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ABSTRACT

Liver disease is one of the main causes of death worldwide, leading to the death of approximately 2 million
people per year. Current therapies include orthotopic liver transplantation, however, donor organ shortage
remains a great challenge. In addition, the development of novel therapeutics has been limited due to the
lack of 7n wvitro models that mimic zz vive liver physiology. Accordingly, the development of new culture
systems such as liver organoids derived from human induced pluripotent stem cells (hiPSCs), represent a
promising tool for liver cell therapy, disease modelling, and drug discovery. Still, current methods to gen-
erate liver organoids from hiPSCs are laborious and give rise to structures with limited complexity. In this
work it was developed a culture system that is able to generate liver bud organoids with increased complex-
ity and vascularization. By integrating activin A gradients to direct spatial patterning, it was possible to
recreate not only the diversity of cell types that constitute the human liver bud during development, but
also key events of liver organogenesis. Therefore, this work provides a suitable platform to study liver
development and to explore the emerging fields of disease modeling and drug screening based on hiPSC-

derived organoids.

Keywords: pluripotent stem cells, hepatic differentiation, liver organoids, activin A, morphogenesis.






RESUMO

A doenca hepatica é uma das principais causas de morte no mundo, levando a morte cerca de 2 milhGes de
pessoas por ano. As terapias existentes incluem o transplante de figado, no entanto, a escassez de doadores
de 6rgios continua a ser um dos grandes desafios a ultrapassar. Além disso, o desenvolvimento de novas
terapias tem sido limitado pela falta de modelos 7 vitro que mimetizem a fisiologia hepatica iz vivo. Assim,
o desenvolvimento de novas tecnologias, como organoides hepaticos derivados de células estaminais plu-
ripotentes induzidas de humanos (hiPSCs), representam uma ferramenta promissora para as terapias celu-
lares, para a modelacdo de doengas e para a descoberta de novos medicamentos. Contudo, os métodos
atuais para gerar organoides hepaticos a partir de hiPSCs sao trabalhosos e dido origem a estruturas com
complexidade limitada. Neste trabalho foi desenvolvido um sistema de cultura capaz de gerar organoides
de diverticulo hepatico com maior complexidade e vascularizagio. Ao integrar gradientes de activina A para
direcionar padrOes espaciais, foi possivel recriar nao apenas a diversidade dos tipos celulares que constituem
o diverticulo hepatico humano durante o desenvolvimento, mas também eventos chave da organogénese
do figado. Desta forma, este trabalho fornece uma plataforma adequada para o estudo do desenvolvimento
do figado e fomenta a investigacdo em areas emergentes como a modelagdo de doencas e o rastreio de

farmacos com base em organoides derivados de hiPSCs.

Palavras-chave: células estaminais pluripotentes, diferenciacdo hepatica, organoides hepaticos, activina A,

morfogénese.
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STEM CELLS

In 1868, Ernst Haeckel (Haeckel, 1868), a notable biologist from Germany, came up with the term
Stammselle to describe the unicellular ancestor from which all multicellular organisms evolved, a concept
very different from the one existing today. Later, he used the same term to describe the fertilized egg, or
the zygote, capable of giving rise to all cell types of an organism (Haeckel, 1877). This was the cradle for
the English term szem ce// (Ramalho-Santos & Willenbring, 2007). After previous studies on the continuity
of the germ-plasm and on the origin of the hematopoietic system, Till and McCulloch proposed in the
1960s what are still today the two gold standard features of stem cells: (1) undifferentiated cells that are
capable of self-renewal and (2) production of specialized progeny through differentiation (Becker et al.,
1963). To accomplish such attributes, it is now known that stem cells undergo asymmetric cell division, by
which the cell divides to generate one stem cell and one differentiating cell. Therefore, it may be added that
stem cells are of major importance in the maintenance of homeostasis through a balance between self-
renewal and differentiation (Blanpain & Simons, 2013; Knoblich, 2008; Morrison & Kimble, 2000).

From conception to death, as cells develop derived from embryonic tissue, they become progressively
restricted in their developmental potency, reaching the point when each cell can only differentiate into a
single specific cell type. In the beginning, the earliest cells in ontogeny are totipotent, giving rise, in mam-
mals, to all embryonic and extra-embryonic tissues, i.e., only a totipotent cell can originate an entire organ-
ism (De Los Angeles et al., 2015; Inoue et al., 2014; Sanchez Alvarado & Yamanaka, 2014). Through em-
bryogenesis, when the pluripotent state is reached, a pluripotent stem cell (PSC) can originate all the cells
from all the tissues of the body, though the contributions to the extra-embryonic membranes or placenta
are limited (De Los Angeles et al., 2015). On the other hand, a multipotent stem cell is restricted to the
generation of the mature cell type of its tissue of origin and finally, a unipotent stem cell displays limited
developmental potential, giving rise to only a single-cell type. In an adult organism, stem cells can be found
in most tissues throughout the body, even within relatively dormant tissues. These stem cells experience
low or no division in normal homeostasis, remaining quiescent for extended periods of time. However,
these cells can respond efficiently to stimuli upon initiation of homeostasis or injury (Hsu & Fuchs, 2012).

Altogether, in both plant and animal kingdoms, the multicellularity of highly regulated tissues is depend-
ent of the generation of new cells for growth and repair. Therefore, biological systems are driven by a
balance between cell death and cell proliferation, preserving form and function in tissues. From this point
of view, stem cells are the units of the following attributes: development, regeneration and evolution

(Sanchez Alvarado & Yamanaka, 2014; Weissman, 2000).

Pluripotent Stem Cells
Mammalian embryogenesis starts with a single totipotent cell, the zygote. After the first cell division,
the two-cell embryo is composed by two equal blastomeres. In the earlier stages, including two-cell and

four-cell embryos, cells are still considered totipotent. Later, when the zygote is already divided in numerous
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blastomeres in a structure that can be called blastocyst, it is possible to distinguish the extraembryonic
trophectoderm (TE) on the outside and the inner cell mass (ICM) (J. Wu et al., 2016; J. Wu & Izpisua
Belmonte, 2016). It is in the ICM that pluripotent stem cells first arise.

Pluripotency can be defined as a transient property of cells within the early embryo, where PSCs have
the capacity to form tissues of all three germ layers of the developing embryo - ectoderm, mesoderm and
endoderm - and still the germ lineage. As previously mentioned, PSCs typically provide little or no contri-
bution to the trophoblast layers of the placenta (De Los Angeles et al., 2015; M. Li & Belmonte, 2017).

The first PSCs to be isolated and investigated in culture were derived from mouse teratocarcinomas — a
tumor of germ cell origin that maintain a wide variety of differentiated tissues — known as embryonal car-
cinoma cells (De Los Angeles et al., 2015; Solter & Solter, 2006). Nevertheless, PSCs can be isolated from
several sources through development (J. Wu et al., 2016), as murine (Evans & Kaufman, 1981; Martin,
1981) and human blastocyst (Brons et al., 2007; Tesar et al., 2007; Thomson, 1998) or even from the post-
implantation epiblast (Brons et al., 2007; Tesar et al., 2007) or germ line (Matsui et al., 1992; Shamblott et
al., 1998). Also, pluripotency can be recapitulated in vitro by reprogramming somatic cells to become in-
duced pluripotent stem cells (iPSCs) (Takahashi et al., 2007; Takahashi & Yamanaka, 2006; Yu et al., 2007).

There are specific molecular mechanisms that characterize PSCs anchored by a selected set of core
transcription factors (TFs) essential to establish pluripotency. As part of the core pluripotency TFs encod-
ing genes are octamer-binding transcription factor 4 (OCT4), SRY-box 2 (SOX2) and NANOG. In certain
circumstances, the loss of SOX2 or NANOG or their substitution can be tolerated (De Los Angeles et al.,
2015; Li and Belmonte, 2017). Despite that, PSCs can be classified into different states of pluripotency
based on molecular signatures, with the terms zaive and primed being introduced to describe eatly and late
phases of ontogeny, respectively (Weinberger et al., 2016).

Pluripotency can be suggested by such molecular signatures, but only functional assays can reveal the
developmental potential of a cell. Functional assays to assess pluripotency include differentiation into three
germ layers zn vitro, teratoma formation 7z vive, chimaera formation, germline transmission through blasto-
cyst injection, tetraploid complementation and single-cell chimaera formation (De Los Angeles et al., 2015).
For human PSCs (hPSCs), teratoma formation remains the gold standard of functional assays.

To fully comprehend the nature of pluripotent stem cells is to unravel the genesis of every organ in the
human body and particularly the process of differentiation from pluripotent stem cells to the liver, which
is the organ that this thesis will focus on. By exploring this process, a deeper understanding on how to

recreate such mechanisms that drive organ development and function can be obtained.

INTRODUCTION 6



LIVER DEVELOPMENT

Since 1828, when one of the founders of modern embryology, Von Baer, published his classic work
Ueber Entwickiungsgeschichte der Thiere (On the Developmental History of Animals), that general knowledge
in liver development emerged (early works summarized in Lewis, 1912). From these early studies performed
in chick but also mammal embryos, including human, it is possible to build the idea that the liver has its
origins in the gut tube with the formation of a liver bud, and soon “liver cords” grow into mesenchymal
tissue, named by His as Septum Transversum or primary diaphragm (Brachet, 1895; Bremer, 1906; His, 1885;
Thompson, 1908). However, knowledge on this topic has grown immensely since then, and accordingly,

detailed description of liver development from pluripotency to the adult organ is presented next.

Fi6. 3.—Model of entodermal tube showing the hepatic bud. x75. Seen from the
left side and the front.

8., stomach ; L.B., liver bud ; P.H., pars hepatica ; P.C., pars cystica ; V.D., vitelline duct.

Figure 1.1. One of the first representations of liver development with emphasis on the emergence of the liver bud. S., stomach;

L.B., liver bud; P.H., pars hepatica; P.C., pars cystica; V.D., vitelline duct. (Thompson, 1908).

Origin and Fates of Hepatic Cells

A defining characteristic common to all metazoan, i.e. common to all animals, is their unique capability
to undergo gastrulation, a series of cellular rearrangements of the blastomeres during the early stages of
embryonic development (more recently, studies have demonstrated that sponges are the only exception
(Ereskovsky & Dondua, 2006; Nakanishi et al., 2014)). It is during this process that the ICM experiences
the first segregation of cells giving rise to two layers. The lower layer, named primitive endoderm (or hypo-
blast), and the upper layer that constitutes the epiblast, expressing Nanog and Gata6, respectively (Chazaud
et al., 20006), depending on the levels of FGF (Yamanaka et al., 2010).

In the epiblast region, there is the formation of a transient structure known as primitive streak (PS).
Throughout the gastrulation process, uncommitted cells migrate through the PS and undergo an epithelial-
to-mesenchymal transition (EMT), ending in the generation of the three germ layers: ectoderm, mesoderm,
and endoderm (Burdsal et al., 1993; Lawson et al., 1991; Pander, 1817). These three germ layers can be
found in the embryos of most animal phy/a and each one will give rise to different specific cell types. There-
fore, it can be stated that the developmental path of the liver has its origin prior to, or shortly after, the
beginning of gastrulation. As confirmed by experimental analysis of chick embryos, only the endoderm is

competent for hepatic induction (Fukuda-Taira, 1981; Le Douarin, 1964, 1975). These principles were
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confirmed later using mouse embryos (Gualdi et al., 1996). However, the formation of endoderm results
not only from the definitive endoderm that migrates through the PS but also minimally by intercalation
with visceral endoderm (cells from the primitive endoderm that were in contact with the epiblast) (Kwon
et al., 2008; Viotti et al., 2014).

Molecularly, Nodal, a member of the transforming growth factor beta (TGFp) family, is responsible for
mammalian endoderm specification (Lowe et al., 2001), with high levels of Nodal promoting endoderm
and low levels promoting mesoderm specification (Vincent et al., 2003). This signaling gradient activates
the expression of key TFs like EOMES (in high levels) and T (in low levels), leading to the cooperation
between EOMES with NODAL-SMAD2/3 signaling to induce the expression of endodermal markers
such as CER1, FOXA2, and SOX17 (Faial et al., 2015).

After gastrulation, endoderm undergoes a series of morphogenetic movements resulting in the for-
mation of the gut tube. In mammals, the gut tube begins to exhibit regional specification resulting in a
patterned structure along the anterior—posterior axis into three regions, comprising the foregut, midgut,
and hindgut (Tremblay & Zaret, 2005). This patterning starts around the third week of human embryonic
development. It results from the action of Wnts, bone morphogenetic proteins (BMPs), and fibroblast
growth factors (FGFs), that in a gradient from low levels in the anterior region to high levels in the posterior
region, results in an anterior foregut, posterior foregut, and midgut-hindgut fate, respectively (Gordillo et
al., 2015). The posterior foregut endoderm contains progenitor cells that can give rise to pancreas, liver,
and gallbladder.

Concurrently during ontogeny, part of the mesoderm that emerges from the PS - the lateral plate mes-
oderm - undergoes a crucial process of splitting in somatic mesoderm and splanchnic mesoderm. It is the
splanchnic mesoderm that surrounds the definitive endoderm of the naive gut tube and, through a series
of inductive interactions, directs its patterning into distinct progenitor domains (Funayama et al., 1999).
This idea has its origins in the 1960s, in pioneer work from Le Douarin, which demonstrated the crucial
role of specific mesoderm derivatives in determining the identity of endodermal tissues (e Douarin, 1968).
More specifically, it is known that for hepatic specification, it is required the convergence not only of the
cardiac mesoderm (Gualdi et al., 1996) but also of a specific derivative of the splanchnic mesoderm, the
septum transversum mesenchyme (STM) (J. M. Rossi et al., 2001). FGFs, like FGF1 and FGF2, from the
cardiac mesoderm (Calmont et al., 2006; Setls et al., 2005), as well as BMPs, like BMP4 and BMP2, from
the STM are key players in this process (J. M. Rossi et al., 2001). In light of recent findings, however, it
appears that these paracrine signals arise from both the endodermal and mesodermal layers, promoting
synchronized development of the adjacent tissues (Han et al., 2020).

After specification, hepatic endoderm thickens to form a liver diverticulum into the STM, initiating what
can be called a budding process. This budding process is vital for the development of numerous metazoan
organs and structures during embryonic development (Hogan, 1999), but only now start to be understood
the cellular mechanisms that enable epithelial progenitor cells to bud away into their mesenchymal stromal

environment. After the specific site is established, bud formation involves proximal-distal outgrowth,
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usually associated with increased cell proliferation. In the case of the liver, this process starts with the he-
patic endoderm transitioning from a columnar to a pseudostratified epithelium (Bort et al., 2006). In other
words, the hepatic endoderm epithelium transitions into a state that creates the illusion of stratification, i.e.
that is arranged in multiple layers, but in reality, each cell is in contact with the underlying basement mem-
brane. It is now known that this epithelial transition is controlled by the TF HHEX (Bort et al., 2000).

At this stage in ontogeny, the pseudostratified epithelium constitutes the hepatic progenitor cells, the
so-called hepatoblasts, that soon start to proliferate (Ober & Lemaigre, 2018). Accordingly, the generated
liver bud is constituted by an outgrowth of hepatoblasts into the STM that is delineated by a basal lamina
enriched in laminin, collagen I'V and fibronectin (Shiojiri & Sugiyama, 2004). Adjacent to the basal lamina,
outlining the liver bud, endothelial cells are also present, playing a crucial role in promoting the subsequent
migration of hepatoblasts into the surrounding STM (Matsumoto et al., 2001). Concomitantly, there is a
loss of contact between hepatoblast resulting from a downregulation of E-cadherin and by their turn, matrix
metalloproteinases (MMPs) degrade the basal lamina, thereby facilitating hepatoblast migration
(Margagliotti et al., 2008). This process of hepatoblast migration is controlled by a gene network comprising
the TFs TBX3, PROX1, HNF6/OC-1 and OC-2 migration (Ludtke et al., 2009; Margagliotti et al., 2007;
Sosa-Pineda et al., 2000). HNF4a is equally essential for further development of the liver bud structure
(Parviz et al., 2003). However, the role of endothelial cells and their direct regulation of hepatoblast migra-
tion remains poorly understood. Research in chicken embryos highlights a potential role for neurturin
(NRTN) (Tatsumi et al., 2007). Known primarily for its functions in the nervous system, NRTN is also
cited in the literature as a chemoattractant and may be secreted by endothelial cells to guide the migration
of hepatoblasts from the liver bud.

Hepatoblasts are bipotent, having the potential to differentiate into either hepatocytes or cholangiocytes
(biliary epithelial cells) in a process regulated by transforming growth factor-beta (TGEp), Notch, Wnt,
BMP, and FGF signaling (Clotman et al., 2005; Gordillo et al., 2015). The arrangement of these cells into
functional liver architecture is influenced by the developing vascular network, as the lineage fate of hepato-
blasts is influenced by their position relative to the portal vein. Moreover, a triad of vessels composed by a
portal vein, hepatic artery, and bile ducts begin to form an intricate network within the liver as organogesis
proceeds (Si-Tayeb, Lemaigre, et al., 2010).

As development progresses, hepatocytes, together with cholangiocytes and non-parenchymal cell types,
mature and begin to take on their full range of functions (for extended review on liver development see
(Ober & Lemaigre, 2018; Si-Tayeb, Lemaigre, et al., 2010)). This sequence of events, from a simple section
of the gut tube to a fully functioning liver, highlights the complexity of organogenesis and the highly or-

chestrated interactions between different cell types and signaling pathways (Figure 1.2).
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Figure 1.2. Liver bud formation during human embryonic development and cell lineage differentiation of the different

components of the liver.

