 10uM) and incubation times
(2,4, 6, 24, 48 hours prior to fixation) were tested on 3D hiPSC cultured under the distinct
medium conditions. I found that 2uM EdU concentration was too low to label the
proliferative cells when tested at the selected time points, whereas 10uM concentration
resulted in spheroids bursting within 2 hours of incubation. When cells were incubated in
4uM for 2, and 4 hours, EdU staining was only detected in spheroids cultured in E8
medium, while in E§ BMP4 Edu was not seen after 2 hours; but very low expression was
detected after 4 hours. However, Edu labelling at the selected time points was not detected
in both conditions KSR BMP4 and KSR, and it is impossible that cells are not
proliferating. Then, I opted for 4uM concentration 6 hours before the endpoint due to the
ideal EdU labelling for all conditions without affecting the spheroids. In E8 medium,
spheroids showed highly proliferative cells with homogenous EAU expression (Figure 4.5
A). When spheroids were cultured in KSR BMP4 medium, cell proliferation was
potentially reduced and EdU expression was restricted to the tip of the elongated spheroid
(Figure 4.5 A). In the intermediate conditions, the proliferation rate in E§ BMP4 was
significantly decreased, whereas spheroids cultured in KSR proliferative cells notably
polarised toward the budding area (Figure 4.5 A). In addition, data quantification revealed
higher proliferative cells in the self-renewing state (E8); however, the percentage of
proliferative cells was decreased upon BMP4 treatment in both medium (E8 and KSR
(Figure 4.5 B). Altogether, these results indicate that biochemical cues in the medium
regulate cell proliferation, suggesting that low cell proliferation is associated with BMP4
addition to the medium. In contrast, KSR medium governs proliferative cells polarisation,

which induces morphogenesis and differentiation.
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Figure 4.5 Distinct proliferation phenotype in response to biochemical cues.

A) Proliferation assay indicated by EdU staining labels for 6 hours before the endpoint
(96 hours) shows high EdU positive expression in E8 medium, spheroids in KSR BMP4
shows EdU positive cells restricted to the budding area. Both controls E8 BMP4 and KSR
shows reduced EdU expression, in KSR medium EdU positive cells begin to polarise
toward the budding. Scale bars 60 uym. B) Quantification of the percentage of EdU
expression in E8 medium, KSR BMP4 and their controls E8 BMP4 and KSR, statistic
test ordinary one-way ANOVA (n=4 spheroids, bars= mean and SD).
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4.3.2 Cellular tension drives elongation and budding formation under

differentiation conditions

It has been reported that changes in cell morphology occur due to cellular tension
generated within the tissue (Clarke and Martin, 2021). To explore the patterning of F-

actin orientation, I stained for phalloidin and Y AP translocation to determine cell tension.

Phalloidin staining revealed that spheroids cultured in E§ medium exhibited organised
and tightly packed F-actin with homogenous network orientation (Figure 4.6 A). In KSR
BMP4 condition we observed a disorganised and stretched F- actin network localised
more around the edges (Figure 4.6 A). However, images of spheroids cultured in E8
BMP4 showed F-actin accumulation in the core of the spheroids (Figure 4.6 A). In KSR
medium culture condition we also observed a disorganised F-actin network stretching
around the edges (Figure 4.6 A). Overall, these data suggested that BMP4 and KSR
trigger changes in morphology through cellular tension produced from F-actin

orientation.

Next, a pipeline to quantify the F-actin orientation was created using icy software to
calculate F- actin distribution based on the F-actin intensity in the centre or peripherally
region as described in Chapter 2 (section 2.5.3.4 and Figure 2.1 A, Appendix 1) in detail.
The data revealed the percentage of the proportion of F-actin intensity expression of round
shape when cultured in E8 medium mostly distributed in the inner core (centrally);
however, in KSR BMP4, elongated spheroids showed more F-actin intensity expression
to the periphery (Figure 4.6 B). In control conditions, E§ BMP4 medium F-actin intensity
expression in the centre was similar to E§ medium condition. Nonetheless, more variation
was observed between spheroids, whereas in KSR condition, F-actin was expressed in the
periphery without significant differences compared to KSR medium conditions (Figure
4.6 B). These observations indicated that in both differentiation conditions, KSR and KSR

BMP4 cellular tension drives morphogenesis.
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Figure 4.6 F-actin network orientation drives elongation in the 3D models.

A) Phalloidin staining after 96 hours shows a homogenous F-actin network in E8 medium
condition, loose F-actin network was observed in KSR BMP4 condition, E8 BMP4 and
KSR (z- slice; scale bar 60 um). B) Quantification of the F-actin intensity expression in
the proportion spheroid area. The graph shows the distribution ratio related to the inner
region of the spheroid area, statistic unpaired t-test (n=8 spheroids, bars= mean and
SD).
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YAP is a mechanotransductive protein that can sense the tension in response to
mechanical stimuli, and it is localised in the nucleus if active (under tissue tension) and
in the cytoplasm when inactive (Halder et al., 2012). To acquire some mechanistic
insights and molecular demonstration of whether cellular tension influences spheroids
morphogenesis in the 3D model. I opt to compare YAP localisation in the two extremes
of distinct morphologies cultured in E8 vs. KSR BMP4 (round vs. elongated), as shown
in (Figure 4.7 A). The 3D hiPSC spheroid in the E§ medium showed YAP expression
clearly in the cytoplasm suggesting inactivation of YAP, whereas in KSR BMP4 medium
(elongated area) exhibited YAP expression in the nucleus suggesting activation of YAP

in response to cellular tension (Figure 4.7 A).

Altogether, these data showed that cellular tension on different spheroid morphology
under diverse medium conditions investigated by F-actin distribution and
nucleus/cytoplasmic YAP localisation direct budding formation and differentiation of the

three germ layers.

DAPI Merged Zoom

Figure 4.7 YAP translocation influences morphogenesis in hiPSC.

E8

KSR BMP4

Immunostaining of YAP localisation shows cytoplasmic YAP in E8 medium (top), in KSR
BMP4 (bottom) condition YAP localised to the nucleus as indicated in the magnification
images (z- slice; scale bar 60 ym).
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4.4 Discussion

In the gastrulation process in vivo, the three germ layers specification from the pluripotent
cells of the epiblast is associated with dynamic changes in morphology represented by
the A-P axis formation in the human embryo (Probst et al., 2021). hiPSC lines are
pluripotent cells with the ability and the propensity to specify to the three germ layers in
vitro (Rowe and Daley, 2019). In this chapter, I hypothesised that 3D hiPSC undergo
elongation and differentiate to form the tri-germ layer lineages upon BMP4 treatment.
Then, I showed that biochemicals cues of the different medium conditions (E8, KSR
BMP4, and their controls E§ BMP4 and KSR) regulate cell proliferation together with
cellular tensions controlling morphogenesis and elongation in the 3D gastrulation-like

model.

Several studies have described 3D gastrulation models under defined culture conditions
when stimulating WNT, FGF, NODAL and BMP4 signalling pathway or their inhibitors
to induce symmetry breaking and differentiation into germ layers lineages (Liu and
Warmflash, 2021, Martyn et al., 2018). Signalling pathways in vivo occur in a feedback
manner as BMP signalling is initiated from the EXE, thereby activating the WNT pathway
to NODAL activation and then turning back to BMP (Ben-Haim et al., 2006a, Camacho-
Aguilar and Warmflash, 2020, Chhabra et al., 2019). Consequently, this signalling
cascade creates morphogen gradients that allow for the spatial organisation of germ layer
specification (Liu and Warmflash, 2021, Camacho-Aguilar and Warmflash, 2020). It has
been proven that BMP4 triggers first TE formation and mesodermal (primitive streak)
and all the tri-lineage specifications. Inhibition of BMP4 signalling resulted in the loss of
mesoderm formation, therefore differentiation (Gunne-Braden et al., 2020, Nemashkalo
et al., 2017). This has been well established in hESC treated with BMP4 in a 2D
micropattern system, the three germ layers self-organised, forming a radial pattern very
similar to in vivo (Warmflash et al., 2014, Gunne-Braden et al., 2020). In the 3D epiblast
model, BMP4 signalling is used to induce symmetry breaking, identified via the
segregation of BRA/SOX2 domains without an axis formation (Simunovic et al., 2019).
However, a recent study revealed that the use of WNT agonist pulse CHIRON stimulates
axial elongation and triggers the expression of BRA (mesoderm), SOX17 (endoderm),

and SOX2 (ectoderm) in the anterior; CDX2 and GATAG® in the posterior resembling the
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TE. Substituting this with BMP4 results in failure to establish elongation and lack of BRA
marker expression, therefore, differentiation (Moris et al., 2020). Both studies explored
the main features of gastrulation, showing the ability of BMP4 to break symmetry and
undergo EMT. On the other hand, the further study showed the inability of BMP4 to
establish axial elongation and lineages specification (Simunovic et al., 2019, Moris et al.,
2020). Overall, this has opened the opportunity for us to investigate the use of BMP4 in
3D models in suspension adapted from the well-defined 2D micropattern system by

Warmflash (Warmflash et al., 2014, Deglincerti et al., 2016, Minn et al., 2020).