Hepatic Function and Disease

From all the internal organs that constitute the human body, the liver is the largest one, and its endocrine
and exocrine properties make it also the largest gland. As an endocrine gland, the liver is responsible for
the secretion of several hormones, while the bile constitutes the major exocrine secretion. The liver is
therefore a central organ in our body that is responsible for homeostasis throughout the human lifespan,
performing a complex array of functions (Miyajima et al., 2014; Si-Tayeb, Lemaigre, et al., 2010). Such
functions include glycogen storage, drug detoxification, control of metabolism, regulation of cholesterol
synthesis and transport, urea metabolism, immunological activity, and secretion of plasma proteins like
albumin (Si-Tayeb, Lemaigre, et al., 2010). The liver is such an essential player in homeostasis, that liver
disease due to genetic or environmental factors, such as hepatitis, fibrosis, cirthosis, and hepatocellular
carcinoma, often results in morbidity and mortality (Bhatia et al., 2014). Actually, liver disease is one of the
leading causes of death worldwide and it is estimated that approximately 2 million people die per year,
representing 3.5% of global deaths. From the 2 million, 1.16 million deaths are caused by cirrhosis (11th
cause of death worldwide) and 0.79 million deaths are caused by hepatocellular carcinoma (16th cause of
death wotldwide) (Asrani et al., 2019). In addition to mortality rates, liver disease is estimated to have an
impact on over 600 million people around the world (Schwartz et al., 2014). Besides that, for end-stage liver
failure and other disorders, orthotopic liver transplantation is the only possible solution, making the liver
the second most common solid organ transplantation. Still, transplantation needs are poorly met (Asrani et

al., 2019).
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Unfortunately, the discovery of novel therapeutics for liver disease is still a major challenge, as 7
vitro modeling of the 7z vivo physiological functions of the liver is still not accurate. Iz vitro models are tradi-
tionally based on hepatocyte cultures since they are the major parenchymal cell type, accounting for 60%
of the total cells in the organ (80% of the volume), mediating almost all liver functions and being its func-
tional metabolic unit (Miyajima et al., 2014). The gold standard source of hepatocytes for scientific investi-
gation has been freshly isolated primary human hepatocytes (PHHs). However, when in culture these cells
lose their ability to proliferate and most of their functions are impaired. Additionally, they have limited
supply and present batch-to-batch variability, which greatly limit their potential for clinical applications
(Corbett & Duncan, 2019; Hannoun et al., 2016). Other hepatocyte sources usually rely on immortalized
or cancer cell lines, as well as fetal liver progenitors or adult liver stem cells. Nevertheless, these sources
also present major drawbacks, like the fact that their metabolic enzymes do not entirely resemble the ones
in adult hepatocytes, in addition to poor cell survival, proliferation, and availability (Corbett & Duncan,
2019; Hannoun et al., 2016).

Accordingly, the generation of hepatocytes derived from human pluripotent stem cells (hPSCs) repre-
sents a promising cell source to transform our understanding of liver disease and to change the way it is

treated (Hannoun et al., 20106).

STEM CELL ENGINEERING

For the past decades, since the isolation and culture of human PSCs i vitro, the intention has been to
engineer every cell, niche, tissue and organ-like structures, recreating the complexity and architecture of the
human body. This technology has grown immensely since then, bringing an exciting new era for the fields
of disease modelling, drug discovery and regenerative medicine, but nevertheless many more questions need
to be further addressed. It is in the intersection of stem cell biology and engineering that new advances are

being accomplished, applying bioengineering strategies to study each of the layers of the biological com-

plexity of the human body.
Till and McCulloch
propose the current Takashi and
Haeckel coin the gold standard Evans and Martin Yamanaka generate
term stem cell. features of stem cells. derive mESCs. mouse iPSCs.
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mature cells back to a EC cells. hESCs. Yu and Thomson
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potential.

Figure 1.3 - Stem cell research timeline. Key events and technological breakthroughs in stem cell research. EC, embryonal
carcinoma; mESCs, mouse embryonic stem cells; hESCs, human embryonic stem cells; iPSCs, induced pluripotent stem cells;

hiPSCs, human induced pluripotent stem cells.
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Embryonic Stem Cells

ICM cells cultured in conditions that allow indefinite self-renewal and maintenance of the pluripotent
state, are known as embryonic stem cells (ESCs) and were first derived from mouse (mESCs) in 1981 by
Martin Evans (Evans and Kaufman, 1981) and Gail Martin (Martin, 1981). These cultures proved to have
all the properties previously established for embryonal carcinoma cell cultures, as well as a completely nor-
mal karyotype (Evans, 2011). Only by the year 1998, Thomson derived the first ESC lines from human
blastocysts (Thomson, 1998), the so called human embryonic stem cells (hESCs).
Throughout normal development, the amount of ESCs is limited and their existence is constrained in the
time course of development, being present for only a short period of time. In contrast, tissue culture allows
the generation and maintenance of millions of ESCs indefinitely, preserving their pluripotent state (Evans,

2011).

Induced Pluripotent Stem Cells

The molecular mechanisms “by which the genes of the genotype bring about phenotypic effects” — the
epigenetics concept — was captured by Conrad Waddington (Waddington, 1957) in the iconic image of the
epigenetic landscape that influences cellular fate during development, analogously to the movement of a
marble (Figure 1.4). Since then, the possibility that cells can change their identity has fascinated scientists
(Merrell & Stanger, 2016). This notion was first suggested by Sir John Gurdon in 1958, establishing that
viyo plasticity of the differentiated state can be induced artificially by directly manipulating cells and their
environment (Gurdon et al., 1958). It was demonstrated that the marble can be rolled back to the top of
the hill, i.e., committed or differentiated cells can be reprogrammed back to a wider developmental potential

(de-differentiation).
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Figure 1.4 - Cell fate plasticity. Contemporary version of Waddington landscape depicting an analogy between a marble rolling
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downhill as development leads undifferentiated cells to a mature state. Cellular reprogramming has shown that it is possible to

make the marble roll back to the top of the hill as mature cells can be reprogrammed back to a wider developmental potential.
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As the possibility to reprogram cells, not by transplanting their nuclei, but by introducing pluripotency
factors into cells became a reality, cells with a gene expression profile and developmental potential similar
to ESCs were generated in 2006. This accomplishment was reached using mouse somatic cells together
with a cocktail of four TFs (Takahashi & Yamanaka, 2006). The resulting reprogrammed cells were termed
induced pluripotent stem cells (iPSCs) and were generated after retrovirally introducing four TFs encoding
genes, OCT4, SOX2, Kruppel like factor 4 (KLF4) and the MYC proto-oncogene, bHLH transcription
factor (MYC) — the “Yamanaka factors”. After successfully generating mouse iPSCs, in 2007 iPSCs were
generated from human fibroblasts, using the same four factors and alternatively NANOG and Lin-28 hom-
olog A (LIN28) instead of KLLF4 and MYC (Takahashi et al., 2007; Yu et al., 2007). It was the establishment
of human induced pluripotent stem cells (hiPSCs). Since then, cellular reprogramming became a robust
method to convert differentiated cells to a pluripotent stem cell state (Shi et al., 2016; Takahashi &
Yamanaka, 2010).

Afterwards, besides the initially used retroviral or lentiviral vectors, non-integrating methods have been
developed and include reprogramming using episomal DNAs, adenovirus, Sendai virus, PiggyBac transpos-
ons, minicircles, recombinant proteins, synthetically modified mRNAs, microRNAs and, more recently,
small molecules (Shi et al., 2016). These new techniques, in addition to lower variability between cell lines,
can lead to safer reprogramming of iPSCs and to more suitable cells for clinical applications by avoiding

insertional mutagenesis and transgene reactivation.

Applications of Human Pluripotent Stem Cells

Since the isolation of ESCs from human embryos, the use of pluripotent stem cells as a potential tool
for research and medicine has been growing. Besides that, after finding that somatic cells can revert all the
way back to an embryonic stem cell state through TF activation, manipulation of signaling pathways aiming
for cell differentiation has been studied contributing to hiPSCs applications in biomedicine. Accordingly,
several protocols have been described for iz vitro direct differentiation of neurons, hematopoietic cells,
hepatocytes, smooth muscle cells and cardiomyocytes, among other cell types across the three germ layers
(Tabar & Studer, 2014).

An obvious application of hPSCs in medicine is in cell therapy. Regenerative medicine strategies based
on the use of stem cells to promote regeneration or to replace damaged tissues after cellular transplantation
has been shown to successtully induce functional recoveries (Shi et al., 2016). In fact, several clinical trials
were already established using hPSC-based therapies (Kimbrel & Lanza, 2015). In the particular case of
hiPSCs, an important advantage of using these cells is the capability to generate autologous differentiated
cells, i.e. patient-specific cells, theoretically suppressing the risk of immune rejection. For instance, the first
clinical study using hiPSC-derived products was performed in 2014 by Masayo Takahashi and Yasuo Ku-
rimoto, in which these two Japanese physicians successfully transplanted autologous retinal pigment epi-
thelium sheets derived from hiPSCs into a woman with macular degeneration (Mandai et al., 2017). Besides

all this progress in hPSC-based therapies, the acquisition of chromosomal aberrations, due to the
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reprograming process and subsequent culture, represent one of the disadvantages of these cells (Lamm et
al., 2016). Moreover, due to hPSC tumorigenicity, it is critical to ensure that the transplanted product does
not contain undifferentiated cells with the potential to generate teratomas (Shi et al., 2016).

Another important biomedical application of hPSCs is in disease modelling (Rowe & Daley, 2019a). 1t
is expected that 7 vitro hPSC-based disease models help to identify the pathological mechanisms underlying
human diseases. Both hESCs and hiPSCs have been used for modelling human genetic diseases, establish-
ing isogenic cell lines with novel gene editing tools (e.g. CRISPR-Cas9), to induce disease-causing mutations
ot to silence mutations carried by patient-specific cells (Avior et al., 20106; Sterneckert, Reinhardt, & Scholer,
2014).

Modelling of human diseases is motivated by the necessity of developing novel therapeutic agents al-
lowing the diseases to be treated, alleviated or cured. Therefore, drug screening and toxicological assays is
also considered as a potential application of hPSCs (Rowe & Daley, 2019a). Animal models have been used
in drug screening but differences from the actual human setting lead to an inaccurate forecasting of their
effects. Moreover, animal models are not suitable for high-throughput screening of small-molecule libraries
(Avior et al., 2016; Sayed et al., 2016). Until now, many drug screens have been conducted using hiPSC-
based models and potential drug candidates have been identified. Also, it is not only important to assess
efficacy but also toxicity, predicting the likelihood of candidate drugs to cause serious side effects (Shi et
al., 2016). A specific patient has a specific genetic background and this fact implies different responses to
medication for each individual. Accordingly, hiPSC-based drug screening is the key for a personalized ther-
apy, an emerging approach known as precision medicine (Sayed et al., 2010).

Just as new technologies are being developed, the greater will be the potential applicability of hPSCs in

the emerging fields of regenerative medicine, disease modelling, and drug screening.

Engineering at the Cellular Level

In the past, only a few molecular techniques were able to provide information at the single-cell level,
like patch-clamping electrophysiology (Sakmann & Neher, 1984), fluorescence 7 situ hybridization (Langer-
Safer et al., 1982) or flow cytometry (Julius et al., 1972), potentially analysing 1 to 3 parameters from a given
cell. Nevertheless, major breakthroughs in molecular biology like next-generation sequencing and novel
omics technologies have provided transformative ways to comprehensively analyse the single-cell at the
molecular level in recent years (Heath et al., 2016). Consequently, these technologies have been used in
favour of stem cell engineering, generating large datasets not only by capturing transcriptional information,
but also by disclosing protein interactions, enabling computational techniques to construct and simulate
cellular GRNSs, and to increase the efficiency resolution of differentiation processes of so many stem cell
derivatives. In this context, the use of this information to build improved 7 vitro cellular systems is known
as reverse engineering (Tewary et al., 2018).

From among a bewildering palette of omics technologies, transcriptomic analysis is being widely used

at the moment. Gene expression analysis at the single-cell level has its origins back in the 1990’s (Eberwine
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et al., 1992) but single-cell RNA sequencing (scRINA-seq) revolutionized the way one can profile gene ex-
pression of PSCs and its derivatives at a given time (Tang et al., 2009). The underlying technique of scRNA-
seq has been subjected to a remarkable amount of improvements, and new approaches are now being
reported very frequently with low-cost methods and increased number of sequenced cells arising at the
scRNA-seq landscape (for review: Kumar et al., 2017; Papalexi & Satija, 2018). Standard approaches for
scRNA-seq include: plate-based approaches using micropipettes or fluorescence-activated cell sorting
(FACS); the commercial microfluidic approach Fluidigm C1; pooled approaches applying a barcode to the
cells; and massively parallel approaches that isolate single-cells into droplets thanks to the advances in drop-
let microfluidics enabling the profiling of thousands of cells in a single experiment (Papalexi & Satija, 2018).
In a recent publication, the need for single-cell isolation required by previous methods was even eliminated
by not partitioning cells into individual compartments but relying on cells themselves as compartments
(Rosenberg et al., 2018). Moreover, due to the complex data output of these procedures, numerous algo-
rithms have been developed to analyse the amount of multidimensional data generated (Griin & van
Oudenaarden, 2015; Yuan et al., 2017). During cell differentiation and lineage commitment from pluripo-
tency to a given cell type, scRNA-seq can capture different transcriptional states of the cells in different
developmental stages. This analysis provides information of the cellular decision-making process leading to
the prediction and reconstruction of the differentiation trajectories of the cells and at larger extent of the
mapping of their developmental progression (Kester & van Oudenaarden, 2018). Prime examples of that
are illustrated by the study of pairwise choices, or bifurcating lineage choices, to predict the developmental
roadmap of mesodermal lineages from pluripotency to bone and heart (Loh et al., 20106), and to study

cardiomyocyte maturation (C. E. Friedman et al., 2018).

Engineering at the Tissue Level

The growing knowledge about hiPSC differentiation triggered the development of new three-
dimensional (3D) culture technologies that bring together multiple organ-specific cell types and to which
the name organoids was given (Fatchullah et al., 2016a; Lancaster & Knoblich, 2014a). Nowadays, an
organoid can be considered a stem cell-derived structure that through a self-organization process can
recapitulate biological parameters like the spatial arrangement, cell-cell and cell-extracellular matrix (ECM)
interactions, providing a better model of the z# vivo anatomy and physiology of a given organ (G. Rossi et
al., 2018a; Yin et al.,, 2016a). Organoid technology has its origins in the 1970’s with 2D co-cultures of
primary human keratinocytes and 3T3 fibroblasts originating epithelial colonies resembling human
epidermis (Rheinwald & Green, 1975). Since then, the emergence of 3D culture systems has stimulated
organoid research to the stage of what is today considered an organoid. Pioneer work was developed with
3D organoids of mammary gland by Mina Bissel (Barcellos-Hoff et al., 1989) but, the real step forward in
this field was given by the work of the groups of Yoshiki Sasai and Hans Clevers on optic cup (Eiraku et
al., 2011a) and intestinal organoids (Sato et al., 2009a), respectively. The knowledge to create such structures

enabled scientists to generate organoids from a multiplicity of different cell sources and continues to nurture
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numerous new efforts, driving forward the complexity of this technology (for review of main organoids
types already developed: G. Rossi et al., 2018a).

Organoid self-organization occurs through self-assembly, self-patterning and self-morphogenesis (Sasai,
2013b, 2013a), but for the successful induction of these processes iz witro, culture conditions are
determinant. Accordingly, biophysical characteristics must be taken into consideration. One can use solid
ECMs to entrap 3D cell aggregates, which has been done with intestinal (Sato et al., 2009a), cerebral
(Lancaster et al., 2013) and gastric organoids (McCracken et al., 2014), or follow a different strategy by
simply using a scaffold-free approach, like in optic cup (Eiraku et al., 2011a), cerebellar (Muguruma et al.,
2015) and liver bud organoid generation (Takebe et al.,, 2013b). Regarding biochemical signals, it is
important to understand how self-governing the formation of a specific organoid is, since it can rely
exclusively on endogenous signals, or may depend on the addition of exogenous cues at different time
points and lengths. In fact, some organoids are exclusively driven by endogenous signals, e.g. mouse optic
cup organoids (Eiraku et al., 2011a), while others are initially inducted by exogenous signals followed by
self-organization solely relying on endogenous cues, e.g. human kidney organoids (Takasato et al., 2015),
or alternatively be dependant of the continuous supplementation of exogenous signals, e.g. human gastric
organoid (McCracken et al., 2014). Finally, another critical parameter is the starting cell population, since
organoids can be derived from a single cell, e.g. intestinal organoids (Sato et al, 2009a), from a
homogeneous cell aggregate, e.g. optic cup organoids (Eiraku et al., 2011a), or from a co-culture of different
cell types, e.g. liver bud organoids (Takebe et al., 2013b).

Bioengineering can provide new tools and technologies for organoid generation. Particularly, it can help
addressing the unmet need of creating tissues and organoids that mimic the anatomical and physiological
features of the different organs in the human body so they can be used in disease modelling and drug
discovery (Rowe & Daley, 2019b). Below are summarized the most recent technological innovations in

organoid engineering (Table 1.1).

Engineering biophysical signals

Matrigel is an obvious choice when supporting ECMs are used for organoid generation, but this matrix
presents some critical limitations. Besides not being well defined in what concerns to chemical composition
and facing lot-to-lot variation, Matrigel does not cooperate with morphogenesis, spatially limiting the
development of complex structures (G. Rossi et al., 2018a; Yin et al., 2016a). Thus, to improve organoid
architecture beyond the limits of self-organization, the bioengineering of chemically defined scaffolds and
hydrogels with tuneable stiffness are of great interest. Some of the materials already used include hyaluronic
acid (HA), tested in cerebral organoids (Lindborg et al., 2016), or the synthetic polymer polyethylene glycol
(PEG), tested for neural tube morphogenesis in organoids (Ranga et al., 2016). In fact, it is well known that
the surrounding ECM can regulate stem cell fate (Vining & Mooney, 2017). Studies on the differentiation
of hESCs into mesoderm derivatives were performed varying the stiffness of the scaffold and leading to

distinct outcomes in terms of differentiation (Przybyla et al., 2016). Additionally, some synthetic hydrogels
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are already being tested to transplant human intestinal organoids into mouse models (Cruz-Acufia et al.,
2017).

Topographical features can also be added to these materials to mimic those found in the 7 vivo
environment. To this end, micropatterning and microfabrication technologies play an important role
controlling tissue geometry and environmental factors (Tewary et al., 2018). Examples of these technologies
are soft lithography, using microcontact printing, replica moulding and photolithography techniques, and
robotic printing (for a detailed review of microtechnologies see Chapter 7). A classic example is the use of
microwells, usually made of PDMS by soft lithography, to control organoid shape and size (Murrow et al.,
2017). For a more personalized design, microstructured collagen gels are a good example of the use of these
technologies, where a soft lithography approach using the replica moulding technique is used to resemble
the crypt architecture of the small intestine (Y. Wang et al., 2017; Y. Wang, Kim, et al., 2018). On the other
hand, ECM design at the nanoscale can be achieved using electro-beam lithography, to create computer-
guided surfaces with nanopaterns, or electrospinning, responsible for the formation of nanofibrous
substrates (Yin et al., 20106a).

Besides topographical features, it is known that iz wivo biophysical signals are presented in a
spatiotemporal fashion, shaping the developmental process of tissues. For that reason, dynamic hydrogels
whose biophysical properties can be modulated, in both space and time, have been developed (G. Rossi et
al., 2018a). For scaffolds to match different developmental stages over time mechanically, several
techniques have been applied based on chemical, light, magnetic or thermal stimuli (Bahlmann et al., 2017).
An example of that was published by Lutolf and co-workers using a chemically induced change by
hydrolysis from a static PEG to a mechanically dynamic PEG, allowing the alleviation of accumulated
compressive forces (Gjorevski et al., 2016). Accordingly, this method initially favoured cell expansion and
then supported organogenesis in intestinal organoids by temporal modulation of the matrix. Along with
temporal modulation, some spatial control has also been tested over hydrogel mechanical properties using
for example mechanical gradients (Bahlmann et al., 2017).