In this Chapter, I have shown that 3D hiPSC treated with BMP4 under defined culture
condition was able to break symmetry, form axial elongation and generate the tri-germ
layers (ectoderm, mesoderm, and endoderm). The identification of A-P domains was
assumed entirely based on live imaging by tracking the elongation direction and then
crosschecked with confocal images for each spheroid. However, this method is not ideal,
to identify A-P domains, immunostaining markers assessments are needed to validate
this. Lineage specifications were shown by the expression markers SOX2, BRA/EOMES
and SOX17. Notably, SOX2 expression indicates that the cells may remain pluripotent or
differentiated towards ectoderm lineage. This can be determined by the presence or
absence of OCT4 expression (Nazareth et al., 2013). The defined concentration of BMP4
doses has been investigated in many studies, a low dose of BMP4 was not able to induce
differentiation, and cells remained SOX2 positive (pluripotent). In contrast, in higher
concentrations 5 ng/ml or 10 ng/ml, most cells expressed BRA. However, 50 ng/ml
concentration of BMP4 was sufficient to promote self-organised pattern formation of the
three germ layers (Simunovic et al., 2019, Tewary et al., 2017, Gunne-Braden et al.,
2020). Here, I compared the culture conditions representing self-renewing (E8 medium)
versus the differentiation using (KSR medium) with BMP4 and respective controls to
explore how biochemical cues influence differentiation. After 96 hours in culture,
spheroids in E§ medium condition remained pluripotent and expressed a high level of
OCT4, low level of SOX2, and absence of both BRA and SOX17 expression. The
presence of SOX2 expression in the undifferentiated state is due to the transduction vector
(SOX2) during the hiPSC reprogramming; this was reported in many HipSci cell lines,
including Hoik 1 (Vigilante et al., 2019, Kilpinen et al., 2017). In contrast, cells in the

KSR BMP4 spontaneously generate A-P axial elongation and reproducible polarisation
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of SOX17 marker (endoderm) at the tip of the extended elongation, and neighbouring
cells express BRA (mesoderm) and SOX2 marker adjacent to each other. This suggests
that 50 ng/ml BMP4 in the KSR medium is sufficient to induce morphogenesis and germ
layers specification in a 3D model using hiPSC consistent with the 2D micropattern
model. Moreover, elongated spheroids exhibit OCT4 expression in the neck of the
spheroid, together with no detection of OCT4 expression on the posterior side. This is
similar to the 2D micropattern in response to BMP4 treatment, hESC expressed
pluripotency markers at the central colony. This phenotype resembles an early
developmental phase when the primitive streak started to form the rest of the epiblast
remains pluripotent (Chhabra et al., 2019). In another recent study using a 2D micro-disc
adapted from the conventional micropatterned method, they performed single RNA
sequencing demonstrating the formation of distinct cell lineages during in vitro
gastrulation in the micropatterned model. These cell lineages include epiblast, ectoderm,
mesoderm, endoderm, primordial germ cells PGCs, and ExE-like corresponding to TE
(Minn et al., 2020). In addition, the positive OCT4 marker in the neck of the spheroid
SOX17 marker co-expression was observed in KSR BMP4 may indicate PE population.
It has been suggested that the SOX17 marker contributes to regulating cell fate
commitment during the early stages of development (Niakan et al., 2010, Probst et al.,
2021). In a previous study, Niakan et al. determined the ability of SOX17 to regulate gene
expressions related to pluripotency and self-renewing (SOX2, OCT4 and NANOG) to
promote differentiation (Niakan et al., 2010). They suggest that SOX17 compete with
SOX2, NANOG, and Oct4 and promotes differentiation-related gene expression. mESC
were treated with doxycycline to induce SOX17 expression, thus significantly inhibiting
self-renewal markers. On the other hand, the lack of SOX17-positive cells led to a
potential increase in self-renewal OCT4 or NANOG. This interesting finding may
elucidate our immunostaining observation in spheroids in KSR BMP4 medium and the
emergence of the SOX17 marker together with the OCT4 marker, which may be involved
in OCT4 downregulation and the emergence of SOX17 positive cells only in the assumed
anterior domain. The other markers, SOX2 and BRA were absent in the E§ BMP4
medium, while in KSR, high expression of SOX2 and a decrease in BRA marker were
observed. This indicates that BMP4 induced SOX17 expression when added to the E8

medium; however, in KSR, spheroids undergo spontaneous differentiation toward SOX2
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lineage. These results support that SOX17 marker first inhibits self-renewing gene
expression (shown in E§ BMP4) and induces germ layers specification under the
appropriate differentiation medium. Unlike the KSR BMP4 condition, when spheroids
culture in E8§ BMP4, they expressed SOX17 only with a significant reduction in OCT4
marker and the lack of SOX2 and BRA markers. This could be due to the low expression
of SOX17 and the absence of axial elongation. Various studies have claimed that SOX17
is a critical marker that may induce PGCs formation during early development (Minn et
al., 2020, Tewary et al., 2017). However, we define the expression of SOX17 when
cultured in KSR BMP4 as PE population and endoderm due to the observation of SOX2
expression. Theoretically, this is consistent with the literature on the PGCs identities in

the absence of SOX2 expression (Fang et al., 2020).

Having observed how spheroids behave in each medium condition, I asked whether
biochemical cues in the medium influence cell proliferation and cellular tension,
therefore, morphogenesis. The proliferation assay revealed interesting observations when
spheroids were cultured in BMP4 supplemented medium and KSR medium; to our
knowledge, this has yet to be investigated previously. Here, our control is the self-
renewing condition in (E8 medium) as they exhibited a homogeneously increased cell
proliferation. When BMP4 was added to the medium, it significantly decreased cell
proliferation in both KSR and E8. On the other hand, KSR medium alone or without
BMP4 triggers polarisation in cell proliferation. This potentially suggests that
biochemical cues in the medium regulate proliferation in E§ medium cells rapidly
dividing and having prolonged proliferation resembling the early embryonic cells

(Padgett and Santos, 2020, Prakash Bangalore et al., 2017).

Furthermore, it has been found that cells cultured in the E8 medium express higher
reactive oxygen species (ROS) and higher mitochondrial potential than the KSR medium.
This elevated ROS significantly increase cell proliferation and lowers their differentiation
capacity compared to E8 medium (Prakash Bangalore et al., 2017). Another possibility is
that E8 medium consists of a high concentration of bFGF2 (100 ng/ml), which maintains
self-renewing and proliferation (Mossahebi-Mohammadi et al., 2020, Levenstein et al.,

2006). During differentiation, cells exhibit a slower proliferation (Padgett and Santos,
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2020). This explains the observation when BMP4 reduced proliferation, and KSR

medium governs the polarisation toward the budding area and induces elongation.

At the tissue level, morphogenesis and cell fate decisions are regulated by the interplay
between physical and morphogen signalling of the local environment (Vianello and
Lutolf, 2019, Kim et al., 2018b). In response to biochemical cues, cells generate physical
tensions via the cytoskeletal or cell-adhesions that drive changes in tissue morphology
and lineage differentiation (Kim et al., 2018b). Here, I postulated that cellular tension
controls spheroid morphology by investigating the F-actin distribution and YAP
mechanotransduction protein as readouts for produced forces between cells of the
observed phenotype. The F-actin staining results and the quantification data revealed that
in E8 medium, the spherical structure showed intact F-actin network and the proportion
of F-actin intensity expression (distributed in the inner region) of the spheroid area. This
suggests that the produced tension from the inner core thus drives the sphere to expand
homogenously. In KSR BMP4 elongated structure, the stretched F-actin intensity is
expressed more around the periphery, indicating higher tension around the edges,
especially at the elongated area, which may contribute to the elongation process. In the
intermediate conditions, in response to the BMP4 addition to the E8 medium, the
proportion of F-actin intensity in the spheroid area showed central expression and
accumulation of F-actin adjacent to the budding formation; however, the KSR medium
spheroids behave a lot similarly to the KSR BMP4. It has been reported that the
polymerisation of the F-actin network toward the plasma membrane or the edge generates
pushing forces resulting in shape changes (Clarke and Martin, 2021). This emphasises
that in response to biochemical cues (BMP4 or KSR medium), F-actin network
orientation generates physical forces and regulates morphological changes. However,
further experiments coupling F-actin staining (pushing) with myosin II staining (pulling)
to explore how pushing and pulling forces coordinate to guide morphogenesis would be
interesting (Clarke and Martin, 2021). Integrating our F-actin results with YAP stating
results support the notion that spheroids in E8 medium experience low tension as they

express cytoplasmic YAP in the inactive form.

In contrast, nuclear YAP expression is observed in the elongated area of the KSR BMP4

condition. This has been shown in a recent study, during intestinal crypt formation YAP
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was expressed evenly nuclear through the tissue then nuclear YAP localisation became
restricted to the budding area (Gjorevski et al., 2022). Overall, these findings showed that
biochemical cues interplay with physical signals to regulate shape changes and

differentiation.

In this Chapter, I reported that BMP4 signalling in 3D model of gastrulation using hiPSC
induces axis formation and differentiation into ectoderm, mesoderm, and endoderm. I
also investigated how biochemical cues influence cell proliferation and cellular tensions
regulate morphogenesis under distinct medium conditions. It is reasonable to postulate
that morphogen signals in vivo and in vitro will trigger the morphogenesis process that
will partially depend on their external environment. Cell- ECM via adhesion molecules
interactions contribute to transmitting physical forces to direct cell fate organisation
(Vining and Mooney, 2017). A limitation of this work is that the selection of antibodies
for each lineage needed to be revised to validate the emergence of the three germ layers
specification, especially for the ectodermal marker, as SOX2 can indicate pluripotency.
Further investigation on additional expression markers will help to validate lineages
including CDX2 (TE), NANOG, FOXA2, NESTIN, and SOXI. Investigating the
signalling pathways using SMAD2/3 and SMAD4 immunofluorescence staining to obtain

morphogen gradient profiles using this model will be interesting.
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S PHYSICAL CONFINEMENT INFLUENCES
MORPHOLOGICAL CHANGES AND EXPRESSION
OF LINEAGE SPECIFICATION MARKERS

5.1 Introduction

Morphological changes during early development are regulated through signalling
cascade feedback and endogenous physical cues transmitted between the cells and ECM
(Muncie et al., 2020, Nemashkalo et al., 2017). In addition, there is a pivotal contribution
originating from the local environment of the uterus or extraembryonic tissues to provide
mechanical stress and physical constraints, thus directing the morphogenesis (Vianello

and Lutolf, 2019, Indana et al., 2021).

Previously (in Chapter 4), I showed how biochemical cues under defined medium
conditions drive changes in morphology and induced three germ layers differentiation in
a 3D hiPSC model of gastrulation. The emergence of SOX17, BRA, and SOX2
expression might depend on the shape changes of 3D spheroids in suspension. Following
this observation, we set to address whether morphogenesis is required to direct lineage
differentiation and patterning. In this Chapter, the PEG-based hydrogels system was used
as a tool aiming to investigate how physical confinement influences morphogenesis and
lineage specifications. This system has been established and fully characterised

previously by former members of Eileen Gentleman’s group.

I hypothesised that PEG-peptide hydrogels would prevent elongation and, thus, affects
not just morphogenesis but also cell fate specification. Similar to the 3D hiPSC spheroids
in suspension protocol (Chapter 4), cells were cultured in (E8, KSR BMP4, E§ BMP4,
and KSR) mediums post-embedding in PEG-based hydrogels of different physical
properties. Our approach enables us to investigate in hiPSC the inter-correlation of

changes in shape with the patterning of germ layers.
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5.2 PEG-peptide hydrogel modulation resulted in softer gels

Having observed the distinct morphological changes in 3D in suspension in (Chapter 3)
(described in section 3.2) here, we harnessed a platform for physically confined spheroid.
This platform has been reported previously by the Gentleman’s group to explore the role
of matrix remodelling in the hiPSC-derived intestinal organoids (Jowett et al., 2021). The
tetra-PEG hydrogels are created basis on two sequential reactions on the bases of (A4+B4)
or (A4+C4) design (Figure 5.1 A-C). The first step of this reaction mechanism is where
the NPC end of the PEG-4NPC reacted with the amine group (N-terminal) at the hetero
peptide (non-functional, adhesive, or degradable) at a 1:1 ratio forming in tetra PEG-
peptide conjugates (A4). Next, hydrogel networks were formed when the tetra PEG-
peptide conjugates (A4) reacted with PEG-4VS (B4) non-degPEG or PEG-4Acr (Cs4) deg-
PEG via Michael addition between the free thiol group at (C-terminal) of the peptide form
the cysteine residue with the vinyl sulfone or acrylate group at the chain end. The group
has reported that this A4+B4 design showed high crosslinking efficiency (>90%
efficiency) and stiffer hydrogels when formed at low polymer concentrations compared

to other systems (Jowett et al., 2021, Lust et al., 2021).

Therefore, to obtain some insight into the mechanical behaviour of both hydrogel designs
(A4+Ba4) and (A4+C4), characterisation measurements, including degradation assay and
rheology, were performed (Figure 5.2 A-C). First, to determine whether the deg-PEG
(PEG-4Acr) undergoes degradation over time which could be indicated through the
tryptophane release when the peptide conjugates bonds break down. Here, 2.5% polymer
concentration hydrogels were formed and crosslinked on the following conditions (100%
PEG-4VS), (100% PEG-4Acr), (75% PEG-4Acr + 25% PEG-4VS), and (50% PEG-
4Acr+ 50% PEG-4VS). Hydrogels were submerged in a culture medium and monitored
for 11 days. This experiment revealed that 100% PEG-4Acr and 75% PEG-4Acr softened
by day 7, but 100% PEG-4Acr degraded completely by day 11 (Figure 5.2 A). These
observations confirmed that 100% PEG-4Acr behaves differently compared to 100%
PEG-4VS in terms of the ability to soften over time.

Next, we sought to choose what percentage of deg-PEG is needed to modulate semi-rigid

hydrogel, the hydrogels were formulated at (100% PEG-4VS), (75% PEG-4Acr +25%
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PEG-4VS), and controls (50% PEG-4Acr+ 50% PEG-4VS), and (25% PEG-4Acr + 75%
PEG-4VS). Hydrogel degradation was assessed by measuring the absorbance of
tryptophan released in the medium. Our data showed that the deg-PEG hydrogel designed
using 75% PEG-4Acr has the highest value compared to the other hydrogel conditions
(Figure 5.2 B). However, for more accurate mechanical characterisation, small amplitude
oscillatory rheology measurements were used (Figure 5.2 C). The obtained readout refers
to the (G’ prime) - the storage modulus is used to detect hydrogel elasticity. These data
confirmed that standard PEG hydrogels cross-linked with non-degPEG (100% non-
degPEG) did not exhibit significant changes in stiffness over 5 days under standard
culture conditions G’ ~ 488.3 Pa to 329.9 Pa (P value = ns) (Figure 5.2 C). Hydrogels
formed with deg-PEG (75% PEG-4Acr) softened over 5 days and were significantly
softer than day 0 with a G’ ~ 272 Pa to 78.7 Pa (P < 0.0001). After day 5 the hydrogel
was fully softened, which was not possible to measure in the rheometer (Figure 5.2 C).
Similarly, both intermediate hydrogels were softened at different degrees, 75% PEG-4VS
G’ ~ 460.1 Pa to 232 Pa (P = 0.0086), whereas 50% PEG-4VS G’ ~ 354 Pa to 126.5 Pa
(P < 0.0001), statistic test used in this analysis is one sample t-test (Figure 5.2 C).
Altogether, these results showed that the deg-PEG condition supports hydrogel softening,
allowing us to modulate softer hydrogel initially at day 0 compared to non-degPEG

condition thus continuing to be softer over time.
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Figure 5.1 PEG-peptide hydrogel network fabrication.

A) PEG-peptide hydrogel design based on two reactions, first, PEG-4 NPC binds to a
non-functional peptide (KDWERC) to form PEG- peptide conjugate with a solid content
concentration 2.5%. B) This is followed by crosslinking with another PEG-4VS (non-
degPEG) to form the hydrogel network. C) PEG-peptide modified hydrogel to form a deg-
PEG; here PEG-peptide conjugate is crosslinked with 25% PEG-4VS and 75% PEG-
4Acr to form the network.
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Figure 5.2 PEG-peptide hydrogels characterisation.

A) PEG-peptide hydrogels were formed at different conditions and monitored for 7 days.
These images showed the degradability properties of the non-degPEG (100% PEG-
4Acr), degPEG (75% PEG-4Acr), and selected control conditions 100% PEG-4Acr, 50-
PEG-4Acr, and 75% PEG-4VS. B) Quantification of tryptophan release in the media (n=3
gels, bars SD). C) Rheology measurement showed the changes in hydrogel stiffness
over time, the graph showed the high degradability in 75% PEG-4Acr, (n=3 gels, bars
SD). (Tryptophan assay and rheology measurements done by Alicja Kuziola).

106



PHYSICAL CONFINEMENT INFLUENCES MORPHOLOGICAL CHANGES AND EXPRESSION
OF LINEAGE SPECIFICATION MARKERS

5.3 PEG-peptide hydrogel encapsulation prevents morphological changes

To determine the optimal PEG-peptide hydrogel (non-degPEQG) stiffness supporting cell
viability, hydrogels were formed with polymer concentrations of 2.5% (soft gel) and 5%
(stiffer gel) conjugated with (Ac-CREW-ERC-NH2) KDWERC. The cell culture
experiment work is similar to the protocol in suspension (described in Chapter 3) when
hiPSC spheroids formed after two days in culture in E8 medium, were harvested and
encapsulated in the hydrogels (Figure 5.3 A). The hydrogels were crosslinked within 30-
45 minutes. Encapsulated spheroids were then placed in (E8, KSR BMP4, and KSR)
medium (the E§ BMP4 was not planned to be tested at this stage). Encapsulated spheroids
in 2.5% PEG-peptide hydrogel prevented changes in morphology, and spheroids
maintained round morphologies, unlike 3D models in suspension, whereas 5% PEG-
peptide hydrogel resulted in poor spheroids structure, which showed fractures around the
edges (Figure 5.3 B). These findings revealed that both soft and stiff gel impede
morphogenesis, including sphere expansion in E8 (in 5% and 2.5%), elongation in KSR