Spatial positioning of the different cell types within the generated tissue is another parameter on
which bioengineers are focused, particularly trying to improve architecture and mimicking 7z vivo anatomical
arrangements. Strategies like bioprinting are able to control not only celll ECM but cell-cell interactions as
well, using cells together with a biomaterial, the so-called bioink, to precisely positioning them in a layer-
by-layer manner (Murphy & Atala, 2014; Yin et al., 2016a). Indeed, this technology has already been applied
to many stem cell derivatives (Ong et al., 2018) and a good example of that is the bioprinting of hiPSC-
derived hepatic tissue (Ma et al., 20106). In this work, the assembly of hiPSC-derived hepatocytes with other
supportive cells, featured in the human liver, was performed using a microscale hexagonal architecture. This
strategy led to improved morphological organization, up-regulation of liver-specific genes and enhanced

functionality.
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Delivery of biochemical signals

Most cellular functions, from the embryo to adulthood, depend on the continuous supply of nutrients
and soluble factors to the cells (Figure 1.5.). Analogously, bioengineers have used different strategies to
propetly deliver such factors to stem cell-derived tissues and organoids (Yin et al., 2016a). One possible
solution is the integration of endothelial cells (ECs) or their progenitors in the engineered constructs or
tissues (G. Rossi et al., 2018a). In fact, vascularization facilitates the delivery of nutrients and soluble factors
through the tissue, but desired soluble factors can be delivered as well using special platforms designed for
this intent. Traditionally, these soluble signalling molecules are presented in a uniform fashion to the cells
cultured 7 vitro but, once again, spatiotemporal control of biochemical signals is crucial. For example,
delivery of such cues can be achieved by means of light-triggered activation of caged molecules that are
masked by a photo-degradable moiety in a hydrogel (Bahlmann et al., 2017; T. T. Lee et al., 2015). Also,
microbeads and nanoparticles, in all possible forms, play an important role in the spatiotemporal control
of biochemical signals. These platforms can be loaded with required signalling molecules and conjugated
on the surface of the cells (Yin et al., 2016a). The interesting part is that they can release its content in a
bioresponsive manner, i.e., the content is only released when proper molecular cues are present.
Microfluidic devices can also be used to deliver soluble ligands mimicking signalling gradients present 7z
viyo. This technology not only has the ability to manipulate the flow rate and flow profile, but also recent
advances have shown its possible high-throughput nature (Murrow et al., 2017). In the past, several
microfluidic devices were developed (B. Zhang et al., 2018a), to culture cells from blood vessels (J. W. Song
et al.,, 2005), muscles (Lam et al., 2009), bones (K. Jang et al., 2008), airways (Huh et al., 2007), liver (Carraro
et al., 2008; P. J. Lee et al., 2007), brain (Harris & Shuler, 2003), gut (Kimura et al., 2008) and kidney (K.-J.
Jang & Suh, 2010).
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Figure 1.5. Regulatory microenvironment of biological systems and its biophysical and biochemical inputs. Biochemical
signals include juxtacrine (contact-dependent) and paracrine (secreted) signals received from adjacent or neighbouring cells, while
biophysical signals include cell—cell, cell-extracellular matrix (ECM) interactions and physiological factors (oxygen and pH). The

GRN convert these signals (inputs) in controlled functional responses (output) according to the physiological needs.
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All the above strategies are mainly focused on the delivery of diffusible molecules, but some biochemical

signals like juxtacrine signals are contact-dependent. In order to study these signals in an insulated manner,

droplet-based microfluidic devices are an alternative approach creating ordered cellular structures by

controlled encapsulation and pairing of single cells in selected ECMs (Allazetta & Lutolf, 2015; Murrow et

al., 2017). These techniques were tested in the past combining two different blood progenitor cell lines

(Tumarkin et al., 2011) and more recently combining mesenchymal stem/stromal cells (MSCs) and human

umbilical vein endothelial cells (HUVECs), as proof-of-concept studies on the utility of such platform to

interrogate intercellular communications (L. Zhang et al., 2018). Additionally, micropatterning technologies

can also be applied to study juxtracrine signals. Proof of this are cell-cell interaction arrays using DNA-

programmed adhesion, used to study the dynamics of single adult neural stem cell fate decisions, based on

the simultaneous presentation of juxtacrine signals (S. Chen et al., 2016).

Table 1.1. Engineering at the tissue level.

Approach

Biophysical
signals

Biochemical

signals

Chemically defined scaffolds

Topographically structured
scaffolds

Spatio-temporal dynamic scaffolds

Spatial positioned cells

Vascularized tissues

Spatio-temporal delivered ligands

Controlled juxtacrine signalling

Examples

Hyaluronic acid
Polyethylene glycol

Micropatterning
Soft lithography
Robotic printing
Nanopatterning
Electro-beam lithography
Electrospinning

Temporal control
Chemical, light, magnetic
or thermal stimuli

Spatial control
Mechanical gradients

Bioprinting

Integration of endothelial cells

Light-triggered activation
Microbeads
Nanoparticles
Microfluidics

Droplet-based microfluidics
Micropatterning

References using Stem
Cells

(Cruz-Acufia et al., 2017;
Lindborg et al., 2016;
Przybyla et al., 2016; Ranga
etal., 2016)

(Maldonado et al., 2015;
Takebe et al., 2017a; Y.
Wang et al., 2017; Y. Wang,
Kim, et al., 2018)

(Gjorevski et al., 2016)

(Ma et al., 2016)

(Huch et al., 2013a; Takebe
et al., 2013b, 2017a2)

(T. T. Lee et al., 2015)

(S. Chen et al., 2016;
Tumarkin et al., 2011; L.
Zhang et al., 2018)
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HEPATIC DIFFERENTIATION AND LIVER ORGANOIDS

Since the isolation of embryonic stem cells (ESCs) from the blastocyst (Evans & Kaufman, 1981; Martin,
1981; Thomson, 1998), and later with the recapitulation of pluripotency 7 vitro by reprogramming somatic
cells into induced pluripotent stem cells (iIPSCs) (Takahashi et al., 2007; Takahashi & Yamanaka, 2006; Yu
et al., 2007), numerous protocols have been described for the direct differentiation of PSCs into many cell
populations across the three germ layers, including neurons (Chambers et al., 2009), cardiomyocytes
(Branco et al., 2019), and also hepatic cells (Table 1.2). Most of the research in differentiating hepatic cell
types from hPSCs has been focused on hepatocytes, but differentiation strategies that originate other en-
riched populations of liver cells have also been developed. The design of such protocols should bring a
new level of complexity to the study of liver development and medical research.

The majority of the differentiation protocols already published are at their core a recapitulation of the
natural developmental processes that occur during embryogenesis. Thus, the differentiation of PSCs into a
certain cell population can be achieved through the addition of extrinsic signals that guide the cells into a
particular fate while repressing alternative ones. These extrinsic signals are usually presented as a combina-
tion of signaling pathway agonists and antagonists, added to the culture medium in a stepwise fashion in
specific concentrations, sequence, and time (Bellin et al., 2012). To attain this, it is necessary to understand
not only the signaling pathway kinetics, but also the developmental roadmap of the different cell types of

the liver, and studying how different cell populations are segregated during fate transitions (Ang et al., 2018).

Hepatocytes

Since hepatocytes constitute the major cell type in the liver, there has been great interest in differentiating
PSCs into this type of cell. The first reports date back to 1996 and relied on the spontaneous differentiation
of mouse ESCs using embryoid bodies (EBs) (Abe et al., 1996). These EBs spontaneously recapitulate early
steps of embryogenesis in an uncontrolled fashion, ending in a highly variable structure with differentiated
cells of all three germ layers, where hepatocytes can be present. Only in the following decade the first direct
differentiation of hPSCs was reported using hESCs (Rambhatla et al., 2003) and latter using hiPSCs (Z.
Song et al., 2009). Since then, based on developmental signaling pathways and morphogens, many protocols
have used similar growth factors and small molecules to generate hepatocytes in adherent culture condi-
tions, leading to outstanding improvements in efficiency and functionality (Table 1.2).

As previously described, Nodal/Activin, members of the TGF-8 superfamily of signaling molecules, are
critical for definitive endoderm induction in mammals, and the same is true for zz vitro differentiation of
PSCs. Kubo and colleagues were the first to provide evidence that high concentrations of Activin A result
in endoderm induction (Kubo et al., 2004). Since then, this growth factor has been widely used in the first
steps of hepatocyte differentiation, sometimes associated with other signaling molecules that also promote
endoderm development, like BMPs, FGFs, or WNT3A, among others. Afterwards, to recapitulate hepatic
specification, BMPs and FGFs have been used to give rise to hepatic endoderm, FGF2, FGF4, BMP4, and

BMP2 being the most commonly used. Finally, to trigger hepatoblast proliferation and subsequent
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hepatocyte differentiation/maturation, hepatocyte growth factor (HGF), Oncostatin M (OSM), and Dexa-
methasone (DEX) are among the most frequent choices. These differentiation strategies result in the pro-
duction of what can be called hepatocyte-like cells (HLCs), since current protocols still do not generate
hepatocytes with fully mature phenotype when compared to adult hepatocytes. To simplify, in this work
only the term “hepatocyte” will be used. Nevertheless, several approaches have been used for i vitro mat-
uration of hPSC-derived hepatocytes, including growth factors, small molecules, TFs, and microRNAs (C.
Chen et al,, 2018). Examples of that are the already mentioned HGF and OSM. It is established that HGF
can promote hepatoblast proliferation, migration, and survival, and in the presence of DEX it can upregu-
late several mature hepatocyte markers (Kamiya et al., 2001). On the other hand, it has also been proven
that fetal hepatocytes in the presence of OSM acquire a similar morphology to mature hepatocytes, also
contributing to hepatic functionality (Kamiya, 1999; Kamiya et al., 2001).

The majority of the differentiation methods to generate hepatocytes can then be divided into three main
stages: endoderm induction, hepatic specification, and hepatocyte differentiation/maturation. However,
these three-step approaches may not precisely mimic 7z »ivo liver development, generating impure popula-
tions. Trying to overcome this challenge, recent studies attempt to recapitulate hepatocyte development
through a sequence of six consecutive lineage choices (Ang et al.,, 2018). On the other hand, there are
groups trying to overcome the lack of definition and reproducibility between protocols, relying for that
purpose on methods solely driven by small molecules, following a growth-factor-free strategy (Siller et al.,
2015). Additionally, some studies have been focused on the generation of scalable protocols for large-scale
production of hPSC-derived hepatocytes (Farzaneh et al., 2018; Vosough et al., 2013; Yamashita et al.,
2018).

Cholangiocytes

Apart from hepatocytes, cholangiocytes have a key role in the liver as they constitute the epithelium
lining of the biliary tree, which processes bile production. Some of the first differentiation protocols of
hPSCs into hepatocytes reported the presence of bile-duct structures formed by CK7+ and CK19* cells,
which are well known cholangiocyte cell markers (Cai et al., 2007; Zhao et al., 2009). However, the first
defined protocol for cholangiocyte differentiation from hPSCs was only published several years later
(Dianat et al., 2014). As mentioned before, during hepatic specification when cells become hepatoblasts,
they can give rise to both hepatocytes and cholangiocytes. Therefore, existing protocols for cholangiocyte
differentiation follow a similar strategy to obtain hepatoblasts. Once this stage is reached, different strategies
have been applied for cholangiocyte specification, including the use of epidermal growth factor (EGF)
(Dianat et al., 2014; Ogawa et al.,, 2015), FGF10 (Sampaziotis et al., 2015), TGF-8, and activation of
NOTCH signaling (either by using Jaggedl or by the incorporation of OP9 stromal cells in a co-culture
system) (De Assuncao et al., 2015; Ogawa et al., 2015).
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Other Non-Parenchymal Cells

LSECs are also essential cells of the liver. They are highly specialized endothelial cells that constitute the
permeable interface that controls the trafficking of molecules and cells between hepatocytes and the blood
stream. Additionally, LSECs play an important role in immunity, liver disease, and regeneration (Poisson et
al., 2017; Serensen et al., 2015). Although important in the maintenance of normal liver functions, there are
still few protocols for differentiation of hPSCs into LSECs. In fact, to our best knowledge, there is only
one protocol using hPSCs that specifically generates LSECs (Koui et al., 2017), and a second one using
mouse ESCs (Arai et al,, 2011). Both studies assume that LSECs diverge at some point in ontogeny from
endothelial progenitors. Therefore, Koui and colleagues used FLK1+CD31+CD34* endothelial cells de-
rived from hiPSCs as the starting point to generate and promote a LSEC mature phenotype by adding A83-
01 (a TGFRI inhibitor) under hypoxic conditions. This protocol was able to produce LSECs expressing
specific markers like FCGR2B, STAB2, F8, and LYVE1. Generically, many research groups have focused
their work on the differentiation of hPSCs into endothelial cells, thus indirectly contributing to future meth-
ods for LSEC derivation. For general reviews on this topic, please see (Williams & Wu, 2019; Xu et al,,
2019).

Kupffer cells are the liver macrophages, the first line of defense against bacteria, microbial debris, and
endotoxins with gastrointestinal origin (P. Li et al., 2017). In addition to their immunological role, they also
cooperate with LSECs in blood clearance (Serensen et al., 2015). Recently, one study was able to differen-
tiate hiPSCs into Kupffer cells, recapitulating their ontogeny by firstly differentiating hiPSCs into macro-
phage-precursors and subsequent exposure to hepatic cues by simply culturing these precursors in hepato-
cyte culture medium (HCM) and advanced DMEM (Tasnim et al., 2019).

Finally, HSCs are specialized pericytes that reside in the perisinusoidal space (or space of Disse), between
hepatocytes and LSECs. They are important in the maintenance of extracellular matrix homeostasis and its
most distinctive feature is the accumulation of vitamin A. Additionally, they play a major role in liver fibrosis
upon HSCs activation, i.e., HSCs transdifferentiate from quiescent, vitamin A storing cells into proliferative,
tibrogenic myofibroblasts (Higashi et al., 2017; T'suchida & Friedman, 2017). The embryonic origin of HSCs
has been and still is elusive, creating a debate around whether these cells originate from the mesoderm,
endoderm, or even the neural crest (S. L. Friedman, 2008). However, the hypothesis that HSCs originate
from the mesoderm (more precisely from the STM) has gained acceptance (Asahina et al., 2011). This has
prompted two studies (Coll et al., 2018; Koui et al., 2017) in which hPSCs are firstly differentiated into
mesodermal cells, particularly ALCAM* cell populations, and then divergent paths are used to generate
HSCs. Koui and colleagues relied solely on the inhibition of the Rho signaling pathway using Y27632 to
achieve an HSC phenotype, whereas Coll and colleagues adopted a more complex strategy adding FGF1,
FGF3, palmitic acid, and retinol to the culture. This last study claims that not only cells with phenotypic
and functional characteristics of mature HSCs are produced, but also that the method is highly robust with

around 78% of PDGFRB™ cells and 80% vitamin A-storing cells, a feature of mature HSCs.
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Table 1.2. Methods for differentiation of human pluripotent stem cells into hepatic lineages.

Media Molecules Ref.
Hepatocytes
KO-DMEM+FBS NaB/DMSO — NaB/HGF (Rambhatla et al.,
2003)

StemPro34 — IMDM+SR

Act A—DEX

(Kubo et al., 2004)

RPMI+B27 —
DMEM+SR+DMSO - LL15

Act A/Wnt3a — HGF/OSM

(Hay et al., 2008)

RPMI — HCM — N2B27

Act A — FGF4/BMP2 — HGF/KGF — OSM/DEX

(Z. Song et al., 2009)

RPMI+B27 - HCM

Act A — BMP4/FGF2 — HGF — OSM

(Si-Tayeb, Noto, et al.,
2010)

RPMI+B27 —
DMEM+SR+DMSO - LL15

Act A/Wnt3a — Act A — HGF/OSM

(Sullivan et al., 2010)

CDM

Act A/Ly/BMP4/FGF2 — FGF10 — FGF10/RA/ SB —
FGF4/HGF/EGF

(Touboul et al., 2010)

RPMI+B27 — Act A/Wnt3a/NaB — Act A/Wnt3a — (Kajiwara et al., 2012)
DMEM+SR+DMSO - HCM HGF/OSM
RPMI+B27 — CHIR — Dihexa/DEX (Siller et al., 2015)

DMEM+SR+DMSO - LL15

CDM

Act A/CHIR/PI — Act A/LDN — A83/BMP4/FGF2/ATRA —
Act A/CHIR/BMP4/Forskolin — BMP4/OSM/DEX/
Forsk/Ro/AA/Insulin — DEX/Forskolin/Ro/AA/Insulin

(Ang et al.,, 2018)

Cholangiocytes

RPMI Act A/Ly — Act A/FGF2/BMP4 — FGF4/HGF/EGF/RA — (Dianat et al., 2014)
EGF/GH/IL6

RPMI — H69 Act A/Wnt3a — FGF2/BMP4/SHH — SHH/JAG1 — TGEFB (De Assuncao et al.,

2015)

RPMI — H16 — H16/Ham’s
F12 — H21/Ham’s F12

Act A/CHIR — FGF2/BMP4 — HGF/OSM/DEX —
HGF/EGF/TGFB/0OP9

(Ogawa et al., 2015)

CDM — RPMI — William’s E

Act A/Ly/FGF2/BMP4 — Act A — BMP4/SB — Act
A/FGF10/RA

(Sampaziotis et al.,
2015)

Liver Sinusoidal Endothelial Cells

StemPro34 SFM — EGM2

BMP4 — BMP4/Act A/FGF2 — VEGF/SB/Dotsomotphin —
VEGF — A83

(Koui et al., 2017)

Kuppfer Cells

mTeSR1 — X-VIVO —
PHCM/Adv DMEM

BMP4/VEGF/SCF — MCSF/IL3 — MCSF

(Tasnim et al., 2019)

Hepatic Stellate Cells

StemPro34 SFM — MSCGM

BMP4 — BMP4/Act A/FGF2 — VEGF/SB/Dorso — ROCKi

(Koui et al., 2017)

MCDB 201

BMP4 — BMP4/FGF1/FGF3 — FGF1/FGF3/PA/Retinol

(Coll et al., 2018)

The symbol “/” is used to separate media and molecules within the same differentiation step and the symbol “—* is used to
separate the different differentiation steps. NaB, sodium butyrate; Act A, Activin A; Ly, Ly294002; SB, SB431542; CHIR,
CHIR99021; PI, P1103; LDN, LDN193189; A83, A8301; Ro, Ro4929097; ROCKi, Y-27632.
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Production of Liver Organoids from Human Pluripotent Stem Cells

The development of advanced 3D culture systems, triggered by the growing knowledge on hPSC dif-
ferentiation, unlocks the possibility of bringing together multiple organ-specific cell types into a single
structure, the so-called organoid, as already introduced above (Fatehullah et al., 2016b; Lancaster &
Knoblich, 2014b). These structures can provide a much more reliable model of the 7z vivo anatomy and
physiology of a given organ, not only when compared to a 3D cell aggregate composed of a single cell type,
but even more when compared to a 2D monolayer culture system. Organoids are thus an emergent system
that may serve as building block for tissue engineering applications.

This accumulated knowledge enabled a few groups to recently report the generation of liver organoids
derived from hPSCs (Figure 1.6). The first report of liver organoids dates from 2001 by Michalopoulos and
colleagues using several types of adult rat hepatic cells (Michalopoulos et al., 2001), but a more robust and
long-term culture of human liver organoids was described later in 2013, using a progenitor population of
adult mouse liver (Huch et al., 2013b). In the same year, Takebe and colleagues were pioneers in using
hepatic cells derived from hPSCs, reporting the generation of human liver-like organoids that resemble the
developing liver bud during early embryogenesis (Takebe et al., 2013a). These liver bud organoids were
generated by mixing hepatic endodermal cells derived from hiPSCs, human umbilical vein endothelial cells
(HUVECS) and human mesenchymal stem cells (MSCs). This approach recapitulated the early steps of liver
organogenesis resulting in a vascularized human liver bud organoid with improved functionality by produc-
ing key liver enzymes. For the maturation of these liver bud organoids, the culture medium used was con-
stituted by HCM and endothelial growth medium (EGM) in 1:1 proportion with the addition of HGF,
OSM, and DEX. More recently, the same authors were able to generate fully hPSC-derived liver buds. They
used hiPSCs as the cell source to generate hepatic endoderm cells, endothelial cells, and STM cells, and
mixed them in a 10:7:2 ratio (Takebe et al., 2017b) (Figure 1.6A). To support the relevance of this approach,
complementary 7 vitro studies demonstrated that besides homotypic interactions between human hepato-
cytes, heterotypic interactions between hepatocytes and other non-parenchymal cells are critical for self-
organization, and that paracrine signals secreted by these cells are important for hepatic maturation (Asai
etal,, 2017; Camp et al., 2017), an idea previously explored in developmental studies using mouse embryos
(Matsumoto et al., 2001). A similar system was described in 2019 by Pettinato and colleagues using co-
cultures of hPSCs with human adipose microvascular endothelial cells (HAMECsS) in a 3:1 ratio, that were
then submitted to hepatocyte differentiation (Pettinato et al., 2019). This protocol resulted in liver organoids
with 89% Albumin* and 15% CD31* cells and improved human hepatic functions associated to mature
liver cells. Interestingly, HAMECs self-organized in rosette-like structures within the organoids (Figure
1.6B). Another strategy used 3D aggregates of hepatoblast-like cells derived from hPSCs that were then co-
cultured with human fetal liver mesenchymal cells (hFLMCs) (S. Wang et al., 2019). By day 14 of differen-
tiation, Albumin* cells were found in the peripheral region, whereas PDGFR-8+ hFLMCs were found in
the center of the organoids. Overall, co-culture of hepatoblast-like cells with hFLMCs, in a 2:1 ratio, gen-

erated organoids with increased levels of hepatic functions (Figure 1.6C).

INTRODUCTION 24



Apart from co-culture of different cell types as a starting point for the generation of liver organoids,
other studies have shown how to start with homogeneous cell populations to obtain complex organoids.
Since 2017, two different protocols were published using this approach to produce hPSC-derived liver
organoids constituted by hepatocytes and cholangiocytes (Guan et al., 2017; F. Wu et al., 2019). Both studies
started with differentiation of hPSCs into hepatoblasts, but they diverge not only in the approach to get to
that point, but also in the way they generate liver organoids. Guan and colleagues started with the produc-
tion of hepatoblast aggregates that with the addition of exogenous growth factors and subsequent dissoci-
ation/reaggregation in Matrigel generated liver organoids with both hepatocytes and cholangiocytes (Figure
1.6D). On the other hand, Wu and colleagues developed a protocol capable of generating liver organoids
with 60% ALB* hepatocytes and about 30% CK19* cholangiocytes. They claimed that the key factors for
the success of their study were the inclusion of 25% mTeSR medium during differentiation and the addition
of a cholesterol mixture for organoid functional maturation (Figure 1.6E). Based on a similar approach, a
recent work describes the production of hPSC-derived liver organoids containing hepatocytes, HSCs, Kup-
tfer cells, and cholangiocytes (Ouchi et al., 2019).

They initially differentiated hPSCs to foregut, collecting foregut spheroids released from the 2D culture
and embedding them in Matrigel with further addition of retinoic acid, a molecule that reportedly plays and
important role in the specification not only of parenchymal, but also non-parenchymal liver cells (Figure
1.6F). Apart from these examples using hPSC-derived cells, other human cell types have been used in the
generation of human liver organoids in the past few years (Huch et al., 2013b, 2015). Likewise, liver organ-
oids have been produced using mouse (Hu et al., 2018), rat (Kuijk et al., 2010), cat (Kruitwagen et al., 2017),
and canine cells (Nantasanti et al., 2015).

It is important to note that organoid technology is becoming an increasing trend in biomedical research
(G. Rosst et al., 2018b). However, some caution needs to be taken into consideration since by definition,
an organoid is a reductionist cell construct that captures the cellular, structural, and physiological complexity
of a given organ. Therefore, a clear distinction between 3D spheroids made up of a single cell type and
without clear self-organization, and organoids needs to be made. In this section, the focus was placed only

on reports that fit into this organoid concept.
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Figure 1.6. Current strategies for the generation of human pluripotent stem cell (hPSC)-derived liver organoids. So far, liver or-
ganoids have been generated by (A-C) co-culture of different cell types, including hPSCs, differentiated hepatic cell lineages, or
isolated human cells with potential to promote liver organoid differentiation/maturation; (D-F) homogeneous cell populations

that, through differentiation, are capable of generating cellular constructs with structural and physiological complexity. STM, sep-

tum transversum mesenchymal cells; HSCs, hepatic stellate cells.
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Applications of hPSC-Derived Hepatic Cell Lineages and Liver Organoids

As demonstrated above, hPSCs have the capacity to establish human liver models giving researchers the
opportunity to design human liver-based platforms for disease modeling, drug discovery, and hepatotoxi-
city. Furthermore, differentiated hepatic cells and liver organoids derived from hPSCs represent a renewable

source for cell-based therapies aiming at the treatment of patients suffering from liver disease (Figure 1.7).
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Figure 1.7 - Clinical applications for hPSC-derived hepatic cells and liver organoids. Isolated somatic cells from pa-
tients can be cultured and reprogrammed into patient-specific hiPSCs. These cells represent a promising cell source
for cell therapy, as differentiated hepatocytes can be used for transplantation in regenerative medicine strategies. Ad-
ditionally, differentiated hepatic cell lineages or generated liver organoids can be applied in disease modelling, as well

as drug development and hepatotoxicity assays.

Regenerative Medicine

The use of hPSC-derived cells for regeneration or replacement of damaged tissue in regenerative medi-
cine has been proposed to deliver functional recoveries (Shi et al., 2016). Indeed, hPSC-based therapies
were already established in several clinical trials (Kimbrel & Lanza, 2015). hiPSCs in particular have the
important advantage of their capability in generating differentiated patient-specific cells, allowing autolo-
gous cell transplantation and, theoretically, suppressing the risk of immune rejection. This milestone was
achieved in 2014 with the successful transplantation of autologous retinal pigment epithelium sheets derived
from hiPSCs (Mandai et al., 2017). Besides all this progress, chromosomal aberrations (due to cell repro-
graming and subsequent culture), as well as the tumorigenicity of undifferentiated cells, represent some of
the hurdles that need to be taken into consideration when using hPSCs in cell therapies (Lamm et al., 2016;
Shi et al., 2016).

As mentioned above, orthotopic liver transplantation is the single solution for end-stage liver failure and

other liver disorders, making this organ the second most common solid transplantation after kidney. Still,
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given the current transplantation rates, less than 10% of global organ transplantation needs are met [4].
This fact results in the need for alternative therapeutic strategies, and hepatocyte transplantation has been
perceived as one (lansante et al., 2018). The first attempt to use these cells for transplantation dates back
to 1976 using Gunn rats as animal models for Crigler—Najjar syndrome (Matas et al., 1976). Still, it was only
in 1992 that primary hepatocytes were transplanted into human patients (Mito & Kusano, 1993). Since then,
numerous patients with liver disease have been treated with hepatocyte transplantation. However, this strat-
egy still presents major hurdles like the limited source of hepatocytes, poor quality of isolated cells, and
occasional hepatocyte rejection (lansante et al., 2018). Therefore, hPSC-derived hepatocytes have been seen
as a potential cell source for transplantation (Table 2). In fact, one of the most successful studies using
hPSC-derived hepatocytes for transplantation was able to repopulate up to 15% of the liver of uPA immu-
nodeficient mice after intrasplenic injection (Carpentier et al., 2014). In this study, the differentiated hepato-
cytes still presented fetal markers like AFP and they were largely negative for isoforms of CYP450. How-
ever, after transplantation, the transplanted cell population acquired mature features such as downregulation
of AFP expression and cells positive for CYP450 isoforms. This transplantation strategy has also been
successful in the alleviation of liver metabolic disorders (Y. Chen et al., 2015) and in acetaminophen-in-
duced acute toxicity (Tolosa et al., 2015), with liver repopulation rates of 2.5-7.5% and 10%, respectively.
Thus, hPSC-derived hepatocytes demonstrated their potential to become a relevant cell source for liver cell
therapy. However, although initial studies are promising, the use of these cells for regenerative medicine
applications needs to be more efficient and effective until it can be translated into human benefit. To ac-
complished that, recent studies have been using different strategies besides intrasplenic injection for hepato-
cyte transplantation. One of these strategies is the transplantation of hepatocyte sheets onto the surface of
mice livers (Nagamoto et al., 2016). Additionally, different scaffolds have been used to support hPSC-
derived hepatocytes for subsequent transplantation, namely PCL fibers (Rashidi et al., 2018) and decellu-
larized livers (Lorvellec et al., 2017; Minami et al., 2019). Besides this, a recent study reported for the first
time, to the best of our knowledge, the use of current good manufacturing practice (¢GMP)-compliant
hepatocytes generated from hPSCs for transplantation (Blackford et al., 2019). Liver regeneration will prob-
ably require more than simply injecting the right type of cells in the right place. The foundation of
knowledge concerning liver regeneration mechanisms, both in normal development and after injury, seems

to provide a strong platform to achieve this goal.
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Table 2. Summary of recent studies on hPSC-derived hepatocyte transplantation in murine models.

Route Cells Nr of Cells |% Repopulation |Ref.
Intrasplenic injection  |hPSC-hepatocytes 4 X 100 <1-20% (Carpentier et al., 2014)
Intrasplenic injection  |hPSC-hepatocytes 2 %106 2.5-7.5% (Y. Chen et al,, 2015)
Intrasplenic injection  |hPSC-hepatocytes 1 X106 10% (Tolosa et al., 2015)
hPSC-hepatocyte
Sheet transplantation 8 x 105 - (Nagamoto et al., 2010)
sheet
Intraperitoneal trans-
hPSC-hepatocytes 1 %100 - (Takayama et al., 2017)
plantation
Renal subcapsular hPSC-hepatocyte ag- L% 10° (Nie, Zheng, Ogawa, et
X O -
space gregates al., 2018)
Intraperitoneal trans-  |hPSC-hepatocyte ag- |2 X 106 (ag-
P patocytess e - (Rashidi et al., 2018)
plantation gregates gregates)
Subcutaneous trans-  |hPSC-hepatocytes
- - (Rashidi et al., 2018)
plantation in PCL fibers
Intraperitoneal trans-  |hPSC-hepatocyte ag- |2 X 103 (ag-
- (Blackford et al., 2019)
plantation gregates gregates)
Disease Modeling

In addition to regenerative medicine, disease modeling constitutes another important biomedical appli-
cation for hPSC derivatives. I wvitro disease models based on hPSC technology should improve our
knowledge regarding pathological mechanisms underlying human diseases, either genetic or acquired (Rowe
& Daley, 2019a). Given the relevance of liver disease, several studies using hPSC-derived hepatocytes have
been published in the last years (for extended review see (Corbett & Duncan, 2019)). However, the effort
for improved maturity and greater complexity of 7 vifro culture systems for disease modeling has led to
recent publications using liver organoids as a platform to study liver disease (Table 3).

With the advent of novel gene editing tools like CRISPR-Cas9, it is now possible to induce disease-
causing mutations or silencing mutations carried by patient-specific hPSCs and evaluate their effects in
differentiated cell phenotypes (Avior et al., 2016; Sterneckert, Reinhardt, & Schéler, 2014). To understand
liver disease mechanisms at the organ level, at least two different studies have been published studying
genetic diseases in hPSC-derived liver organoids. Guan and colleagues used patient-specific hPSCs to model
Alagille Syndrome (ALGS) and Tetralogy of Fallotthis (TOF) genetic disorders (Guan et al., 2017). Firstly,
they generated liver organoids from hPSCs reprogrammed from ALGS patients, where in contrast to
healthy organoids, mature hepatocytes were developed, but cholangiocytes and bile ductular structure de-
velopment was impaired. Additionally, they used CRISPR-Cas9 technology to introduce and revert an

ALGS causing [AGT mutation, C829X, into control and ALGS hPSCs. Thus, ALGS liver pathology was
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recapitulated, and it was also shown that 4G7 haploinsufficiency alone does not produce pathology in
liver organoids. Moreover, this team also modelled a disease caused by another mutation in JAG7, TOF,
demonstrating that the type of [AG7 mutation has a considerable effect in the onset of liver disease. More
recently, another study has demonstrated that liver organoids are a suitable platform to model steatohepa-
titis, a condition that is, among others, characteristic of Wolman disease, caused by a defective activity of
lysosomal acid lipase (LAL) (Ouchi et al., 2019). Firstly, these researchers induced steatohepatitis phenotype
in liver organoids exposing them to free fatty acids, resulting in lipid accumulation, inflammation, and fi-
brosis. After that, to highlight the clinical relevance of modelling steatohepatitis, they used patient-derived
hPSCs with LAL deficiency to generate liver organoids, thus recapitulating the Wolman disease phenotype
with severe steatohepatitis. Additionally, it was demonstrated through liver organoid technology that the
steatohepatitis phenotype could be rescued using FGIE19, suppressing lipid accumulation and improving
liver organoids survival. Besides these two examples of genetic disease modeling, organoids derived from
adult liver tissue were already used to study A1AT deficiency and Alagille syndrome (Huch et al., 2015).

Recently, liver disease modelling has also been successfully performed to study acquired liver diseases.
An example is hepatitis B virus (HBV) infection of hPSC-derived liver organoids (Nie, Zheng, Miyakawa,
et al., 2018). This culture system proved to be more susceptible to HBV when compared to hepatocytes
differentiated in a 2D culture system. Particularly, the infection of liver organoids with HBV resulted in
hepatic dysfunction with downregulation of hepatic gene expression and emergence of hepatic injury mark-
ers, along with the alteration of hepatic structures. Therefore, this study suggested that liver organoids can
be considered a good platform for HBV modelling, recapitulating the virus life cycle and consequent dys-
functions. Another example of disease modeling of acquired liver diseases using liver organoids is the study
of alcoholic liver disease (ALD), the number one cause of liver-associated mortality in Western countries
(S. Wang et al., 2019). Upon EtOH treatment for 7 days, liver organoids displayed liver damage and reduc-
tion in cell viability, as well as upregulation of gene expression of fibrogenic markers, thus recapitulating
ALD pathophysiology. Additionally, EtOH treatment led to enhanced oxidative stress, an established char-
acteristic of ALD that starts with the metabolism of EtOH by ADH and CYP2E1. Once more, liver or-
ganoids proved to be a reliable platform for disease modeling, encouraging its use to study new conditions
and eventually contributing to the discovery of new therapeutics.

It is important to note that the cell composition of liver organoids can be of extreme importance when
modeling liver diseases. In the examples above, it is possible to understand that given the biliary deficiencies
in ALGS and TOF , the presence of cholangiocytes within these organoids it is an essential requirement
(Guan etal., 2017); similarly, given the characteristic fibrosis of steatohepatitis, HSCs should also be present
(Ouchi et al., 2019). Obviously, increasing the complexity of the model system will result in better recreating
liver function, and it may even expose the role of the different hepatic cellular components in disease de-
velopment. In fact, a very recent study shows how the crosstalk between hepatocytes, hepatic Kupffer cells,
and HSCs play an important role in alcoholic liver disease (ALD), providing new insights into this pathology

and identifying potential new targets for drug therapy (W. M. Choi et al., 2019; Kisseleva & Brenner, 2019).
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Table 3. Reported studies for disease modeling in hPSC-derived liver organoids.

Study Disease Gene/Toxin Approach Ref.

Genetic Liver Diseases

Patient-detived/gene edit-

Alagille syndrome JAG1 ] (Guan et al., 2017)
ing

Tetralogy of Fallot JAG1 Patient-derived (Guan et al., 2017)

Wolman disease Free fatty acids Patient-derived/induced (Ouchi et al., 2019)

Acquired Liver Diseases

Hepeatitis B vi- ie, Zheng, Miyakawa, et al.,
Hepatitis B P Induced N &

rus 2018)
Alcoholic liver dis-

EtOH Induced (S. Wang et al., 2019)

case

Drug Discovery and Hepatotoxicity

Modeling of human diseases is driven by the need for novel therapeutics aiming at disease treatments
and cures. For this reason, drug discovery and toxicological assays are considered a potential application
for hPSC derivatives (Miranda, Fernandes, Pinto, et al., 2018; Rowe & Daley, 2019a). To this end, animal
models have been continuously used for drug screening. However, differences between the actual human
setting and other animals result in inaccurate prediction of drug effects. Moreover, animal models are not
suitable for high-throughput screening of small-molecule libraries (Avior et al., 2016; Sayed et al., 2016). As
an alternative, the use of hPSC-based models for drug screens have been amply established, assessing not
only the efficacy of potential drug candidates, but also their toxicity, predicting the likelihood of potential
drugs to cause severe side effects (Shi et al., 2016). It is also important to bear in mind that each patient has
a specific genetic background, and that this fact implies different responses to medication. Accordingly,
hepatocytes and liver organoids generated from hPSCs can be used as a new tool to investigate not only
disease mechanisms, but also therapeutic strategies, creating the foundation for personalized therapies, an
emerging approach known as precision medicine (Sayed et al., 2016). Currently, pharmaceutical develop-
ment is highly costly ($2.6 billion per drug that enters the market) and inefficient (89% of drugs that enter
clinical trials will fail due to unforeseen toxicity) (Corbett & Duncan, 2019; Knowlton & Tasoglu, 2016).
Part of this is due to inadequate screening during preclinical studies and so, the use of hPSC-derived hepato-
cytes and liver organoids in this field is of extreme relevance, as hepatotoxicity is the major type of toxicity
associated to drug withdrawals (21% of the cases) (Siramshetty et al., 2016).