BMP4, and control conditions E§ BMP4 and KSR (in 2.5%).
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Figure 5.3 hiPSC encapsulation in PEG-peptide hydrogel prevents morphological
changes.
A) Schematic of experiment workflow, hiPSC seeded in low attachment 96-wells plate in

E8 medium for 2 days to form spheroids. After 2 days, hiPSC spheroids were
encapsulated in non-degPEG (PEG-4VS) hydrogel, when the hydrogel is fully
crosslinked medium was changed to E8, KSR BMP4 medium or control conditions E8
BMP4 and KSR medium. B-C) Optimisation of hydrogel encapsulation using different
polymer concentrations to change the hydrogel properties, PEG-peptide hydrogels
formed at different stiffness (2.5% and 5%) showed no morphological changes after 96
hours under different medium conditions; however, in 5% spheroids lose their
compaction and showed fractured spheroid. Scale bars 200 um.
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5.4 Soft PEG-peptide hydrogels promote cell viability

Next, we sought to explore the effect of hydrogel stiffness on hiPSC viability when
embedded in non-degPEG or deg-PEG after 96 hours. Cell viability assay was performed
using live/dead staining after 96 hours in culture (Figure 4.4 A-D). First, E§ medium
condition was used as a standard control to determine whether 2.5% or 5% non-degPEG
hydrogels promote cell viability. Confocal images revealed that spheroids embedded in
2.5% polymer concentration non-degPEG exhibited fewer dead cells than the 5% non-
degPEG (Figure 5.4 A-B). These results suggested that 2.5% non-degPEG promotes cell

viability, which was then used to create the hydrogel for all further experiments.

Therefore, the hydrogel design was modulated by swapping the non-deg PEG with deg-
PEG as previously described in (section 5.2) to determine if softening gels improve cell
viability. Live/dead assay was performed for both hydrogel conditions after 96 hours of
culture in (E8, KSR BMP4, E§ BMP4 and KSR) medium. The results showed that E8
medium spheroid exhibited more live cells in deg-PEG compared to the standard hydrogel
condition non-degPEG (Figure 5.4 B-D). Embedded spheroids in KSR BMP4 also
showed better survival than non-degPEG (Figure 5.4 B-D). Controls E§ BMP4 and KSR
showed more viability in the modulated hydrogel (Figure 5.4 B-D). Overall, these
readouts suggested that deg-PEG promotes cell viability and reduces apoptosis thus

allowing spheroid growth.
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Figure 5.4 Cell viability in different hydrogel conditions.

Live (Green), Dead (Red) staining was performed after 96 hours in culture. A) hiPSC
spheroids embedded in polymer concentration (5%) of non-degPEG and cultured in E8
medium showed excessive cell death. B) In contrast, cells encapsulated in softer gel
2.5% non-degPEG showed better survival in E8 medium condition, in KSR BMP4 and
E8 BMP4 exhibited more dead cells. C) Modified hydrogel deg-PEG maintains a better
environment that promotes spheroids growth and cell viability in all medium conditions
compared to non-degPEG conditions. Scale bar 60 um. D) Quantification of the
percentage of dead cells in each medium condition encapsulated in non-degPEG both
stiff gel (5%), softer gels (2.5%) and deg-PEG, statistic test 2-way Anova (n= 4 spheroids,
bars= mean and SD).
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5.5 Physical confinement disturbs the emergence of lineages specifications

To address whether the differentiation of the three germ layers depends on changes in
morphology, I postulated that physical confinement affects both morphogenesis and
differentiation. As expected, when 3D spheroids embedded in 2.5% polymer
concentration of non-degPEG hydrogel not only impeded changes in shape after 96 hours
of BMP4 treatment but also resulted in significant downregulation of SOX17 (endoderm)
expression (Figure 5.5 A-B, Figure 5.7 B) compared to 3D spheroid in suspension (see
Chapter 4, Figure 4.1A). Confined spheroids in E§ medium exhibited high levels of the
pluripotency marker OCT4, with negative SOX17 expression, whereas in KSR BMP4
medium spheroids exhibited a significant reduction in OCT4 marker and dramatically
low SOX17 expression (Figure 5.5 B, Figure 5.7 A-B). In control conditions, when
embedded spheroids were cultured in E§ BMP4 medium, this resulted in a significant
reduction in the pluripotency marker and extremely low expression of SOX17 (Figure 5.5
B, Figure 5.7 A-B). In the KSR medium, spheroids maintain high expression of the OCT4
marker and inhibition of the SOX17 marker comparable to the self-renewing condition
E8 medium (Figure 5.5 B, Figure 5.7 A-B). This indicated that upon confinement, cells
did not undergo differentiation when cultured in KSR medium. Moreover, I stained for
BRA marker (mesoderm) the results showed negative expression of BRA in all medium
conditions (E8, KSR BMP4, E8 BMP4, and KSR)- images are not shown.
Immunostaining was performed for secondary antibodies control as shown in (Figure 5.5
D). Overall, these results confirmed that embedding hiPSC in a confined environment
blocks morphogenesis and revealed that despite the addition of BMP4 conditions were

not sufficient to promote SOX17 expression.
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Figure 5.5 hiPSC spheroids encapsulated in non-degPEG and the emergence of
SOX17 expression.

A) A Schematic diagram for non-degPEG hydrogel formation by crosslinking peptide
conjugate with 100% PEG-4VS. B) Spheroids encapsulated in non-degPEG for 96 hours
and immunostained for OCT4 and SOX17 markers. In E8 medium spheroid maintained
high OCT4 expression, whereas reduction in OCT4 was observed in KSR BMP4 and E8
BMP4 conditions, however high OCT4 expression was detected in KSR condition.
SOX17 was not detected in E8 medium condition, low SOX17 expression was observed
in spheroid cultured in KSR BMP4. In control conditions, SOX17 low expression was
detected in E8 BMP4, and in KSR the marker was not expressed. D) Immunostaining
control for secondary antibodies (Alexa fluor 488 and 633), DAPI (top), and Controls
(bottom). Scale bar 60 um.
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5.6 Modulating PEG-peptide degradability promotes SOX17 expression

Based on the previous observation SOX17 stimulation was dramatically reduced and the
BRA expression was inhibited completely (BRA staining is not shown) when spheroids
were cultured in a confined environment. This led us to investigate whether a 3D hydrogel
that was not as rigidly confining would be more permissive to differentiation given the

same biochemical signals.

I stained for OCT4 and SOX17 markers to determine whether deg-PEG influences
endoderm specification. The immunostaining after 96 hours of culture showed that in
self-renewing condition (E8 medium) encapsulated spheroids within deg-PEG hydrogels

maintained high expression of OCT4 pluripotency marker and negative expression of
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SOX17 (Figure 5.6 A-B). As expected, in the KSR BMP4 medium condition, significant
reduction of OCT4 marker was observed, also an increase of SOX17 expression was
identified compared to non-degPEG (Figure 5.6 B; Figure 5.7 A-B). When spheroids
were encapsulated in deg-PEG and cultured in E8 BMP4, OCT4 remained
downregulated, and a significant increase in SOX17 expression was seen in contrast to
embedded spheroid in non-deg-PEG (Figure 5.6 B; Figure 5.7 A-B) Furthermore,
spheroids were embedded in deg-PEG and cultured in the KSR medium resulted in
significantly reduce of OCT4 marker expression when compared to non-degPEG
condition. Also, SOX17 expression remains low in this condition (Figure 5.6 B; Figure
5.7 A-B). Similar to non-degPEG, the mesoderm marker BRA in all medium conditions
was negative and had no sign of BRA expression (is not shown in the Figures). This
assessment was combined with the control immunostaining for secondary antibodies

(Figure 5.6 D).
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Figure 5.6 hiPSC Spheroids post-encapsulation in 75%PEG-4Acr and SOX17
expression.

A) Modifying hydrogel design to obtain deg-PEG hydrogel by crosslinking peptide
conjugate with 75% PEG-deg and 25% PEG-4VS. B) Spheroids after being
encapsulated in deg-PEG for 96 hours. Immunostaining images showed OCT4 and
SOX17 expression in defined medium conditions. In E8 medium, the spheroid
maintained high expression of OCT4, as expected in both KSR BMP4, E8 BMP4, and
KSR showed OCT4 reduction. In E8 condition, SOX17 marker was not expressed, in
contrast, an increase of SOX17 marker was detected in KSR BMP4 and E8 BMP4, and
low expression was seen in KSR. D) Images show immunostaining control for secondary
antibodies (Alexa fluor 488 and 633), DAPI (top), and Controls (bottom). Scale bar 60

um.

DAPI

Control
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Figure 5.7 Diverse expression of OCT4 and SOX17 markers in non-deg PEG and
deg-PEG hydrogels.