Given this context, there is the urgent need to create protocols that can generate hepatocytes or liver
organoids in a scalable and miniaturized fashion, being suitable for high throughput screening of small
molecule libraries. Examples of this have been already published (Carpentier et al., 2016; Takebe et al.,
2017b). These high-throughput screening platforms were already used for identification of drugs for disease

treatment with hPSC-derived hepatocytes. At least three studies used small molecules/drug libraries aiming
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the attenuation or reversion of the effects of diseases like alpha-1-antitrypsin (AAT) deficiency (S. M. Choi
et al., 2013), familial hypercholesterolemia (Cayo et al., 2017), and mitochondrial DNA depletion syndrome
(MTDPS3) (Jing et al., 2018). The same platforms have also been used for toxicity screens evaluating the
effect of certain drugs on hPSC-derived hepatocytes, typically testing compounds known to be toxic and
non-toxic and assessing cell morphology and viability (Medine et al., 2013; Sirenko et al., 2016; Ware et al.,
2015).

All of these studies are mainly focused on hepatocytes, but as described before non-parenchymal cells
hold great importance in liver physiology. For instance, LSECs are implicated in most liver diseases making
them an attractive therapeutic target (Poisson et al., 2017). Additionally, Kupffer cells play a crucial role in
drug-induced liver injury (DILI) and other liver diseases. To demonstrate this, hepatocytes have been co-
cultured with Kupffer cells resulting in a model that is more sensitive in detecting hepatotoxicity induced
by different drugs (Tasnim et al., 2019). Thus, the development of more complex liver organoids composed
of different hepatic cell types can substantially benefit drug discovery and hepatotoxicity assays.

Drug screening can also be performed using microfluidic devices like the so-called organ-on-a-chip or
microphysiological systems (MPSs), where living cells can be cultured in continuously perfused chambers,
modeling the physiological functions of a given tissue or organ (Ronaldson-Bouchard & Vunjak-Nova-
kovic, 2018; B. Zhang et al., 2018b). Accordingly, organ-on-a-chip is also a valuable platform for drug
development and toxicology giving insights into adsorption, distribution, metabolism, elimination, and tox-
icity (ADMET), mathematical pharmacokinetics (PK), pharmacodynamics (PD), and drug efficacy (Bhatia
& Ingber, 2014). In fact, Wang and colleagues have recently achieved the in situ differentiation of hPSCs
into liver organoids using a perfusable micropillar chip (Y. Wang, Wang, et al., 2018). The on-chip liver
organoids displayed both hepatocytes and cholangiocytes, as well as increased cell viability and mature cell
signature. Notably, the organoids generated in this platform not only presented high levels of cytochrome
P450 enzyme expression, but also dose- and time-dependent hepatotoxic response to acetaminophen.
These results support the notion that organ-on-a-chip technology constitutes a valid platform for drug
testing. Moreover, organ-on-a-chip technology can rely not only on individual designs, but also in more
complex interlinked multi-organ-on-chips, or body-on-a-chip platforms capable of mimicking multi-organ
crosstalk (Miranda, Fernandes, Diogo, et al., 2018). Indeed, the study of an inter-tissue crosstalk between
gut and liver during inflammatory processes was already reported (W. L. K. Chen et al., 2017), and more
recently an interconnected MPS representing up to 10 organs, including liver, was established (Edington et
al., 2018). Applying this technology to hPSC-derivatives is still, to the best of our knowledge, an unmet

need.
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ABSTRACT

Optimizing the differentiation of hiPSCs into hepatocytes is crucial for advancing 7z vitro liver models. This
study focused on refining differentiation protocols and integrating transcriptomic analysis to uncover novel
regulatory genes. By combining Activin A with Wnt signaling activators, pluripotency markers were suc-
cessfully downregulated, and definitive endoderm markers such as SOX17 were upregulated. Further dif-
ferentiation yielded hepatocyte-like cells expressing key markers including HNF4a, AFP, ALB, and AAT.
In addition, the impact of cell seeding procedures and adhesion substrates on cell survival during DE spec-
ification was investigated. Lastly, transcriptomic analysis at various differentiation stages identified novel
putative regulators of endoderm specification, clustering genes based on their expression profiles. This
analysis validated the differentiation protocol and revealed key insights into the gene networks driving he-
patic lineage commitment. These findings not only enhance our understanding of liver development but
also pave the way for improving hiPSC differentiation protocols, contributing to both basic research and

potential therapeutic applications.

HEPATIC DIFFERENTIATION 57



HEPATIC DIFFERENTIATION

58



INTRODUCTION

The optimization of differentiation protocols of hiPSCs, particularly for generating hepatic lineages,
holds significant promise for both fundamental research and therapeutic applications. These optimizations
allow researchers to uncover the precise combinations and timings of signaling pathways to specify cell fate,
since this level of detail is difficult to achieve /# vwo due to the complexity and dynamic nature of the
embryonic environment. By manipulating the differentiation process in a controlled 7 vitro setting, scientists
can systematically explore how different pathways influence hepatic specification. For instance, studies have
shown that the sequential activation and inhibition of pathways such as Wnt, BMP, and FGF are crucial
for the proper differentiation of hiPSCs into hepatocytes (Hannan et al., 2013; Si-Tayeb et al., 2010).

Optimizing the differentiation protocols involves fine-tuning several key factors, including the morpho-
gens used, their sequence and timing, concentrations, cell matrix, cell density, and pre-differentiation steps.
All these factors can significantly affect the outcome of hiPSC differentiation. For instance, the early in-
duction of definitive endoderm from hiPSCs typically requires the use of activin A, followed by factors
such as BMP4 and FGF2 to promote hepatic specification (Cai et al., 2007). The ECM also plays a critical
role in cell differentiation by providing structural support and influencing cell behavior through biochemical
and mechanical cues. It is particularly known that optimizing the ECM composition can enhance the effi-
ciency and fidelity of hepatic differentiation (Farhan et al., 2023). Similarly, the density of the cells during
differentiation can affect cell-cell interactions and the availability of soluble factors, further impacting the
differentiation outcome.

Moreover, transcriptomics has proved to be a crucial tool in understanding the gene networks underly-
ing differentiation of hiPSCs. By analyzing the changes in gene expression during differentiation, research-
ers can identify novel putative regulators of hepatic specification. This information can be used to refine
differentiation protocols, improving their efficiency and fidelity. For example, single-cell RNA sequencing
has revealed heterogeneity within differentiating populations and identified key TFs involved in hepatic
lineage commitment (Camp et al., 2017). These insights can lead to the development of more precise and
effective protocols for generating hepatocytes from hiPSCs, advancing both our understanding of liver
development and our ability to model liver diseases 7 vitro.

In this chapter, the complex but essential task of optimizing hepatic differentiation using hiPSCs is
explored. The process follows a stepwise approach, beginning with the optimization of endoderm differ-
entiation by testing several media and morphogen combinations. Subsequently, pre-differentiation settings
such as cell matrix, cell density, and cell seeding methods are also refined, leading to a process of differen-
tiation of hiPSCs into hepatocytes. Finally, a transcriptomic analysis is conducted to deepen the understand-
ing of the gene networks involved in endoderm specification, identifying novel regulators that can be tar-
geted to improve differentiation protocols in the future. This integrated approach holds significant potential

for advancing hepatic differentiation.

HEPATIC DIFFERENTIATION 59



METHODOLOGY

Maintenance of hiPSCs

In this work, experiments were performed using the hiPSC line iPS-DF6-9-9T B, provided by WiCell Bank
(Wisconsin, USA). This cell line was reprogramed from foreskin fibroblasts with a karyotype 46, XY that
were collected from healthy donors using defined factors in the Laboratory of Dr. James Thomson, at
University of Wisconsin. For hiPSC culture, mTeSR™1 (STEMCELL Technologies™, #85850) supple-
mented 1:200 (v/v) with penicillin/ streptomycin (Gibco™, #15140122) was used as culture medium in
six-well plates coated with Matrigel® Growth Factor Reduced Matrix (Corning®, #354230). Culture me-
dium was changed daily. Cell passaging was performed every three to four days when reaching a confluency

~70% using 0.5 mM EDTA (Invitrogen™, #15575020).

Pre-differentiation of hiPSCs in adherent culture

After hiPSC expansion, cells were dissociated using Accutase® solution (Sigma-Aldrich®, #A6964) for 7
min at 37°C or 0.5 mM EDTA solution (Invitrogen™, #15575020) for 5 min at room temperature (RT).
Cells were seeded onto 12-well culture plates coated with Matrigel® Growth Factor Reduced Matrix (Corn-
ing®, #354230) or iMatrix-511 (Nippi/ Matrixome®, #NP892-011) at a cell density of 4x105 cells/ well.
mTeSR™1 (STEMCELL Technologies™, #85850) supplemented 1:200 (v/v) with penicillin/ streptomy-
cin (Gibco™, #15140122) was used as culture medium, changed daily until a confluence of 90-95% was
achieved. When Accutase® was used, culture medium was additionally supplemented 1:1000 (v/v) with Rho

kinase inhibitor (ROCKi) Y-27632 (STEMCELL Technologies™, #72304) in the first 24 h.

Definitive endoderm differentiation in adherent culture

For hiPSC differentiation into definitive endoderm, Roswell Park Memorial Institute (RPMI) 1640 medium
(Gibco™, #21875034) was used as basal medium. RPMI was supplemented with 1% (v/v)
B-27™ minus insulin (Gibco™, #A1895601) and supplemented 1:200 (v/v) with penicillin/ streptomycin
(Gibco™, #15140122). At day 0 (DO0) of differentiation, basal medium was supplemented with 100 ng/mL
of Activin A (PeproTech, #120-14P), 1 mM of sodium butyrate (NaB, Sigma-Aldrich®, #B5887) and 50
ng/mL of Wnt3a (R&D Systems™, #5036-WN) or 2 uM of CHIR99021 (CHIR, Stemgent™, #04-0004).
At day 1 and 2, basal medium was again supplemented with 100 ng/mL of Activin A with or without 250
nM of LDN-193189 (StemMACS™, #130-103-925).

Hepatocyte differentiation in adherent culture

After hiPSC differentiation into definitive endoderm, cells continued to be cultured in RPMI 1640 medium
supplemented with 1% (v/v) B-27™ minus insulin and 1:200 (v/v) with penicillin/ streptomycin, from D3
to D5 of differentiation. At D3, for hepatic induction, medium was additionally supplemented with 10
ng/mL of FGF2 (PeproTech, #100-18B) and 20 ng/mL of BMP4 (PeproTech, #120-05ET). From DG to
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D20, cells were refreshed every three days with hepatocyte culture medium (HCM) BulletKit™ (Lonza,
#CC-3198) without the addition of human epidermal growth factor (hEGF). Medium was supplemented
with 10 ng/mL of oncostatin M (OSM, R&D Systems™, #295-OM), 0.1 uM of dexametasone (Dex,
Sigma-Aldrich®, #D4902) and 20 ng/mL of hepatic growth factor (HGF, Sigma-Aldrich®, #H1404).

Working volume throughout differentiation was 1 mL per well.

Flow cytometry of intracellular markers

For sample collection at selected time points, culture medium was removed, and cells were washed with
PBS followed by incubation with 0.25% (v/v) trypsin-EDTA (Gibco™, #R001100) in PBS at 37°C for 7
min. Culture medium was added to inactivate enzymatic digestion and cells were homogenized and centri-
fuged at 200 xg for 3 min. The cell pellet was washed with PBS and centrifuged again at 200 xg for 3 min.
After removing the PBS, cell pellet was fixed by incubation in 2% (v/v) paraformaldehyde (PFA) reagent
(Sigma-Aldrich®) in PBS for 20 minutes at RT and stored at 4°C until flow cytometry analysis. Fixed sam-
ples were centrifuged at 200 xg for 3 min. Cell pellet was resuspended and incubated in 90% (v/v) cold
methanol in water at 4°C for 15 min. Cells were then washed 3x with flow cytometry buffer 1 (FB1), con-
stituted by 0.5% (v/v) bovine serum albumin (BSA) solution (Sigma-Aldrich®) in PBS, and centrifuged at
200 xg for 3 min, each time. Cell pellet was resuspended and incubated in primary antibody diluted in FB2,
constituted by 0.1% (v/v) Triton X-100 (Sigma-Aldrich®) in FB1, at room temperature for 1 h. After
incubation, cells were washed with FB2 and cell pellet was resuspended and incubated in the secondary
antibody diluted in FB2, at room temperature for 30 min in the dark. Cells were washed twice with FB2
and centrifuged at 200 xg for 3 min, each time. Cell pellet were resuspended in FB1 for a final volume of
300 uLL/FACS tube. Flow cytometry was performed using a FACSCalibur™ flow cytometer (Becton Dick-

inson) and data analysis using Flowing Software 2.0.

Immunocytochemestry of adherent culture

For sample preparation, after culture medium removal, cells were washed with PBS and then fixed in 4%
(v/v) PFA (Sigma-Aldrich®) in PBS at 4°C for 20 min. After PFA removal, cells were stored in PBS at 4°C
until further analysis. For cell staining, samples were incubated in 0.1 M glycine (Merck Millipore) for 10
min at RT to remove PFA residues, permeabilized with 0.1% (v/v) Triton X-100 (Sigma-Aldrich®) in PBS,
at room temperature for 10 min and blocked with 10% (v/v) fetal goat serum (FGS, Gibco™) in TBST
(20 mM Tris-HCI pH 8.0, 150 mM NaCl and 0.05% (v/v) Tween-20 (Sigma-Aldrich®) in PBS, at RT for
30 min. Cells were incubated in primary antibody diluted in blocking solution at 4°C overnight followed by
incubation with secondary antibody at RT for 30 min. Nuclear counterstaining was performed using 0.15%
(v/v) 4,6-diamidino-2-phenylindole (DAPI) dye (Sigma-Aldrich®) in PBS, at RT for 5 min. Images were
acquired with a LSM 710 Confocal Laser Point-Scanning Microscope (Zeiss) and data analysis was per-

formed using ZEN Imaging Software (Zeiss) and Image] Software.
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Quantitative real time (qRT)-PCR

For sample collection at selected time points, culture medium was removed, and cells were washed with
PBS. Then cells were incubated with Accutase® solution (Sigma-Aldrich®, #A6964) in the case of hiPSCs
ot 0.25% (v/v) trypsin-EDTA (Gibco™, #R001100) in PBS for differentiated cells, both at 37°C for 7
min. Culture medium was added to inactivate enzymatic digestion and cells were homogenized and centri-
fuged at 200 xg for 3 min. The cell pellet was washed with PBS and centrifuged again at 200 xg for 3 min.
After removing the PBS, cell pellet was stored at -80°C until further analysis. Total RNA was extracted
from samples using the High Pure RNA Isolation Kit (Roche, #11828665001) following the provided in-
structions. RNA was quantified using a nanodrop and 1 ug of RNA was converted into cDNA with the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems™, #4368814) also following the
provided instructions. PCR reactions were run using SYBR Green Master Mix (Nzytech, #MB22303). Re-
actions were run in triplicate using ViiA™ 7 Real-Time PCR Systems (Applied Biosystems™) and data
were analyzed using QuantStudio™ Real-Time PCR Software (Applied Biosystems™). The analysis was
performed using the AACt method and values were normalized against the expression of the housekeeping

gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Table 2.1. List of antibodies used in flow cytometry (FC) and immunocytochemistry (ICC).

Target Brand Reference Host Specie Isotype Dilution
SOX17 Abcam ab84990 Mouse IgG1 1:100 ICC), 1:500 (FC)
TBX3 Abcam ab99302 Rabbit IeG 1:100 (ICC)
AFP Sigma-Aldrich A8452 Mouse 1gG2a 1:500 (ICC)
ALB Sigma-Aldrich A6684 Mouse 1gG2a 1:500 ICC)
Table 2.2. List of primers used in qRT-PCR analysis.
Gene Primer (57>3")
FW: GAGTCAACGGATTTGGTCGT
GAPDH
RV: TTGATTTTGGAGGGATCTCG
FW: GAGAACCGAGTGAGAGGCAACC
OCT4
RV: CATAGTCGCTGCTTGATCGCTTG
FW: CTATTCTGACAACTCACCTGCAT
T
RV: ACAGGCTGGGGTACTGACT
FW: TTCTCAGGGGGTCATCTTGC
CER1
RV: ATGAACAGACCCGCATTTCC
FW: GGGAGCGGTGAAGATGGA
FOXA2
RV: TCATGTTGCTCACGGAGGAGTA
FW: CTCCGGTGTGAATCTCCCC
SOX17
RV: CACGTCAGGATAGTTGCAGTAAT
FW: CACCGCATCTGGAGAACCA
CXCR4
RV: GCCCATTTCCTCGGTGTAGTT
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RNA sequencing and transcriptomic analysis

Samples from different stages of differentiation were collected as described for qRT-PCR. Total RNA was
extracted using the High Pure RNA Isolation Kit (Roche, #11828665001) following the provided instruc-
tions. RNA sequencing (RNA-seq) was performed using QuantSeq 3> mRNA-Seq Library Prep Kit FWD
for Illumina (Lexogen) in a HiSeq™ Sequencing System (Illumina) by the Genomics Unit at Centre for
Genomic Regulation (Barcelona, Spain). RNA-seq data analysis was performed using QuantSeq FWD anal-
ysis pipeline available on Bluebee® genomics analysis platform (Bluebee Holding BV). For each sample
individually, the pipeline includes reads trimming using BBDuk, alignhment against genomic sequence using
STAR aligner, gene read counting using HTSeq and quality control using RSeQC. Based on these data,
QuantSeq performed a transcriptomic analysis using DESeq2 and reported a list of differentially expressed
genes (DEG). Transcriptomic results present a p-value according to Wald statistical test. p-values were
corrected using the Benjamin-Hochberg method. Genes were considered up or downregulated when a one-
fold or greater change was exhibited and whose expression values have statistically significance associated

(p-value <0.05).

Gene ontology analysis

Gene ontology (GO) terms were identified using the PANTHER (protein annotation through evolutionary
relationship) classification system (version 13.1) (Mi et al., 2013). GO terms were identified by analyzing
differentially expressed genes using the following settings: GO Biological Process, test type FISHER, ref-
erence list Homo Sapiens and FDR<0.05.
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RESULTS AND DISCUSSION

2.1. A dynamic play between TGF-g and Wnt initially establish the PS and DE

In this study, the initial focus was on systematically optimizing the differentiation of hiPSCs into DE
with the aim of establishing a reliable and reproducible protocol for deriving hiPSC-derived hepatocytes.
For that purpose, two promising protocols were taken into consideration: the one developed by Takebe
and his team (Takebe et al., 2017) and the one developed by Loh and Ang team (Ang et al., 2018; Loh et
al., 2014). These protocols were chosen due to their successful outcomes. As with the majority of protocols
in this domain, the fundamental goal is to differentiate hiPSCs into a mesendodermal stage characteristic
of the PS and, subsequently, into DE.

To accomplish these first steps, it essential to activate TGF-8/nodal/activin signaling since it plays a
crucial role for mesendoderm induction. Additionally, Wnt signaling can also be activated to synergize with
TGF-B signaling, enhancing the efficiency of differentiation. Taking this into account, six protocol combi-
nations were designed (Figure 2.1A) starting with two distinct culture media, RPMI vs CDM2. Two strate-
gies to PS induction were employed: one using CHIR and the other using Wnt3a both in combination with
Activin A (denoted as 1 vs 2). Furthermore, for DE commitment, two approaches were tested: one using
Activin A alone and the other using Activin A in combination with LDN-193189, a BMP inhibitor (denoted
as A vs B). Sodium butyrate (NaB) was also used in this process as it has been proved to favor DE differ-
entiation across the literature (Rambhatla et al., 2003).

To analyze the progression of gene expression throughout the sequential stages of differentiation, a
comprehensive qRT-PCR analysis was performed up to day 3 (Figure 2.1B). This analysis focused on key
regulatory genes that exhibit temporal expression patterns indicative of successful differentiation. At the
beginning of differentiation, following induction with Activin A and Wnt signaling activators such as CHIR
or Wnt3a, gene expression analysis demonstrated that the pluripotency gene OCT4 started to be downreg-
ulated. This downregulation marks the initiation of differentiation as cells begin to lose their pluripotent
characteristics and restrict their developmental potency. Notably, CHIR99021 and Wnt3a led to the similar
outcomes, demonstrating their interchangeable utility in this context.

Simultaneously with the loss of pluripotency, the relative peak in mesendodermal gene expression, as-
sessed by expression of T (Brachyury), was clearly perceptible at D1 of differentiation for all the conditions.
This peak indicates the successful induction of the PS, one of the critical eatly steps in this differentiation.
At this stage, with continuous addition of Activin A (with or without LDN-193189) cells activated several
genes known to be expressed in DE, such as CER7, FOXA2, SOX77 and CXCR4. The expression of these
genes confirms the progression towards an endodermal fate. Additionally, the expression of MESP1, a gene
usually associated to early mesoderm derivatives, was analyzed as a negative control to ensure specificity of
DE induction. Results indicated that the conditions using LDN-193189 for DE specification at D1 and 2
of differentiation (RPMI-1B, RPMI-2B and CDM2-2B) presented similar or even lower performance when

compared to the ones where only Activin A is used for DE commitment. The idea of supplementing the
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medium with LDN-193189 is to neutralize endogenous BMP signaling that tend to favor mesodermal fate,
but results suggest that inhibiting BMP do not improve DE differentiation. Moreover, both condition using
CDM2 medium (CDM2-2A and CDM2-2B) had lower performance concerning the expression of DE

genes. This suggests that RPMI medium is more conducive to efficient DE differentiation under the tested

conditions.
A
PS DE
Medium
do - d1 d1-d2 d2 - d3
1 A A
Act A (100 ng) Act A (100 ng) Act A (100 ng)
RPMI
NaB 1mM
Whnt3a (50 ng)
2 B B
CDM2 Act A (100 ng) Act A (100 ng) Act A (100 ng)
NaB 1mM LDN (250 nm) LDN (250 nm)
CHIR (2 pM)
Tested Combinations
RPMI-1A / RPMI-1B / RPMI-2A / RPMI-2B / CDM2-2A / CDM2-2B
I B N I
OCT4 T CER1
100000 100000 100000
s § s
- 10000 + 10000 « 10000
0 "1 o
I 1000 [ 1000 2 1000
o o o
i 100 i 100 o 100
s 10 s 10 Nt g
3 S B g
E ';‘___\* & 1 E 1
0 0 1 2 3 0 0 1 2 3 0 0 1 2 3
Time (days) Time (days) Time (days)
FOXA2 SOX17 CXCR4
100000 100000 100000
S s S
« 10000 « 10000 « 10000
0 "3 0
o 1000 2 1000 2 1000
o o o
& 100 & 100 & 100
g 10 g 10 g 10
& s &
E 1 ,/ E 1 / E .
0 0 1 2 3 0 0 1 2 3 0 0 1 2 3
Time (days) Time (days) Time (days)
MESP1
100000
s
- 10000
3
<4 1000
o
o 100
@
S 10
5 1
© e —
5 E
0 0 1 2 3
Time (days)

Figure 2.1. Relative expression profiles for pluripotency, PS and DE markers during hiPSCs differentiation.
(A) Schematic outlining the media and morphogens combinations used to differentiate hiPSCs into definitive endoderm. (B) Gene
expression was assessed by qRT-PCR at sequential stages for key genes that unveil the progression throughout DE differentiation
with OCT4 (plutipotency), T (PS/mesendoderm), CER7, FOXA2, SOX17, CXCR4 (DE) and MESP7 (mesoderm). Analysis was
performed using the 2ACt method with values being presented as relative expression taking day 0 as reference. The values were
normalized against the expression of the housekeeping gene GAPDH. The Y axis has a logy scale. n=1 experiment for each time

point.

HEPATIC DIFFERENTIATION 65



Overall, a dynamic interplay between TGF- and Wnt signaling, through Activin A and CHIR or Wnt3a,
is sufficient and optimal for initially establishing the PS and subsequent DE differentiation. Additionally,

this optimized protocol provides a robust foundation for generating hiPSC-derived hepatocytes.

2.2. Cell survival during DE specification is dependent on cell seeding
procedure and adhesion substrate

The optimal condition RPMI-1A is based on the methodology developed by Takebe (Kajiwara et al.,
2012; Takebe et al., 2017) where hiPSCs are plated with ROCK inhibitor (ROCKi) Y-27632 at a cell density
0f 0.75x105 cells/cm?. In this study, various cell densities were tested, including 1.00, 0.75, 0.5 and 0.375x10°
cells/cm? using Accutase (ACC) as the cell detachment solution for single cell seeding, supplemented with
ROCK:i for single cell survival (data not shown). Besides that, the cell dissociation agent was also evaluated
by comparing the use of ACC + ROCKi and EDTA (Figure 2.2), this last on being an enzyme-free colony
seeding method (Beers et al., 2012). For further optimization of both cell seeding procedures, a comparative
analysis between two different cell adhesion substrates was conducted (Figure 2.2). The selected substrates
were Matrigel® Growth Factor Reduced Matrix, a complex but not defined protein mixture derived from
mouse tumour cells (Hughes et al., 2010), and iMatrix 511, a recombinant laminin-511 E8 fragment product.

After culture of hiPSCs onto Matrigel and iMatrix 511 coated 12-well plates, cells were differentiated
into DE using the optimized protocol. At D3 of differentiation, it was clear that iMatrix improved cell
survival when compared to Matrigel®, particularly for cells treated with EDTA. The fact that EDTA led to
higher cell viability shows that preserving the structural integrity of the colonies and consequently, mini-
mizing cell damage and stress, can benefit hiPSC differentiation. On the cell matrix, it is also worth men-
tioning that iMatrix 511, being a recombinant laminin fragment, provides a more defined and consistent
environment compared to the complex protein mixture of Matrigel®, thereby enhancing the reproducibility

and efficiency of hiPSC differentiation.

Matrigel® Laminin-511

ACC+ROCKi EDTA ACC+ROCKi EDTA

Figure 1.2. Cell seeding procedure and adhesion substrate optimization. (A) Bright-field images of the generated
definitive endoderm on day 3 of differentiation using accutase (ACC) plus ROCK inhibitor (ROCKi) Y-27632 for single cell seeding
and using EDTA for enzyme-free colony seeding. Both conditions were tested with two different cell adhesion substrates: Mat-

rigel® and iMatrix 511. Scale bars represent 100 um.
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Therefore, the optimized protocol (Figure 2.3) involves colony cell seeding using EDTA in an iMatrix-
coated 12-well plate at a cell density of 1x105 cells/cm?2 When cells reach a confluence of 90-95% (normally
3 days after seeding), they are treated with Activin A from DO to D3, with the adition of CHIR and NaB
only on DO. This systematic approach to optimizing each step of the differentiation process highlights the
importance of fine-tuning cell culture conditions to achieve the desired outcomes in stem cell research. This
is particularly true for DE, as this preliminary stage is crucial for establishing a robust and reliable starting
point for subsequent stages of differentiation, ensuring that cells are appropriately primed for further dif-

ferentiation into hepatocytes.

2.3. Successful differentiation of hiPSCs into hepatocytes using optimized
protocol

The optimized protocol for DE differentiation until D3 served as the foundation for developing a com-
prehensive protocol aimed at differentiating hiPSCs into hepatocytes. On D3, the differentiation protocol
incorporated FGF2 and BMP4. These growth factors were selected based on their roles in mimicking the
signals from cardiac mesoderm and STM, which are essential for guiding endoderm through the eatly stages
of hepatic differentiation (Calmont et al., 2000; Rossi et al., 2001). The choice of FGF2 and BMP4 is sup-
ported by literature, though alternative factors such as FGF4 and BMP2 have also been used successfully
in various studies to achieve similar outcomes (Song et al., 2009). From D6 onward, the differentiation
protocol introduced a combination of OSM, DEX, and HGF, alongside hepatocyte culture medium. This
stage is critical for promoting the maturation and functionality of the developing hepatocyte-like cells.

Throughout the differentiation process, several key markers were analyzed to monitor the progression
and success of the protocol from DO to D20. These markers include SOX17 and FOXAZ2, which are indic-
ative of DE differentiation; TBX3, an early hepatic marker; and HNF4a, AFP, ALB, and AAT, which are
associated with hepatoblasts and hepatocytes. The results of these analyses confirmed the successful differ-
entiation of hiPSCs into hepatocytes, as evidenced by the appropriate expression patterns of these markers
at various stages of differentiation. Additionally, to evaluate the efficiency of DE differentiation using the
optimized protocol, the presence of SOX17 was assessed by flow cytometry. The results indicated that 74%
of the cells expressed SOX17, demonstrating a high efficiency of DE differentiation under the optimized
conditions. In addition to flow cytometry, immunofluorescence (ICC) staining was performed to further
characterize the composition of the cell culture. This technique provided visual confirmation of the expres-
sion of key markers and allowed for the assessment of the morphology of differentiated cells. Markers
tested during ICC staining included SOX17, TBX3, AFP, and ALB. The presence of these markers within
the adherent monolayer confirmed the successful progression from DE to hepatic progenitors in a later
stage to hepatocytes.

Overall, the comprehensive analysis of marker expression throughout the differentiation process under-
scored the effectiveness of the optimized protocol in guiding hiPSCs through the sequential stages of he-

patic differentiation.
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Figure 2.3. Characterization of hepatic differentiation from hiPSCs. (A) Schematic outlining of the procedures used
to differentiate hiPSCs into definitive endoderm. (B) Gene expression was assessed by gRT-PCR at sequential stages for key
genes that unveil the progression throughout hepatic differentiation with SOX77 and FOXA2 (definitive endoderm), TBX3 (he-
patic endoderm), HNF4a (hepatoblasts), AFP (fetal hepatocytes), ALB and .AAT (mature hepatocytes). The analysis was per-
formed using the ACt method. The values were normalized against the expression of the housekeeping gene GAPDH. n=3 for
each time point (except n=1 for FOXA2 and AAT). (C) Differentiation efficiency by flow-cytometry analysis for SOX17 on
cells differentiated following the optimized protocol on day 3 of differentiation. n=3. (D) Immunofluorescent staining for
SOX17 in red of differentiated cells on day 3 of differentiation. Nuclei in blue were stained with DAPI. Scale bars represent

50 um.
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2.4. Transcriptomic analysis unveils novel putative regulators of
endoderm specification

After refining the differentiation protocol for hepatocytes from hiPSCs, the transcriptional events oc-
curring during hepatic endoderm specification were comprehensively examined. The objective is to identify
novel TTs, signaling mediators, surface markers, and metabolites that can be grouped into distinct clusters
based on gene expression profiles during hepatic specification. For this analysis, 3 time points were selected:
D3, D7, and D9. Four distinct clusters of genes were identified based on their transcriptional profiles
throughout differentiation: cluster 1, for genes pecking in expression at D3; cluster 2, for genes that start
to be upregulated from D7 onwards; cluster 3, for genes that start to be upregulated at D9; cluster 4, for
genes that remain upregulated across all three timepoints. These sets of genes with similar expression pro-
tiles over time contain known endodermal and hepatic markers, validating the differentiation protocol and
consequently the results extracted from it. Moreover, the data was also validated against a published dataset
for hepatic differentiation (Touboul et al., 2016), making the results even more robust and universal, given
that all genes mentioned from now on are not protocol-specific but shared by different protocols. A sum-

mary of the followed pipeline is depicted on Figure 2.3.

Differential expressed genes compared to DO

Common genes with published data sets

Clustering analysis by expression trends

Novel putative regulators

Figure 2.3. Transcriptomic analysis pipeline. This analysis started with identifying differentially expressed genes (DEGs)
compared to DO. Common genes were then identified by comparing these DEGs with published datasets. This was followed
by clustering analysis to observe expression trends. The final step involved identifying novel putative regulators from the

clustered data.

Cluster 1 — Definitive Endoderm

Cluster 1 peaks at D3, with the expression of well-known endoderm/ mesendoderm TFs like
SOX17, MIXL17 and GSC (Figure 2.4), whose role in endoderm commitment has been known for a long
time (Hart et al., 2002; Kanai-Azuma et al., 2002). Besides this, NODAL and other members of the TGF-
B superfamily also peak at D3. In fact, Nodal signaling pathway plays a pivotal role in PS formation and
definitive endoderm specification leading to the expression of key markers like SOX77 but also FOXA2
(Conlon et al., 1994; Faial et al., 2015). Corroborating the literature as well, a CXCR4 (or CD784) expression
peak was identified at D3, a gene that encodes a cell-surface cytokine receptor highly present in endoderm

cells (D’Amour et al., 2005).
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Two genes whose expression also peaks at D3 are LHXT7 (or L.IM7) and OTX2. These genes encode
TFs that are known to be present in visceral endoderm (Perea-Goémez et al., 1999; Perea-Gomez et al.,
2001), but both protocols in analysis are expected to generate definitive endoderm through mesendoderm
by using Activin A (Yasunaga et al., 2005). However, in a more recent study it is demonstrated that FOMES,
acting downstream of Nodal signaling, activates LHX7 in the epiblast contributing to the definitive endo-
derm lineage (Costello et al., 2015). Additionally, it is demonstrated that LHX7 interacts with OTX2 and
FOXA2 suggesting that this complex may activate gene regulatory networks required in both visceral and

definitive endoderm. Thus, the presence of LHX7 and OTXZ2 in cluster 1 may support this idea.

Transcription Factors Signaling Pathways Surface Markers Metabolism
D3 D7 D9 D3 D7 D9 D3 D7 D9 D3 D7 D9 D3 D7 D9
soxi7 [N ROR2 DUSP4 CXCR4 acoxs [N
MIXL1 FzD8 DUSP10 ALDH1A3
Gsc LGR5 FGF17 PFKL
LHX1 FZD5 FGF8 EPHX1
NROB1 DKK4 - § RASGRP1 PLXNA4 MYCN
LMX1B AXIN2 GADD45B ADAM19
KLF8 NKD1 MAPK? «  CNTNAP2
OTX2 DAAM2 MAP3K9 % NRP2
PREX1 WIF1 MAP2K6 = Nrasc
PLAGL1 BMPR1B MAPK13 IL17RA
RPA4 NODAL pusp2 SORCS1
MYT1 PMEPA1 s PRKCA VAMPS5
RNF125 CER1 G ANGPTH
MLLT3 LEFTY1 MET
KLF7 LEFTY2 l NTRK3 EPHA2
Zc3 CRB2
wwc1 L Te™2
FAT4 g TNFRSF21 Log, Fold Change
MOB3B FAM171A2
SHANK2 ITGA9 >1 11 <1

Figure 2.4. Cluster 1 with genes peaking expression at D3. This heat map displays the results for Cluster 1, highlighting
genes that show peak expression at D3. Genes are categorized into transcription factors, signaling pathways, surface markers,

and metabolism, with log2 fold change values greater than 1 or less than -1 (p-value <0.05).

Nevertheless, other TFs presented the same expression profile constituting novel putative regulators
of endoderm specification. Other of these genes in cluster 1 is PREXT7. In humans, this gene was never
associated to endoderm, but in zebrafish prex7 is a target of Nodal signaling, promoting rac activity and
regulating endodermal cell motility at early gastrulation stages (Woo et al., 2012). This #odal/ prexT activated
migration process seems to be required to maintain endoderm identity. The results may suggest that PREX7
also play an important role in human endoderm commitment. Following the candidates list, zinc finger TTs
of the Kriippel-like factors (KLF) family, in particular KI.LF§ and KILF7, can also be found. In a study
performed in frog embryos (Gao et al., 2015), gene expression changes were analyzed after overexpression
or knockdown of KLF genes. In embryos with £//7 knockdown it was possible to observe the downregu-
lation of genes like 7, sox77a, cer! and nodal5. In the case of £fI§ there was also downregulation of # sox17a,
cerl, gse and modal5. In fact, in embryos injected with £/7 mRNA, sox77a was ectopically activated. This study
showed that £f/7 and £fI8 play regulatory roles on endoderm formation, and that £/ also has a role in
mesoderm specification. This is in agreement with the generated data since KLLFS is expressed in both

clusters from endoderm and mesoderm, but KILF7 only peak at D3 during endoderm commitment. The

HEPATIC DIFFERENTIATION 70



remaining TFs in cluster 1, LMX7B, RPA4, MYT1, RNF125 and MILI.T3 are not yet described in the
literature as regulators of endoderm commitment and they are not expressed in the mesoderm datasets
under analysis, being of particular interest in future studies.

Regarding genes related to signaling pathways, PMEPAT (or TMEPAIL STAGT) deserves some at-
tention. This gene encodes a transmembrane protein reported to be implicated in tumorigenesis, but it was
also demonstrated in a previous study that PMEPA1 has an essential function in negative regulation of
TGF-§ signaling (Watanabe et al., 2010). PMEPA1 sequesters SMAD2/3 regulating the duration and in-
tensity of TGF-B responses. Moreover, it was demonstrated that using this mechanism, PMEPA1 can also
inhibit Activin signaling in frog embryogenesis perturbing mesoderm induction. It is therefore tempting to
speculate that PMEPAL1 also acts as a negative regulator of Nodal signaling during definitive endoderm
commitment. Actually, other negative regulators of Nodal signaling, in particular nodal antagonists like
CERI1, LEFTY1 and LEFTY2, have also their gene expression peeking at D3. Their role in anterior visceral
endoderm, important to establish the anterior-posterior axis, is related to the proper patterning of PS (Pe-
rea-Gomez et al., 2002) but little is known about their role in definitive endoderm. Still, CER1 has been
regarded as a marker of definitive endoderm for some time (Iwashita et al., 2013).