A) Quantification of the percentage of positive cells expressing OCT4 in non-deg PEG
hydrogel compared to deg-PEG hydrogel cultured in E8, KSR BMP4, E8 BMP4 and KSR,
statistic 2-way Anova (n= 8 spheroids per condition, P-value =0.0005, bars= mean and
SD). B) Quantification of the percentage of SOX17-positive cells non-deg PEG hydrogel
showing the significant reduction in KSR BMP4 and E8 BMP4 compared to deg-PEG
hydrogel, statistic 2-way Anova (n= 8 spheroids per condition, P-value <0.0001, P< 0.05,

bars= mean and SD).
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5.7 Discussion

Morphogenesis and the specification of three germ layers during gastrulation are
controlled by morphogen signalling to induce lineage specification and mediated by
physical signals between cells and remarkably the local tissue environment (Muncie et
al., 2020). Understanding the contribution of biochemical and physical factors on
governing differentiation and shape changes in free-floating 3D models is challenging
(Vianello and Lutolf, 2019). Thus, the use of PEG-based hydrogels by tuning the physical
properties, including stiffness and degradability, enables interrogating if physical
confinement affects morphogenesis and differentiation (Gjorevski et al., 2016). In this
Chapter, we sought to investigate if morphogenesis is required to obtain appropriate
lineages of three germ layers within an organised manner. To address this question 3D
hiPSC spheroids were embedded in well-defined PEG-peptide hydrogels and varying
stiffness and degradability. Comparing self-renewing versus differentiation medium
gives rise to distinct morphological changes and the emergence of lineages specification
in suspension as described in (Chapters 3 and 4). Herein, our findings revealed that
physical confinement prevented elongation thus disturbing the SOX17 differentiation.
Also, the expression of BRA was completely negative (not shown in the figures of this
thesis). Modulating hydrogel stiffness and swapping to a more degradable hydrogel that
softens over time showed remarkable stimulation of SOX17 expression, with the lack of

SOX17 polarisation when compared to 3D in suspension.

PEG-based hydrogels are often used to study the role intrinsic mechanical cues play in
supporting intestinal organoids and controlling neural tube morphogenesis (Gupta et al.,
2021, Ranga et al., 2014). The hydrogel system was previously established by Lutolf’s
group using 8-arm PEG-VS and PEG-Acr. The hydrogel system was functionalised by
transglutaminase factor (FXIIla) which was identified to crosslink with some ECM
compositions such as fibronectin (Gjorevski and Lutolf, 2017, Ehrbar et al., 2007).
Another system that has been reported is the use of (A2+B4) design in which PEG-based
hydrogels initially functionalised with two identical bifunctional peptides this resulted in
reacting towards the chain end of any PEG arm thus affecting network efficiency (Sakai
et al., 2008, Jowett et al., 2021). This limitation is fundamental when creating low

polymer concentration hydrogel such as 2.5% resulting in poor network formation and
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gelation which changes hydrogels' mechanical properties (Jowett et al., 2021).
Nevertheless, our hydrogel-described platform overcame the limitation of the enzymatic
reaction and insufficient network formation using a tetra-PEG-based system and hetero-
bifunctional peptide on the bases of (A4+Ba4) or (As+Cs) design. Thus, this allows a much
higher homogenous network resulting in better network efficiency, especially when
creating low polymer concentration hydrogels (Jowett et al., 2021, Lust et al., 2021). A
previous study claimed that PEG-Acr hydrogels could not be formed below 4% polymer
concentration (Phelps et al., 2012), however, we were able to form PEG-Acr at 2.5%
concentration for both 100% PEG-Acr and 75% PEG-Acr (deg-PEG). These results
emphasise the high network efficiency with other existing hydrogel systems. Nonetheless,
a limitation of mechanical assay of the hydrogels systems when formulating non-degPEG
and deg-PEG hydrogels at the same polymer concentration (in our condition 2.5%) due
to the differences of the initial stiffness between systems. To overcome this deg-PEG
hydrogel should be formed at a higher polymer concentration (i.e., 3% or 3.5%) which
should be measured using rheology assessment to validate that both non-degPEG and

deg-PEG hydrogels show the same mechanical properties (initial stiffness).

Unlike 3D spheroids in suspension (in Chapter 4), when hiPSC spheroids are embedded
in 2.5% PEG hydrogels in both (non-degPEG and deg-PEG) maintained round shape and
morphological changes were not observed post-culturing in different mediums. This
indicates that soft hydrogels retain enough constraint to prevent axis formation thus,
elongation implying that changes in shape are driven by cellular movement in the 3D
structure (Gupta et al.,, 2021). Recently, the effect of matrix properties on hiPSC
morphogenesis using alginate hydrogels has been investigated by modifying stiffness and
adhesion properties. Their findings determined that fast relaxing alginate (fast softening
over time) promotes spheroids growth and cell viability, and incorporating RGD ligand
supports the lumen formation (Indana et al., 2021). The impact of stiffness is consistent
with our results; spheroids in 5% non-degPEG (100% PEG-4VS) showed very low
viability compared to 2.5% soft gel both non-degPEG and deg-PEG. This indicates that
restriction in growth and cell apoptosis is likely due to lack of nutrient and oxygen

diffusions to the core of spheroids in the rigid matrix.
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Moreover, modulating non-degPEG hydrogel by changing the crosslinking composition
to deg-PEG improved the cell viability of 3D spheroids cultured in (E§, KSR BMP4, E8
BMP4 and KSR). The reason behind these observations could be the different mechanical
properties since deg-PEG undergo hydrolysis over time via breaking the ester bonds,
which degrades the network and presumably allows for cell growth (Khan et al., 2020).
It has been reported in several studies that degradable hydrogel promotes viability and
proliferation due to the matrix elasticity (Caiazzo et al., 2016, Indana et al., 2021, Ranga
et al., 2016). When single mESC are embedded in soft PEG-based hydrogel, they
maintain a moderate viability rate similar to a standard 2D gelatine-coated culture
condition (Caiazzo et al., 2016). Nevertheless, the rate of biochemical cues diffusion in
the hydrogel system, perhaps regulated by stiffness and mesh size, impacts viability and
cell activity during encapsulation. In this context, a recent study on our hydrogel system
revealed that the stiffness could be modulated without affecting the ability of nutrients
and biochemical cues diffusions for polymer concentrations up to 5% (Lust et al., 2021).
The advantage of deg-PEG (PEG-4Acr) is the ability to softening over time hydrogel to
non-degPEG (PEG-4VS), which overcomes the limitation of hydrogel formation at a
lower concentration as 1% is viscous liquids (Lust et al., 2021). This might be similar to
the effect of degradable hydrogels via MMPs in intestinal organoids allowing for matrix
remodelling and inducing cell proliferation and growth (Jowett et al., 2021). However,
this type of hydrogel was not tested in this 3D model of gastrulation. Taking these
findings together, in response to degradability in deg-PEG allows for better cell viability
compared to the non-degPEG.

The inability of spheroids to change shape interfered with the expression of SOX17
(endoderm) and blocked BRA (mesoderm) expression after embedding in both non-
degPEG and deg-PEG. In suspension culture, the spheroids consistently gave rise to the
three germ layers in an organised pattern, which was absent in the encapsulated spheroids.
The results showed that in non-degPEG, spheroids cultured in E§ medium were able to
maintain high expression of the pluripotency marker OCT4, likewise in the deg-PEG
hydrogel. These observations indicated that physical confinement in soft hydrogels
promotes OCT4 expression under undifferentiated conditions. Surprisingly, KSR
medium cells showed an increase in OCT4 marker expression similar to the E8 medium

condition in the PEG-4VS, whereas the deg-PEG OCT4 was slightly downregulated. A
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study by Lutolf’s group revealed the optimal microenvironment (degradable and soft) of
PEG-based hydrogel to promote high levels of pluripotency markers expression (Caiazzo
etal., 2016). The emergence of the SOX17 marker was significantly reduced, and random
expression was observed under differentiation conditions, in addition to the loss of
polarisation phenotype in the KSR BMP4 medium compared to 3D spheroids in
suspension. However, deg-PEG hydrogel promotes SOX17 in KSR BMP4 and E§ BMP4,
suggesting that SOX17 expression favours degradable/softer gel. Several findings
demonstrated that the mechanical properties of the cell surrounding the
microenvironment control cell fate decisions (Ranga et al., 2014, Gjorevski et al., 2016,

Vining and Mooney, 2017).

The emergence of SOX17 positive cells was explored in a 2D topography model, hESC
were seeded on top of soft matrices targeted endodermal differentiation while this marker
was reduced when cells were cultured on a stiffer surface (Rasmussen et al., 2016). A
recent study reported that when hESC were seeded on top of a rigid substrate (2700 Pa),
post-BMP4 treatment triggered a mesodermal specification (Muncie et al., 2020). This
explains our observation of BRA inhibition in soft hydrogel bot non-degPEG and deg-
PEG with initial (G* ~ 400 Pa) stiffness. In addition, SOX2 was not explored in the
embedded 3D hiPSC, which will be noteworthy to investigate. A recent study of a 3D
model of neural progenitor cells showed that the SOX2 marker was highly expressed in
the degradable hydrogels (Madl et al., 2019). The physical properties of the native tissue
vary during developmental stages in vivo, which regulate the differentiation process

towards the three germ layers (Rasmussen et al., 2016, Muncie et al., 2020).