Several other genes that encode surface markers were identified in cluster 1 besides CXCR4, and
some of them have already been vaguely referenced as related to endoderm, like EPH.A2 (Moore-Scott et
al., 2007), CNTNAP (Cuomo et al., 2020) and ADAM79 (Scheibner et al., 2021). However, the majority
of them have never been reported as related to endoderm and only II.77RA, SORCS7, TNFRSF27 and
FAM171.A2 are endoderm specific and not shared with mesoderm datasets. Not a membrane protein but
an interesting extracellular matrix marker whose gene expression also peaks at D3 is MF.AP4, which is
involved in cell adhesion and intercellular interactions. This gene was also identified in a screening during
definitive endoderm differentiation, and their data suggest that MF.AP4 is a direct target of EOMES and
Nodal effector proteins SMAD2/3 during definitive endoderm commitment (Ong et al., 2020). In the fu-
ture, it would be interesting to access in greater detail MF.AP4 role in endoderm commitment.

Lastly, genes involved in metabolic functions in cluster 1 were also investigated (Figure 2.4). During
differentiation of hiPSCs into definitive endoderm, cells undergo a metabolic switch from glycolysis to
oxidative phosphorylation. Additionally, a recent study shows that this switch coincides with a reduction in
MYC/MYCN activity, working as developmental regulators that link metabolism to endoderm commit-
ment (CLiff et al., 2017). In agreement with that, the present analysis revealed a downregulation of MYCN
at D3. Recent evidence has shown that this metabolic switch is coupled with profound epigenetic changes
(Fang & Li, 2022). In the present analysis, the expression levels of ACOX3, that encodes an enzyme
capable to produce crotonyl-CoA during fatty acid oxidation, are particularly high at D3. This finding is in
agreement with a very recent study that shows that crotonyl-CoA-producing enzymes are enriched in en-
dodermal cells, increasing histone crotonylation and promoting endodermal gene expression (Fang et al.,
2021). In fact, knocking out ACOX3 in hESCs impairs SOX77 gene expression during differentiation and

the addition of crotonate, a short-chain fatty acid, increased endoderm differentiation efficiency. Therefore,
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it is now known that during metabolic switch the pluripotent stem cells, with high glycolysis-mediated
production of acetyl-CoA and histone acetylation, switch to oxidative phosphorylation and histone cro-

tonylation enhancing endodermal differentiation. The obtained results clearly support this idea.

Cluster 2, 3 and 4 are not being analyzed under the scope of this thesis.
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CONCLUSION

The optimization of differentiation protocols for hiPSCs uncover the precise combinations and timings
of signaling pathways necessary for specifying cell fate, a level of detail that is difficult to achieve 7z vivo due
to the complexity and dynamic nature of the embryonic environment. In this study, the stepwise optimiza-
tion of hepatic differentiation using hiPSCs is thoroughly explored. It begins with the optimization of pre-
differentiation settings such as cell matrix, cell density, and seeding methods, followed by refining endoderm
differentiation through various media and morphogen combinations. Additionally, the optimized protocol
for DE differentiation using TGF-$ and Wnt signaling laid a solid foundation for the subsequent differen-
tiation of hiPSCs into hepatocytes. Throughout the differentiation process, the expression of critical hepatic
markers including HNF4a, AFP, ALB, and AAT confirmed the successful progression to hepatocyte-like
cells. This sequential expression of markers not only validated the differentiation stages but also highlighted
the efficiency of the protocol.

The comprehensive transcriptomic analysis conducted at multiple differentiation stages provided deep
insights into the transcriptional dynamics behind endoderm specification. Identifying distinct gene clusters
that peak at different stages of differentiation unveiled novel putative regulators, signaling mediators, and
surface markers essential for hepatic development. This analysis highlighted the temporal expression pat-
terns of key regulatory genes, validating the differentiation protocol and offering a broader understanding
of the molecular mechanisms driving endoderm differentiation.

The findings of this study not only underscore the importance of optimizing differentiation protocols
for generating hiPSC-derived hepatocytes but also set the stage for future research to refine these protocols

further.
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ABSTRACT

The need for reliable 7# vitro liver models is critical for studying liver biology, disease mechanisms, and drug
toxicity. Liver organoids generated from hiPSCs present a promising solution by closely mimicking 7 vivo
liver tissue. This study aimed to optimize differentiation protocols to generate hepatic endoderm, ECs, and
STM cells from hiPSCs. The protocols were validated through marker analysis: ECs showed high
expression of CD31 and CD34, while STM cells were confirmed by the gene expression of GAT.A4, HI X1,
FOXF1, and COL4A1. Functionality of the ECs was confirmed through tube formation and Ac-LDL
uptake assays. Liver bud organoids were generated by co-culturing the three differentiated cell types and
were cultured until D20. Gene expression analysis confirmed the presence of critical hepatic markers, while
1CC revealed AFP* hepatic cells predominantly at the periphery and CD31+ ECs towards the core. Despite
their composition, the organoids exhibited a lack of complexity compared to the human developing liver.
While the generated liver organoids are vascularized, their inability to replicate key events of liver
morphogenesis indicates a need for further refinement to enhance their application as reliable i vitro liver

models.
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INTRODUCTION

It has become evident that two-dimensional differentiation methods lack the ability to accurately mimic
the intricate cell interactions that unfold during organogenesis. The emergence of 3D organoids has
emerged as a promising approach for generating complex organ-like tissues. However, the comprehension
on the impact of heterotypic interactions on lineage identity is only just beginning to take shape.

As previously mentioned, among the methodologies used for the generation of organoids, including
those employed for liver organoids, is the co-culture technique (Takebe et al., 2013). Researchers have
understood that hiPSC-derived hepatic cells, within these microenvironments, are able to diverge from the
typical two-dimensional setting expressing signature genes characteristic of liver budding (Camp et al,,
2017). Moreover, single-cell RNA sequencing not only reveled a significant similarity between the gene
expression profiles of liver organoids and fetal liver cells, but also shed light on the intricate interplay
between the different cell lineages of the organoid.

For the co-culture approach, it is necessary to bring together the cell lineages that play crucial roles in
liver development and become integral parts of the final liver structure. One of those strategies is to bring
together hepatic endoderm, ECs, and STM. This approach requires parallel differentiation of these three
cell types and their co-culture at a specific stage of differentiation. Current published work on co-culture
for liver bud organoid generation often focuses on analyzing gene expression for hepatic markers and
highlighting the functionality of the organoids. However, these studies do not explore how these three cell
types evolve over time or how they organize themselves within the organoid, thereby not demonstrating
the self-organization capability of the distinct components.

To address this, in this work the differentiation of these three cell types from hiPSCs was established,
followed by co-culture to form liver bud organoids. The differentiation process was monitored until day
20, allowing for a detailed investigation into the dynamic interactions and spatial organization within the
organoid. This comprehensive approach aimed to shed light on the mechanisms of self-organization and

the developmental processes involved in liver formation.

LIVER ORGANOIDS 83



METHODOLOGY

Maintenance of hiPSCs

In this In this work, experiments were performed using the hiPSC line iPS-DF6-9-9T.B, provided by WiCell
Bank (Wisconsin, USA). This cell line was reprogramed from foreskin fibroblasts with a karyotype 46, XY
that were collected from healthy donors using defined factors in the Laboratory of Dr. James Thomson, at
University of Wisconsin. For hiPSC culture, mTeSR™1 (STEMCELL Technologies™, #85850)
supplemented 1:200 (v/v) with penicillin/ streptomycin (Gibco™, #15140122) was used as culture medium
in six-well plates coated with Matrigel® Growth Factor Reduced Matrix (Corning®, #354230). Culture
medium was changed daily. Cell passaging was performed every three to four days when reaching a

confluency ~70% using 0.5 mM EDTA (Invitrogen™, #15575020).

Pre-differentiation of hiPSCs in adherent culture

After hiPSC expansion, cells were dissociated using 0.5 mM EDTA solution (Invitrogen™, #15575020)
for 5 min at room temperature (RT). Cells were seeded onto 12-well culture plates coated with iMatrix-511
(Nippi/ Matrixome®, #NP892-011) at a cell density of 4x105 cells/ well. mTeSR™1 (STEMCELL
Technologies™, #85850) supplemented 1:200 (v/v) with penicillin/ streptomycin (Gibco™, #15140122)
was used as culture medium, changed daily until a confluence of 90-95% was achieved. This procedure was

followed for hepatic endoderm, ECs and STM differentiation.

Hepatic endoderm differentiation in adherent culture

For hiPSC differentiation into hepatic endoderm, Roswell Park Memorial Institute (RPMI) 1640 medium
(Gibco™, #21875034) was used as basal medium. RPMI was supplemented with 1% (v/v)
B-27™ minus insulin (Gibco™, #A1895601) and supplemented 1:200 (v/v) with penicillin/ streptomycin
(Gibco™, #15140122). At DO, basal medium was supplemented with 100 ng/mL of Activin A (PeproTech,
#120-14P) and 2 pM of CHIR (Stemgent™, #04-0004). At D1, medium was again supplemented with 100
ng/mL of Activin A. After hiPSC differentiation into definitive endoderm, at D3, cells were refreshed with
basal medium supplemented with 10 ng/mL of FGF2 (PeproTech, #100-18B) and 20 ng/mL of BMP4
(PeproTech, #120-05ET). Cells were cultured until D6 or D7 of differentiation. Working volume

throughout differentiation was 1 mL per well.

Endothelial cell differentiation in adherent culture

For hiPSC differentiation into mesoderm, DMEM/F12 GlutaMAX™ (Gibco™, #31331028) was used as
basal medium supplemented with 1% (v/v) B-27™ minus insulin (Gibco™, #A1895601), from DO to D2
of differentiation. At DO medium was supplemented with 6 uM of CHIR (Stemgent™, #04-0004) and 25
ng/mL of BMP4 (PeproTech, #120-05ET). At D2, cells were refreshed with basal medium. After hiPSC
differention into mesoderme, at D3, cells were refreshed with StemPro-34 SFM medium (Gibco™,

#10639011) supplemented with 100 ng/ml of VEGF (PeproTech, #100-20) and 2 uM of forskolin
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(Sigma-Aldrich®, #F3917). Next day, cells were refreshed with same combination. At D5, cells were
replated in 12-well culture plates coated with iMatrix-511 (Nippi/ Matrixome®, #NP892-011) at a cell
density of 1x105 cells/well (2.5x104 cells/cm?). From D5, cells were refreshed every other day with
StemPro-34 SFM medium supplemented with 50 ng/mlL of VEGF. Working volume throughout

differentiation was 1 mL per well.

Septum transversum mesenchyme differentiation in adherent culture

For hiPSC differentiation into mesoderm, see steps from DO to D2 of endothelial cell differentiation. After
hiPSC differention into mesoderme, at D3, cells were refreshed with DMEM/F12 GlutaMAX™
supplemented with 1% (v/v) B-27™ minus insulin. Medium was supplemented with 2 ng/ml. activin A
(PeproTech, #120-14P) and 10 ng/ml PDGF-BB (PeproTech, #120-14B). At D6, medium was replaced
for StemPro-34 SFM medium (Gibco™, #10639011) supplemented with 10 ng/mL of FGF2 (PeproTech,
#100-18B) and 10 ng/ml PDGF-BB. Cells were kept in culture until D8 or D9 of differentiation. Working

volume throughout differentiation was 1 mL per well.

Immunocytochemistry

For sample preparation, aggregates were fixed in 4% (v/v) PFA (Sigma-Aldrich®) at 4°C for 30 minutes.
After PFA removal, cells were stored in PBS at 4°C until further analysis. Aggregates were then incubated
in 15% (m/v) sucrose in PBS at 4°C overnight, embedded in a 7.5%/15% gelatin/sucrose mixture, and
frozen in isopentane at -80°C. Aggregates were sectioned at 12 um using a cryostat-microtome (Leica
CM3050S, Leica Microsystems), collected on Supetrfrost™ Microscope Slides (Thermo Scientific), and
stored at -20°C. Before staining, sections were de-gelatinized in PBS at 37°C for 45 minutes. The sections
were then incubated in 0.1 M glycine (Merck Millipore) for 10 minutes at room temperature (RT) to remove
PFA residues, permeabilized with 0.1% (v/v) Triton X-100 (Sigma-Aldrich®) in PBS at RT for 10 minutes,
and blocked with 10% (v/v) fetal goat serum (FGS, Gibco™) in TBST (20 mM Tris-HCI pH 8.0, 150 mM
NaCl, and 0.05% (v/v) Tween-20, Sigma-Aldrich®) at RT for 30 minutes. The sections were then incubated
with primary antibodies diluted in 10% FBS in TBST solution at 4°C overnight (Table 3.1). Following
primary antibody incubation, secondary antibodies were applied for 30 minutes at RT, and nuclear
counterstaining was performed using 1.5 pg/mL 4°,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich®) in
PBS at RT for 5 minutes. Images were acquired using a LSM 710 Confocal Laser Point-Scanning
Microscope (Zeiss), and data analysis was conducted using ZEN Imaging Software (Zeiss) and Image]

Software.

Table 3.1 — List of antibodies used in flow cytometry (FC) and immunocytochemistry (ICC).

Target Brand Reference Host Specie Isotype Dilution
AFP Sigma-Aldrich AB452 Mouse 1gG2a 1:500 (ICC)
CD31 Dako M0823 Mouse IgG1 1:50 (ICC), 1:50 (FC)
CD34 PerCP-Cy™S5.5. BD 347222 Mouse IgG1 1:50 (FC)
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Flow cytometry of extracellular markers

Cells were washed twice with PBS and re-suspended in primary antibody (Table 3.1) diluted in FACS buffer,
and incubated for 30 minutes at RT. After incubation, cells were washed with PBS and re-suspended in
secondary antibody diluted in FACS buffer for another 15 minutes, at RT in the dark. For conjugated
antibodies, a single incubation period of 20 minutes at RT in the dark was performed. Finally, cells were

washed twice with PBS and re-suspended to a final volume of 300 pL per FACS tube.

Quantitative real time (qRT)-PCR

For sample collection at selected time points, culture medium was removed and cells were washed with
PBS. Then cells were incubated with Accutase® solution (Sigma-Aldrich®, #A6964) in the case of hiPSCs
ot 0.25% (v/v) trypsin-EDTA (Gibco™, #R001100) in PBS for differentiated cells, both at 37°C for 7
min. Culture medium was added to inactivate enzymatic digestion and cells were homogenized and
centrifuged at 200 xg for 3 min. The cell pellet was washed with PBS and centrifuged again at 200 xg for 3
min. After removing the PBS, cell pellet was stored at -80°C until further analysis. Total RNA was extracted
from samples using the High Pure RNA Isolation Kit (Roche, #11828665001) following the provided
instructions. RNA was quantified using a nanodrop and 1 pg of RNA was converted into cDNA with the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems™, #4368814) also following the
provided instructions. PCR reactions were run using SYBR Green Master Mix (Nzytech, #MB22303).
Reactions were run in triplicate using ViiA™ 7 Real-Time PCR Systems (Applied Biosystems™) and data
were analysed using QuantStudio™ Real-Time PCR Software (Applied Biosystems™). The analysis was
performed using the AACt method and values were normalized against the expression of the housekeeping

gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Table 3.2 — List of primers used in qRT-PCR analysis.

Gene Primer (57>3")
FW: GAGTCAACGGATTTGGTCGT
GAPDH
RV: TTGATTTTGGAGGGATCTCG
FW: GGCAGATTCGGACCACTAGG
COL4A1
RV: GCGTCTGTGGCAATACTAGC
FW: CGGAAGCCCAAGAACCTGAATAAAT
GATA4
RV: ACTGAGAACGTCTGGGACACG
FW: AGCGAGTTCATGTTCGAGGAG
FOXF1
RV: TGAAGCCGAGCCCGTTCAT
FW: CGGAAGCCCAAGAACCTGAATAAAT
HLX1
RV: ACTGAGAACGTCTGGGACACG
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Tube formation assay
For tube formation assay, 2x10"4 hiPSC-ECs were cultured on 96-wells coated with Matrigel standard
formulation 356234 (50ul./well). Cells wete cultured in StemPro-34 SFM medium (Gibco™, #10639011).

The observation of the tube formation was compared with hiPSCs as a negative control. After incubation

for 4 h at 37°C, imaging was performed using an optical microscope DMI 3000B (Leica) with a digital
camera DXM 1200F (Nikon).

Liver bud organoid co-culture

To generate liver bud organoids, a co-culture of hiPSC-derived hepatic endoderm, hiPSC-ECs, and hiPSC-
STM was performed at a ratio of 10:7:2, targeting 1140 cells per aggregate. The cells were resuspended in a
mixture 1:1 of endothelial cell growth medium (EGM) BulletKit™ (Lonza, #CC-3124) and hepatocyte
culture medium (HCM) BulletKit™ (Lonza, #CC-3198) without the addition of human epidermal growth
factor (hHEGF). Medium was supplemented with 10 ng/mL of oncostatin M (OSM, R&D Systems™, #295-
OM), 0.1 uM of dexametasone (Dex, Sigma-Aldrich®, #D4902) and 20 ng/mL of hepatic growth factor
(HGF, Sigma-Aldrich®, #H1404). The suspension was plated in AggreWell™ 800 wells (STEMCELL
Technologies, #34815). To prevent cell adhesion, wells were treated with anti-adherence rinsing solution
(STEMCELL Technologies, #07010) prior to cell culture and according to manufacturer instructions. The

medium was refreshed every 3 days with the same composition as the seeding day.
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RESULTS AND DISCUSSION

3.1. Successful establishment of differentiation protocols for endothelial and
septum transversum mesenchyme cells from hiPSCs

Similarly to the DE protocol optimization, a protocol was developed to generate ECs from hiPSCs,
drawing inspiration from previous studies (Patsch et al., 2015; Takebe et al., 2017). This protocol aimed to
differentiate hiPSCs through a series of stages: PS, mesoderm, and finally, an EC-like state (Figure 3.1A).
The differentiation procedure started with the induction of PS and mesoderm using CHIR99021 and
BMP4. Adjustments were made to the concentrations of these factors to improve differentiation efficiency,
specifically the concentration of CHIR99021 for mesoderm induction and VEGF for endothelial
specification. Particularly, VEGF concentrations were lowered from 200 to 100 ng/mlL at days 3 and 4,
maintaining efficiency in terms of CD31 expression. The hiPSCs subjected to the full differentiation
program were assessed by FC analysis and ICC staining (Figure 3.1C, 3.1D), revealing high expression of
EC markers like CD31 and CD34, with 81% co-expression at D8. This high level of co-expression indicates
successful differentiation into ECs, validating the adjustments made to the protocol.