Overall, the data in this Chapter suggests that tissue morphogenesis is required to obtain
a proper differentiation of the three germ layers. The emergence of the endodermal and
the lack of mesodermal expression showed that mechanical properties play a crucial role
to maintain differentiation during development. Based on the observation of SOX17
expression when spheroid was embedded in deg-PEG, further experiments were
conducted to modulate hydrogel properties using degradable sequences (MMPs). The
MMPs can break down the peptide sequence allowing hydrogel to soften, thus may
facilitate spheroids growth or elongation. It has been reported that MMPs activity in 3D

mouse ESCs mediates basement membrane remodelling, which promotes spheroids
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growth and the formation of the primitive streak (Kyprianou et al., 2020). Investigating
this may give additional insight into the ability of 3D hiPSC to remodel the surrounding

environment which might allow the spheroids to elongate.
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6 DISCUSSION & FUTURE DIRECTIONS

6.1 Discussion

During early embryogenesis, the emergence of the three lineages (ectoderm, mesoderm
and endoderm) is coupled with dynamic changes in morphology through forming the A-
P axis in the human embryo (Arnold and Robertson, 2009). The underlying mechanisms
of the signalling pathway (BMP4, NODAL, WNT and FGF) involved in generating self-
organised germ layers on defined geometrical size have been extensively investigated in
2D micropattern models (Siggia and Warmflash, 2018, Tewary et al., 2017). Therefore,
morphogenesis is an important event during gastrulation, which is highly regulated by
physical cues between (cell-cell) or external physical forces from the tissue environment
of the uterus (Vianello and Lutolf, 2019). Much less is understood about how biochemical
cues and physical cues trigger tissue rearrangements and whether they are regulated
mechanically (tissue environment) or biochemically (cellular response) (Vianello and
Lutolf, 2019, Trubuil et al., 2021). The main aim of this project is to explore how
biochemical cues (BMP4/ KSR) and physical confinement separately influences
morphogenesis and differentiation in a 3D hiPSC model of gastrulation. To achieve this,
I proposed an adapted method of a previously well-defined 2D micropattern system based
on a BMP4 treatment (Warmflash et al., 2014) in a 3D model that shows both axial
formation and tri-lineage specification incorporating PEG-peptide hydrogels to prevent
elongation. This platform allows us to question whether morphogenesis is required to

direct lineage differentiation and patterning.

The hiPSC in a 3D model of gastrulation of standardised size cultured under distinct
medium conditions (E8, KSR BMP4, and their controls E§ BMP4 and KSR) were
characterised to quantify the consistent changes in morphology in (Chapter 3). The
developed platform decouples the biochemical and physical cues allowing us to control
each parameter. Our results demonstrated that biochemical signals trigger morphological
changes observing spherical shape in E8 and axial elongation in KSR BMP4. However,
in E8 BMP4, spheroids maintained a small spherical shape that tends to form small buds,

and when spheroids were cultured in KSR formed an intermediate shape that underwent
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spontaneous buds formation. High-content analysis approaches to obtain quantitative
readouts from digital microscopy images provide distinctive automated multi-parametric
data to quantify cell behaviours (Mattiazzi Usaj et al., 2016). In this context, a robust
high-content live imaging method was employed to monitor the 3D spheroids' behaviour,
this generates brightfield images of 96 time-points which are then used as readouts to
quantify changes in shape and area. Quantification and segmentation of the 3D spheroids
phase contrast images are challenging and only often compatible with acquiring further
analysis. We successfully described a novel image analysis method using CellProfiler that
can be easily used to obtain an efficient analysis of 3D spheroids quantifying area, size,
shape, and roundness (Alsehli et al., 2021). This pipeline exploits live images based on
background subtraction of pixel intensities of two following time points producing an
image of the spheroid structure only called (Delta). This Delta image was used effectively
to segment the spheroids, generating datasets that capture the morphological variation of

diverse culture conditions (Alsehli et al., 2021).

One of the main findings in (Chapter 4) is that adding BMP4 to the differentiation medium
(KSR medium) stimulates reproducible differentiation of the tri-germ layers in
suspension. Several studies investigated the effect of the BMP4 signalling pathway to
form a radial pattern of the three lineages in the 2D micropattern system (Warmflash et
al., 2014, Vickers et al., 2021, Tewary et al., 2017). However, previously described 3D
models revealed that ESCs treated with BMP4 were not able to form axial elongation and
differentiation toward the three germ layers (Baillie-Benson et al., 2020, Moris et al.,
2020). Our data also showed that biochemical cues BMP4 and KSR play a role in
promoting morphogenesis and shape changes by regulating proliferation and cellular
tension (F- actin, and YAP) in the 3D gastrulation models. The EdU staining
demonstrated that cell proliferation highly depended on the medium composition (BMP4
and KSR).

The addition of BMP4 to E8 medium reduces the proliferation; however, in KSR alone,
the proliferation tends to polarise more toward the budding area. These findings elucidate
the observation in the KSR BMP4 medium, which showed that the proliferation is
restricted to the elongated tip. Moreover, the phalloidin staining revealed that the F-actin

network is distributed differently in response to the biochemical cues. Highlighting the
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KSR BMP4 condition, F-actin is expressed more around the edges suggesting that F-actin
produces tension along the periphery of the 3D structure to direct the A-P elongation.
This finding is also supported by the nuclear YAP expression indicating the presence of
cellular tension in the elongated area of the KSR BMP4 condition. Together, these
readouts implied that axial elongation and the differentiation of the three germ layers on
the anterior side occurred due to the crosstalk between the biochemical signal that drives
proliferation and physical forces generated from the F-actin distribution. This has been
reported during gastrulation in vivo, the sequence of morphogenesis events and lineages
specification in early stages are regulated by the interplay between morphogen signalling
and physical forces generated by cell-cell adhesion or cytoskeletal tension (Vianello and
Lutolf, 2019, Kim et al., 2018b). These outcomes allow further investigation of physical

forces generated by cell-cell adhesion or actomyosin contractility.

Following on the previous observations suggesting that the three germ layers
differentiation could rely on shape changes in free-floating culture, in (Chapter 5) the aim
is to explore this by impeding changes in morphology using PEG-based hydrogels. The
physical confinement using (our in-house) PEG-4VS with a determined stiffness of 2.5%
polymer concentration prevents morphological changes, dramatically reduces the
expression of SOX17 and inhibits the BRA marker (mesoderm). To identify if modulating
non-degPEG hydrogel degradability by altering the hydrogel crosslinking with deg-PEG
promotes morphogenesis and differentiation. Similar to the non-degPEG, the modified
deg-PEG did not promote elongation; however, it stimulated SOX17 expression in KSR
BMP4 and E8 BMP4 conditions and BRA was not detected. Here, the focus was mainly
on the SOX17 marker (endoderm) expressed in KSR BMP4 (located at the tip) and E8
BMP4 (in the small bud) in suspension. Using the PEG-peptide hydrogels system as a
tool to block the elongation or small budding from happening enabled us to determine
that morphogenesis is crucial to induce the formation of the three gem layers in an
organised manner. Not to exclude that modulating PEG-peptide hydrogel properties
promoted SOX17 expression and cell viability. These suggested soft hydrogels favour the
differentiation toward SOXI17 expression, while stiff hydrogels notably direct
differentiation toward BRA expression (Muncie et al., 2020, Rasmussen et al., 2016).
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Overall, this approach enables us to dissect the inter-correlation of 3D hiPSC spheroids'

changes in shape with the patterning of germ layers.
6.1.1 Strengths

Morphogenesis and cell fate specification of a normal early embryo requires
incorporating biochemical and biophysical signals from the native microenvironment
(Lenne et al., 2021, Arnold and Robertson, 2009). In this thesis, the proposed methods of
hiPSC-derived 3D gastrulation-like models have several strengths. This platform allows
the decoupling of both biochemical and physical cues by comparing the medium and
PEG-based hydrogel conditions offering the opportunity to investigate how the two
processes coordinate to influence germ layers differentiation. BMP4 morphogen triggers
pattern formation in 2D micropattern, mirroring the signalling pathway in early
embryonic development. At the same time, in 3D model, it has been substituted with
pulses of the WNT agonist CHIRON (Siggia and Warmflash, 2018, Moris et al., 2020,
Morris et al., 2012). To the best of my knowledge, no previous work has published a 3D
model of gastrulation using hiPSC treated with BMP4 to characterise differentiation
propensity and the impact of physical confinement. It has been reported that hiPSC could
experience high chances of genetic variations during each step in the culture (Volpato and
Webber, 2020, Schwartzentruber et al., 2018). This 3D differentiation protocol minimises
the steps of single-cell dissociation and reaggregation. It bypasses the CHIRON pulse
step in a routine culture which could reduce the possible hiPSC heterogeneity during
routine culture. Another study using hESC 2D micropattern determined that BMP4
stimuli resulted in a fast commitment to lineage specification and downregulate

pluripotency (Gunne-Braden et al., 2020), which has yet to be investigated in 3D.

The 3D protocol produces a standardised spheroid that generates a reproducible
morphology under the selected medium conditions (E8, KSR BMP4, E§ BMP4 and KSR)
in a 96-well plate. The high-throughput 96-well V-bottom plate platform enabled
monitoring of single spheroid behaviour per well via high-content live imaging. This
powerful tool generates automated phenotypic data for each sparoid (24 replicates/per
medium condition) at a time per cell line. In addition, the created pipelined for integrating

high-throughput screening and profiling of spheroids for live imaging enabled efficient
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segmentation of simple phase-contrast images which can be implemented easily for other
3D spheroid models (Alsehli et al., 2021). For example, this protocol can be used to test
inhibitor molecules for screening purposes to capture the impact on morphogenesis and

quantify shape changes including (roundness, deformation, and area).

The use of HipSci cell lines is a potential tool in this project which was developed to
generate a large number of hiPSC lines from healthy individuals and donors with genetic
diseases (Kilpinen et al., 2017). The cell lines are derived and characterised for genomic
(DNA sequencing), and phenotypic analysis, including cell shape, proliferation and
proteomic assays (Kilpinen et al., 2017, Vigilante et al., 2019). These data are available

through the website (www.hipsci.org), which enabled us to choose the Hoik 1 line for

the high-quality control in culture and the absence of possible genetic variation. This
study facilitates the investigation of phenotypic outliers related to the germ layers
differentiation or adhesions and possible variations between the cell lines of different
donors (Vigilante et al., 2019). This will provide remarkable improvement in the hiPSC
drug screening or disease modelling by exploring the variability in cell behaviour per

hiPSC lines.

Moreover, developing a 3D model of gastrulation using BMP4 stimuli was important to
us in parallel with previous work on 2D micropatterned by Fiona Watt's group
investigating the impact of genetic variation on differentiation of selected hiPSC lines
(Vickers et al., 2021, Tewary et al., 2017). Building upon this study using the identified
outliers hiPSC in 3D would be interesting to explore whether these phenotypes are
restricted for 2D, and question if more genetic variants might occur in the germ layers in
3D or elongation. Overall, the proposed 3D model in my thesis could be used to
investigate the influence of genetic variants not only differentiation-related but also ECM
receptors or cell adhesion, including F-actin or cell tensions (YAP) that impact

morphogenesis.

The employment of the PEG-peptide hydrogels system in this project allows for
dissecting the role of how physical properties influence morphogenesis, thus, germ layers
differentiation. The (non-adhesive/non-degradable) conjugated peptide used in the

hydrogel formation for this study provides only a physical barrier without interaction with
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spheroids' biological activity. For this reason, this system is well-suited to the aims of this
thesis, exploring the causative effect of changes in shape on differentiation. However, the
platform can be further modified by incorporating adhesive (RGD) or (MMPs) sequence
to explore the contribution of ECM on morphogenesis (Trubuil et al., 2021, Indana et al.,
2021). Taking this together, the access of HipSci lines with the hydrogels system in this
project can be extended to overcome the phenotypic outliers aiming to induce

differentiation propensity (Vickers et al., 2021).
6.1.2 Limitations

This work focussed on investigating the contribution of biochemical cues and physical
confinement separately influence morphogenesis and three germ layers specification in
3D hiPSC-derived models of gastrulation. The hiPSC cell line used to develop this
platform was obtained from the HipSci cell biobank of a healthy donor (Hoik 1). This
helps minimise excessive optimisation, including technical troubleshooting during
experiments to build up the readouts. The hiPSC cell lines may exhibit variations in
pluripotency such as genetic or non-genetic factors such as cell-adhesion related which
impact the differentiation of the three germ layers (Vigilante et al., 2019, Vickers et al.,
2021).

Testing other HipSci cell lines from healthy donors is preferable to validate the observed
phenotype and differentiation capacity under diverse medium conditions. However, the
inaccessibility of the JuliStage live imaging microscopy due to device technical issues
during the COVID pandemic was a major limitation to screening more cell lines. |
performed a validation assessment using cell lines (eojr 2 and Yuze 1) from healthy
donors to explore whether axial elongation is restricted to Hoik 1 cell line. I used
confocal microscopy to capture changes in morphology after 96 hours (live imaging is
not available for this cell line). The eojr 2 line did not form a proper spheroid resulting
in failure to maintain spheroid expansion in E8, form axial elongation in KSR BMP4 and
not able to form both intermediate phenotypes when cultured in E§ BMP4 and KSR. This
could be related to hiPSC colonies quality during routine 2D culture, which has a massive
amount of detached single cells affecting aggregation. In the Yuze 1 line, the cells

showed reproducible phenotypes similar to the Hoik 1, confirming that the observed
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readouts of morphological changes were not restricted to one cell line. In this assessment,
SOX17 and OCT4 immunostaining was performed on spheroids in KSR BMP4, OCT4
was downregulated, and polarisation of the SOX17 marker was detected (Appendix 2).
This assay was a quick assessment for validation; however, it is not sufficient; it would
be valuable to stain for (BRA, EOMES, and SOX2) markers. However, a recent study in
the group using the 2D micropattern system revealed that the Yuze-1 cell line is a
phenotypic outlier for SOX2 and BRA expression, which is not investigated in this
differentiation assays (Vickers et al., 2021). In addition, morphological changes between
the technical and biological replicates generate variations when forming spheroids or
elongation (double or multiple budding) (Baillie-Benson et al., 2020). For exploring more
cell lines, further titration, including cell seeding densities is required to obtain
standardised spheroids formation or proper elongation (Moris et al., 2020, Baillie-Benson

et al., 2020).

Investigating the emergence of lineage specification of the three germ layers was built on
the expression SOX2 (ectoderm-like), BRA and EOMES (mesoderm), and SOX17
(endoderm); and (OCT4) for pluripotency. Some limitations are associated with the
immunostaining technique and the selection of the differentiation markers, firstly SOX2
is a critical marker that can indicate pluripotent cells; secondly, SOX17 for the
endodermal marker is not sufficient more markers need to be tested to validate lineage
identity, such as NESTIN and SOX1 for ectoderm, and FOXA2 or GATA6. Another
limitation of this study is that I perform the immunostaining using OCT4 and one
differentiation marker for each 3D spheroid due to the same source of antibody species.
It will be ideal to show all three germ layers together for example, in KSR BMP4 to
demonstrate the organised pattern. For example, FOXA2 expression would confirm
whether SOX17 positive cells are an endoderm population (Hashmi et al., 2021). In
contrast, NANOG, and BLMP1 expression would distinguish the PGCs population
(Niakan et al., 2010), and CDX2 would validate if the posterior side of the elongated 3D
spheroid expresses a trophectoderm (Warmflash et al., 2014, Morris et al., 2012). After
BMP4 stimulation, exploring SMAD activity on the elongated spheroid would help to
give some insight into the BMP4 dynamic signal gradient and to validate the distinction

between the anterior and posterior sides.
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The hydrogel approach carries limitations in terms of addressing cell extrinsic signals;
when spheroids were encapsulated in different hydrogel systems (non-degPEG vs. deg-
PEQG), the initial stiffness varies between the two systems. Ideally, to compare the impact
of degradability on spheroid morphology and lineage specification in these hydrogel
systems, the initial stiffness of non-degPEG and deg-PEG should be considered. This can
be improved by increasing the polymer concentration when forming deg-PEG hydrogel
and insure that measured mechanical properties correspond with deg-PEG hydrogel. In
addition, hydrogel degradability was mainly investigated on non-degPEG formed at 2.5%
polymer concentration, whereas 5% polymer concentration was only used in non-deg-
PEG. This should be explored to identify whether 5% deg-PEG would increase the
degradability of the stiff gel and questions whether this impacts cell viability.

Multiple obstacles are associated with confocal imaging of 3D spheroids in suspension
or encapsulated in the hydrogel. The clarity of the images in the core of spheroids was a
major issue which can be improved using clearing methods after staining. When imaging
the encapsulated spheroids, it could be out of the range of the Z-stack due to the spheroid’s
position resulting in poor imaging that showed a cavity-like formation that doesn’t exist
when compared to control or other images. A possible solution would be using super-
resolution microscopy, such as light sheet microscopy or spinning disk confocal images.
In addition, 3D image analysis is challenging, which could prevent us from obtaining
readouts on specific staining. In this thesis, quantification of YAP nuclear/cytoplasmic
localisation was not included due to the difficulties in segmenting the nucleus and

quantifying YAP expression, especially between the Z-stacks.
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6.2 Future Directions
6.2.1 Genetic variation of hiPSC

Based on the previous work of HipSci project large panel of hiPSC was characterised
from healthy donors and individuals with genetic variants analysed for morphology,
proliferation, and cell adhesion (Leha et al., 2016, Vigilante et al., 2019, Kilpinen et al.,
2017). In this thesis, individual cell lines (Hoik 1) from HipSci were selected for culture
and characterised using both live imaging and confocal techniques to capture
morphogenesis and the emergence of lineage specifications. Other cell lines (eojr_2 and
Yuze 1) were only used for rapid validation to ensure the consistency of morphology.
Further screening of hiPSC lines known for genetic variants would help to identify
phenotypic outliers associated with ECM-cell interaction or cell adhesion in this 3D
model. Focussing on the main conditions of E8 medium to quantify cell line pluripotency
capacity and KSR BMP4 medium to determine germ layers differentiation derived from

different cell lines might reveal additional phenotypic variations.

The outcome of these experiments will provide morphological observations data set to be
characterised using the frame-to-frame pipeline and quantify spheroid behaviour. Then,
these readouts can be used to link potential axial elongation variations with differentiation
markers expression in each cell line. These cell lines with genetic variations might have
a low ability to initially form spheroid that impacts elongation and differentiation, which
was observed during eojr_2 (normal cell line). In a recent study, the cell line eojr 2 was
selected as a control in a micropattern-based system which showed normal pattern
formation of the three germ layers (Vickers et al., 2021) except when this was cultured in
3D cells failed to aggregate and differentiate. This could be investigated by increasing the
cell seeding density or immunofluorescence labelling of cell-adhesion markers. It would
be worth exploring the pluripotency and differentiation propensities in a large panel of
HipSci lines and mapping the phenotypic outliers compared to the 2D model. This might
detect unexpected genetic variants that influence changes in morphology and thus predict

differentiation efficacy.

This approach provides a valuable platform to benchmark hiPSC from patients with

genetic abnormalities into transitional applications such as CRISPR-based technology to
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improve disease modelling and drug screening, not essentially for genes related to

gastrulation.
6.2.2 Time-course of germ layer differentiation

Tissue rearrangements and lineage specification of three germ layers during early
development happen following signalling dynamic wave within a time scale (Camacho-
Aguilar and Warmflash, 2020, Chhabra et al., 2019, Niakan et al., 2012). The cellular
movement is initiated when the primitive streak forms; these cells undergo EMT to give
rise to the mesoderm and endoderm lineages (Muncie et al., 2020, Hashmi et al., 2021).
It has been demonstrated that SOX17 expressed initially within the epiblast co-expressed
with OCT4 marker (Niakan et al., 2010). The ability of the BMP4 signal to stimulate most
of the existing pluripotency within 30 minutes pulse of BMP4 exposure, therefore, induce
changes in cell morphology and differentiation was reported in the 2D micropattern

model (Gunne-Braden et al., 2020).

Investigating the emergence of the tri-lineage fates over time-course immunostaining
allows us to gain insight into the onset expression and patterning process (Camacho-
Aguilar and Warmflash, 2020, Moris et al., 2020). In cells cultured KSR BMP4, the
immunostaining of the three germ layers revealed SOX17 OCT4 co-expression in the
neck of the spheroid, whereas in the elongated tip, only SOX17 was expressed, and BRA
marker was found in low levels. The time-course immunostaining post BMP4 induction
in time points (0,12,24,48 hours) additional to 96 hours for BRA and SOX17 can
demonstrate the origin distribution of marker expression. BRA marker could be expressed
from the onset of BMP4 treatment and might be detected at high levels or in a different
region of the 3D model. In a recent study, the expression of the BRA marker polarised
and was seen within the first 24 hours, and by 96 hours, BRA overlapped with SOX2
marker (Moris et al., 2020). Tracking the expression of SOX17 marker during time-
course would help to explore how OCT4 and SOX17 coordinate. Several questions will
be answered, including whether SOX17 is initially stimulated during the early time point
of BMP4 treatment if OCT4 is required to drive differentiation, and if SOX17 OCT4
together triggers axial elongation. The lineage-tracing approach could reveal the

causative link of shape changes and patterning of germ layers in this proposed 3D
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gastrulation model. Fluorescent reporter cell lines would be a valuable option to visualise
and track cells when they exist pluripotency, the A-P domains and differentiation markers

expression.
6.2.3 Transcriptomics characterisation

Transcriptomics of a 3D gastrulation-like model derived from hESC treated with
CHIRON displayed reproducible pattern gene expression that notably matches the
organisation of those in the human embryo (Moris et al., 2020, van den Brink et al., 2020).
Genetics characterisation for 3D gastrulation by single-cell RNA sequencing (scRNA
sequencing) and genome-wide RNA Tomography (tomo-seq) identified multiple lineages
and gene expressions that were not reported before (Junker et al., 2014, Moris et al., 2020,
van den Brink et al., 2020). On the single-cell level, RNA-seq showed expression of
relative markers for ectoderm, endoderm, mesoderm and primordial germ cells. In
contrast, tomo-seq revealed detailed data on pattern gene expression of anterior-posterior
domains, somites and tailbud mirroring the in vivo embryo (van den Brink et al., 2020,

Moris et al., 2020).

In this thesis, our understanding of the hiPSC 3D model after BMP4 induction or KSR
medium is largely based on imaging for differentiation markers. Exploiting
transcriptomics characterisation would provide greater insight into the identity of
spheroids under district medium conditions. In the KSR BMP4 condition, transcriptomics
analysis of Sc-RNA-seq would provide insight into the cell identity and distinguish
between cell population that co-express OCT4/SOX17 markers or express SOX17 only.
Investigating this in control conditions E§ BMP4 and KSR in parallel with KSR BMP4
would help to determine the contribution of biochemical cues in cell fate decisions. In
comparison to the previously described hESC 3D gastrulation model (Moris et al., 2020,
van den Brink et al., 2020) and in vivo, this analysis would also help to explore how

similar the lineages expression to our proposed hiPSC 3D BMP4-dependent model.

Furthermore, tomo-seq is another transcriptomic method that can be used to map gene
expression organisation in this 3D model along the A-P axis. In this technique, gastruloids
were sectioned, followed by mRNA extraction which then used for RNA sequencing

(Moris et al., 2020). Lineages differentiation in spheroids cultured in KSR BMP4 are
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expressed in the assumed anterior domain, whereas in the assumed posterior, OCT4
expression was lost; this analysis would help to determine the cell identity based on the
genetic expression. The generated readouts could demonstrate the ability of BMP4-
treated hiPSC to produce reproducible gene pattern expression compared to hESC model
and then the normal human embryo. Also, this might reveal differential gene expression

in the hiPSC model to hESC.

Transcriptomics characterisation is a powerful tool to identify the gene expression, which
enables to validate the lineages specifications observed in our 3D model. HipSci lines in
undifferentiated or differentiation conditions and transcriptomics would allow for
mapping gene expression of gastrulation and determining the association of genetic

variation in hiPSC on the pluripotency and differentiation propensities.
6.2.4 PEG-peptide hydrogel modification

The mechanical properties of the microenvironment generate biophysical cues which
integrate with the morphogen stimuli influencing the cell fate decisions (Indana et al.,
2021, Vianello and Lutolf, 2019, Walters and Gentleman, 2015). In vivo, the mechanical
transition of the uterine environment regulates lumen formation during blastocyst and
shape deformation during axis formation leading to germ layers differentiation (Vianello
and Lutolf, 2019, Gupta et al., 2021). Our understanding of how modification in
mechanical properties and the exerted forces control differentiation in the early embryo

is limited (Indana et al., 2021, Vianello and Lutolf, 2019, Vining and Mooney, 2017).

In this project, the effect of physical confinement by tuning PEG-peptide hydrogels
stiffness and degradability determines that elongation which is presumably essential to
obtain the proper formation of the three germ layers. However, ECM-cell interactions are
also important in driving morphogenesis and cell fate which is not investigated in this
thesis (Gjorevski et al., 2016, Ranga et al., 2014). This has been widely studied in
intestinal organoids (Jowett et al., 2021) and neural tube models (Ranga et al., 2016). In
our described hiPSC-derived 3D model of gastrulation would be interesting to explore
this, which allows for in-depth quantitative across the hiPSC lines that could determine

ECM-cell interactions and differentiation potential.
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Embedded in determined stiffness (2.5%) of deg-PEG hydrogel (75% PEG-4Acr)
exhibited better cell viability) and notably stimulated SOX17 expression compared to
non-degPEG (PEG-4VS). This platform can be further improved to establish a better
system incorporating the adhesive (RGD) degradable (MMPs) motifs, for instance, which
allows exploring the ECM-cell impact on morphogenesis and lineage specification. A
recent study reported that fast relaxing alginate hydrogel with high RGD concentration
promotes viability and lumen formation, which is required in the neural tube and intestinal
organoid (Indana et al., 2021). In contrast, MMPs activity regulates basement membrane
remodelling in mouse ESCs allowing for spheroids growth and elongation (Kyprianou et
al., 2020). For example, using deg-PEG hydrogel for its ability to promote cell viability,
further experiments by altering its properties, such as RGD or MMPs sequence, might
allow for spheroid growth or ECM remodelling. Physically confined spheroids in (non-
functional peptide) hydrogel could be missing their own ECM biological motifs, allowing
ECM-cell interaction and promoting changes in the shape (Foyt et al., 2018). This is an
interesting approach that offers to gain insight into the role of the ECM-cell interaction
on morphogenesis and then differentiation. Another possible approach is photosensitive
hydrogels, where the crosslinking sites cleaved upon light resulting in softening hydrogel
in photolabile areas (Spiteri et al., 2020). This system allows controlling the hydrogel's
physical properties to regulate the formation of the germ layers differentiation; as an
example, soft gel induces SOX2 and SOX17, whereas stiff hydrogel favoured BRA
expression (Spiteri et al., 2020, Muncie et al., 2020, Rasmussen et al., 2016).

Modulating PEG-peptide hydrogel properties enables dissecting the role of physical cues
directing morphogenesis and germ layers differentiation. Exploring these proposed
experiments across hiPSC lines known for phenotypic outliers may help rescue specific
germ layers. Because cell fate decisions are regulated by physical and biochemical cues
of the surrounding microenvironment, this could promote differentiation to improve
various hiPSC-derived organoids (gut, pancreas, or brain) development (Turner et al.,

2016).
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The Icy pipeline used for F-actin analysis.
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Yuze 1 cell line stain for OCT4 and SOX17 after culture in KSR BMP4 medium formed
an axial elongation and exhibited SOX17 expression.

DAPI OCT4 SOX17

KSR BMP4
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