To evaluate the functionality of the derived ECs, two key assays were performed: tube formation and
uptake of acetylated low-density lipoprotein (Ac-LDL). Tube formation assays assess the ability of ECs to
form capillary-like structures iz vitro, a critical feature of functional ECs. The positive results in the tube
formation assay (Figure 3.1E) demonstrated that the differentiated cells could organize into vascular
structures, indicating their functional capability. Similarly, the Ac-LDL uptake by the differentiated ECs
further confirmed the functionality of the ECs by demonstrating their capacity to endocytose modified
LDL, a characteristic trait of endothelial cells (Figure 3.1F).

To differentiate hiPSCs into STM cells, the protocol followed by Takebe was reproduced in this work
(Takebe et al., 2017). This approach mirrors the initial steps used in differentiating hiPSCs into ECs, as it
also progresses through the PS and mesoderm stages (Figure 3.2A). This protocol was adapted by Takebe
from a method originally designed for the differentiation of hiPSCs into smooth muscle cells (Patsch et al.,
2015). From the mesoderm stage, the protocol employed platelet-derived growth factor-BB (PDGF-BB)
and Activin A were used to guide cells into a smooth muscle fate. These morphogens have shown to
promote this phenotype (Chan et al., 2010). The differentiation was carried out until D8 or D9 of
differentiation. To assess the efficiency of differentiation into STM-like cells, the expression of specific
genes associated with STM was analyzed using qRT-PCR (Figure 3.2C). The expression levels of GAT A4,
HI X1, FOXF1, and COLA4AT were confirmed, indicating successful differentiation.

Finally, the hepatic endoderm was differentiated from hiPSCs following the protocol previously
optimized but only until D6 of differentiation (Figure 3.3). Previous studies identified by transcriptomic
analysis cells that optimal generation of liver organoids by co-culture was obtained when the hepatic
component expressed TBX3 and ADRATB. In the differentiation process optimized in this work, TBX3
already presents heigh levels of expression at D7 (Figure 2.3B).
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Figure 3.1. Differentiation of hiPSCs into ECs. (A) Schematic representation of the established differentiation protocol for
ECs. (B) Bright-field image of hiPSC-ECs at D8 of differentiation. (C) ICC for CD31 at D8 of differentiation. (D) Differentiation
efficiency at D5 and D8 by flow-cytometry analysis for CD31 and CD34. (E) ECs functionality assessment by tube formation
assay at D8. Image after 4h of incubation at 37°C in Matrigel®. (F) Assay for uptake of Ac-LDL. Scale bars = 50 um.
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Figure 3.1. Differentiation of hiPSCs into STM cells. (A) Schematic representation of the established differentiation protocol
for STM. (B) Bright-field image of hiPSC-STM at D8 of differentiation. (C) Gene expression assessed by gRT-PCR at DO and D9
for STM genes GATA4, HI.X1, FOXF1, COL4A1. The analysis was performed using the ACt method. The values were
normalized against the expression of the housekeeping gene GAPDH. n=3.
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Figure 3.3. Differentiation of hiPSCs into hepatic endoderm. (A) Schematic representation of the established differentiation

protocol for hepatic endoderm, based on previously optimized method for differentiation of hepatocytes.

3.1. Generation of liver bud organoids by co-culture demonstrates lack of
complexity when compared to in vivo liver bud structure

After establishing the three distinct differentiation protocols for hepatic endoderm, ECs, and STM, the
generation of liver bud organoids was initiated through co-culture. This process involved mixing the three
cell types in a specific ratio of 10:7:2 using microwells, with the organoids being cultured until D20.

To characterize the generated liver bud organoids, gene expression analysis of key hepatic markers was
performed, confirming the expression of important later-stage hepatic genes. These findings indicate
successful differentiation and maturation of hepatic cells within the organoids, underscoring their hepatic
identity. Additionally, ICC on D20 cryosections of the organoids revealed AFP* and ALB* hepatic cells
primarily situated at the periphery of the organoids, while CD31+ ECs were concentrated towards the core
(Figure 3.4). This spatial organization contrasts with observations from Takebe's work, where ICC images
of the whole organoid suggested a more intermixed arrangement of hepatic cells and ECs (Takebe et al.,
2017), although the specific day of differentiation was not specified.

While the generated organoids are obviously vascularized, they exhibit a lack of refined spatial
organization when compared to the 7z vivo liver bud morphology. Furthermore, the process of generating
liver bud organoids through co-culture is inherently laborious and time-consuming. It necessitates the
simultaneous differentiation of three distinct cell types, which must be coordinated to reach specific
developmental stages suitable for co-culture. This complexity requires precise timing and extensive

optimization to ensure all cell types are prepared concurrently.
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Figure 3.2 — Liver bud organoids generated by co-culturing different cell types of the developing liver.
(A) Schematic representation of the co-culture of hepatic endoderm, ECs and STM to generate liver bud organoids. (B) Bright-
field image of liver bud organoids at D8 and D20 of differentiation. (C) ICC for AFP, ALB and CD31 of aggregate cryosections
at D20. Different organoids are depicted.
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CONCLUSION

The establishment of three distinct differentiation protocols for hepatic endoderm, ECs, and STM cells
enabled the generation of liver bud organoids through co-culture. This method involved precise mixing
ratios and culture conditions to maintain organoid viability and functionality. The characterization of these
organoids revealed successful expression of key hepatic markers and distinct spatial organization, with
AFP+ and ALB* hepatic cells at the periphery and CD31*+ ECs in the core. Despite these achievements,
the generated organoids exhibited a lack of refined spatial organization compared to 7 vivo liver buds. This
highlights the need for further optimization in the generation process. Additionally, the labor-intensive and
time-consuming nature of co-culturing three cell types simultaneously presents challenges that must be
addressed to streamline and enhance the reproducibility of liver organoid production. Although the current
organoids present vascularization, their inability to replicate key events of liver morphogenesis underscores
a critical area for improvement in future studies, aiming to better mimic the intricate architecture and

functionality of native liver tissue.
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ABSTRACT

This study introduced a co-emergence strategy for recreating liver morphogenesis, producing liver bud
organoids with unprecedented complexity in a dynamic suspension culture. This approach contrasts with
traditional co-culture methods. By varying activin A concentrations, differential morphological and differ-
entiation outcomes were achieved: the 10 ng/mL condition fostered postetior foregut-like structures, while
the 100 ng/mL condition promoted extensive endodermal differentiation. Extended cultures up to D40
revealed advanced hepatic structures, including pseudostratified epithelia with HNF4a* hepatoblasts,
LHX2* STM, and WT1* hepatic mesothelium, generating liver bud organoids and effectively mimicking 7
vivo liver development. Vascularization was confirmed by CD31* ECs and the emergence of gene expres-
sion markers characteristic of hepatic-specific ECs. Balancing nutrient supply and paracrine factor retention
proved critical, as frequent medium refreshes reduced hepatic marker expression. This research successtully
demonstrates 7z vitro liver morphogenesis, creating complex liver bud organoids with significant potential

for tissue engineering and biomedical applications.
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INTRODUCTION

As discussed in the previous chapter, liver organoids generated through co-culture methods still lack
structural organization and their production is quite labor-intensive. An emerging strategy in the literature
is the generation of organoids from a homogeneous starting cell population of hiPSCs, referred to here as
the co-emergence strategy. In the context of liver organoids, the idea is that within a single hiPSC aggregate
the different cell types that constitute the developing liver will co-emerge and self-organize between them-
selves to form a liver organoid. This strategy enables the replication of 7z vivo morphogenesis where cell
differentiation and spatial organization occur in a coordinated manner. As a result, it leads to the formation
of a liver organoid that more accurately reflects the cellular composition and structural intricacy of the
developing liver. Additionally, by enabling the spontaneous and synchronized emergence of various liver
cell types within a controlled environment, the co-emergence strategy can potentially produce organoids
that are more physiologically relevant. Such organoids can provide valuable models for studying liver de-
velopment, disease mechanisms, and drug responses. Moreover, the streamlined nature of this approach
may enhance reproducibility and scalability, making it more feasible for large-scale applications.

Although there are already some examples in the literature of liver organoids generated through this
method (Ouchi et al., 2019; Wu et al., 2019), the full potential of the co-emergence strategy remains to be
thoroughly explored. Further investigation is needed to optimize the conditions that promote effective
differentiation and organization of multiple cell lineages within hiPSC aggregates. Investigating the signaling
pathways and environmental factors that influence these processes will be crucial for refining the co-emer-
gence strategy.

Itis now a central dogma in modern developmental biology that one of the most important mechanisms
in cell fate specification involves gradients of morphogens regulating gene expression (Rogers & Schier,
2011). This idea can be traced back to the so-called reaction-diffusion model published by Alan Turing in
his work ‘T'he Chemical Basis of Morphogenesis’ in 1952 (Turing, 1952), which provided a mathematical expla-
nation for how patterns can naturally emerge through the interaction of diffusible chemicals. This theoret-
ical framework was pivotal in understanding spatial patterning in developing tissues. Subsequently, in 1969,
Lewis Wolpert's French flag model expanded on this concept (Wolpert, 1969), using the analogy of the
French tricolor flag to explain how cells interpret positional information from morphogen gradients to
differentiate into specific cell types, depending on the morphogen concentrations they are exposed to (Fig-
ure 4.1). Building on these foundational models, John Gurdon's work in 1994 demonstrated practical ap-
plications of morphogen gradients using Xengpus as model organisms (Gurdon et al., 1994). Gurdon showed
that the selection of genes activated in a cell is determined by its distance from a source of a certain inducer,
and hence, the concentration of the inducer. He also demonstrated that this signal is transmitted by passive
diffusion rather than by cell-to-cell amplification. Specifically, his experiments with activin-secreting beads
revealed that high concentrations of activin induced the expression of the goosecoid gene, while lower con-

centrations activated the Xbra gene, the equivalent to the human gene T (Figure 4.2). These studies
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collectively highlight the critical role of morphogen gradients in regulating gene expression and determining
cell fate during development.

Wolpert 1969

=
X

2

Amount of morphogen

Low High
Distance from source

L 0P0

Figure 4.1. French flag model by Lewis Wolpert. The model created by Wolpert in 1969 describes the formation of three cell

types in response to a morphogen gradient: a paracrine morphogen (black dots) is secreted by some given source cells, creating a
concentration gradient across an adjacent tissue. Cells exposed to high morphogen levels (above threshold 1) activate specific genes
(brown). Intermediate morphogen levels (between thresholds 1 and 2) lead to activation of different genes (yellow). Cells in low
morphogen areas (below threshold 2) activate another distinct set of genes (blue). This gradient establishes multiple cell fates and
positional information in the tissue. Image after Rogers and Schier 2011.
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Figure 4.2. Concentration-dependent gene expression in Xeropus by Gurdon. A gradient of the paracrine factor activin A, a
morphogen, induces concentration-dependent expression of two genes in unspecified amphibian cells (Xengpus). Beads containing
activin A led to goosecoid expression in the cells proximal to the source, while cells further away expressed Xbra. This suggests that
high concentrations of activin A activate goosecoid, whereas lower concentrations activate Xbra. A threshold concentration deter-
mines whether a cell will express goosecoid, Xbra, or neither gene (left diagram after Gurdon et al, 1994). Based on this information,
it can be hypothesized that a reverse pattern can be observed in hiPSCs aggregates exposed to an external source of activin A.
Additionally, if the concentration is sufficiently high, the entire aggregate is expected to express goosecoid.

Within this framework, exploring the significance of TGF-8 signaling could be an interesting approach,
since it plays a pivotal role in endoderm differentiation. As mentioned above, Activin A, a member of the
TGF-8 superfamily, has been utilized to create gradients that induce different cell types from pluripotent
cells. For instance, high concentrations of activin A tend to induce endodermal differentiation, while lower
concentrations favor mesodermal outcomes. As a reverse model from Gurdon’s experiments, it is here

hypothesized that hiPSCs aggregates exposed to different concentrations of activin A will be differently

patterned into endodermal and mesodermal fate. This can be of particular interest for liver organoid
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generation, since the liver is a complex organ derived primarily from the endoderm, but with critical con-
tributions from the mesoderm during its developmental path. Achieving a realistic mimicry of the liver
architecture requires a balanced differentiation of hepatoblasts (from the endoderm) and the simultaneous
development of vascularization and stromal components (from the mesoderm). Modulating the concentra-
tion of activin A can potentially demonstrate how to achieve this balance, supporting the co-emergence of
parenchymal and non-parenchymal cell types and fine-tuning the final organoid composition. Ultimately,
this approach has the intention to manipulate the processes of organogenesis in a controlled yet complex
environment. This idea of generating liver organoids through co-emergence by modulating initial activin A

concentrations will be the focus of this chapter.
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METHODOLOGY

Maintenance of hiPSCs

In this work, experiments were performed using the hiPSC line iPS-DF6-9-9T.B, provided by WiCell Bank
(Wisconsin, USA). This cell line was reprogramed from foreskin fibroblasts with a karyotype 46, XY that
were collected from healthy donors using defined factors in the Laboratory of Dr. James Thomson, at
University of Wisconsin. An additional hiPSC line was used for results validation, the hiPSC line
F002.1A.13, derived from a healthy female donor and provided by TCLab (Tecnologias Celulares para
Aplicacio Médica, Unipessoal, Lda.). For hiPSC culture, mTeSR™1 (STEMCELL Technologies™,
#85850) supplemented 1:200 (v/v) with penicillin/streptomycin (Gibco™, Thermo Fisher Scientific,
#15140122) was used as culture medium in six-well plates coated with Matrigel® Growth Factor Reduced
Matrix (Corning®, #354230). Culture medium was changed daily. Cell passaging was performed every three
to four days when reaching a confluency ~70% using 0.5 mM EDTA (Invitrogen™, Thermo Fisher Sci-
entific, #15575020).

Liver Organoid Generation

Before inoculation, cells were incubated with 10uM ROCKi Y-27632 (STEMCELL Technologies™,
#72304) for 1h at 37°C and then treated with Accutase® solution (Sigma-Aldrich®, #A6964) for 7 min at
37°C. After dissociation, cells were added to the vertical-wheel bioreactor PBS Mini 0.1L (PBS Biotech,
USA) at a density of 250 000 cells/mL in 60 mL of mTeSR™1 supplemented with 10pM ROCKi. To
promote cell aggregation an agitation speed of 27 rotations per minute (rpm) was used. After 24h and 48h,
full volume of the medium was replaced and aggregates were maintained in mTeSR™1 without ROCKi at
an agitation speed of 25 rpm. For hiPSC differentiation into definitive endoderm, Roswell Park Memorial
Institute (RPMI) 1640 medium (Gibco™, #21875034) was used as basal medium. RPMI was supplemented
with 1% (v/v) B-27™ minus insulin (Gibco™, #A1895601) and supplemented 1:200 (v/v) with penicillin/
streptomycin (Gibco™, #15140122). At DO of differentiation, basal medium was supplemented with 10
ng/mL or 100 ng/mL of Activin A (PeproTech, #120-14P) and 6 uM of CHIR99021 (CHIR, Stemgent™,
#04-0004). Agitation speed was changed to 30 rpm. At day 1 basal medium was again supplemented with
10 ng/mL or 100 ng/mL of Activin A. Agitation speed was changed to 33 rpm. After hiPSC differentiation
into definitive endoderm, cells continued to be cultured in RPMI 1640 medium supplemented with 1%
(v/v) B-27™ minus insulin and 1:200 (v/v) with penicillin/ streptomycin, from D3 to D5 of differentiation.
At D3, for hepatic induction, medium was additionally supplemented with 10 ng/mL of FGF2 (PeproTech,
#100-18B) and 20 ng/mL of BMP4 (PeproTech, #120-05ET). From D6 to D20, cells were refreshed every
three days with hepatocyte culture medium (HCM) BulletKit™ (Lonza, #CC-3198) without the addition
of human epidermal growth factor (hEGF). Medium was supplemented with 10 ng/mL of oncostatin M
(OSM, R&D Systems™, #295-OM), 0.1 uM of dexametasone (Dex, Sigma-Aldrich®, #D4902) and 20
ng/mL of hepatic growth factor (HGF, Sigma-Aldrich®, #H1404).
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Immunocytochemistry

For sample preparation, aggregates wete fixed in 4% (v/v) PFA (Sigma-Aldrich®) at 4°C for 30 minutes.
After PFA removal, cells were stored in PBS at 4°C until further analysis. Aggregates were then incubated
in 15% (m/v) sucrose in PBS at 4°C overnight, embedded in a 7.5%/15% gelatin/sucrose mixture, and
frozen in isopentane at -80°C. Aggregates were sectioned at 12 um using a cryostat-microtome (Leica
CM3050S, Leica Microsystems), collected on Supetfrost™ Microscope Slides (Thermo Scientific), and
stored at -20°C. Before staining, sections were de-gelatinized in PBS at 37°C for 45 minutes. The sections
were then incubated in 0.1 M glycine (Merck Millipore) for 10 minutes at room temperature (RT) to remove
PFA residues, permeabilized with 0.1% (v/v) Triton X-100 (Sigma-Aldrich®) in PBS at RT for 10 minutes,
and blocked with 10% (v/v) fetal goat serum (FGS, Gibco™) in TBST (20 mM Tris-HCI pH 8.0, 150 mM
NaCl, and 0.05% (v/v) Tween-20, Sigma-Aldrich®) at RT for 30 minutes. The sections were then incubated
with primary antibodies diluted in 10% FBS in TBST solution at 4°C overnight (Table 4.1). Following
primary antibody incubation, secondary antibodies were applied for 30 minutes at RT, and nuclear coun-
terstaining was performed using 1.5 pg/mL 4°,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich®) in PBS
at RT for 5 minutes. Images were acquired using a LSM 710 Confocal Laser Point-Scanning Microscope

(Zeiss), and data analysis was conducted using ZEN Imaging Software (Zeiss) and Image] Software.

Quantitative real time (QRT)-PCR

Total RNA from cells of dissociated liver organoids was extracted using High Pure RNA Isolation Kit
following the provided instructions. RNA was quantified using a nanodrop and 1 pg of RNA was converted
into cDNA with High Capacity cDNA Reverse Transcription Kit (Applied Biosystems™/ Thermo Fisher
Scientific) also following the provided instructions. PCR reactions were run using SYBR Green Master Mix
(Nzytech). Reactions were run in triplicate using ViiA™ 7 Real-Time PCR Systems (Applied Biosystems™/
Thermo Fisher Scientific) and data were analysed using QuantStudio™ Real-Time PCR Softwate (Applied
Biosystems™/ Thermo Fisher Scientific). The analysis was performed using the AACt method and values
were normalized against the expression of the housekeeping gene glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH). List of primers on Table 4.2.

Metabolite Analysis
The concentrations of glucose and lactate were analyzed before and after each medium change in. Samples
were centrifuged for 10 min to remove dead cells and debris. Glucose and lactate levels were then measured

using a multi-parameter analyzer (YSI 7100MBS, Yellow Springs Instruments).
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Table 4.1. List of antibodies used in ICC.

Target Brand Reference Host Specie Isotype Dilution
SOX17 Abcam ab84990 Mouse IgG1 1:100
TBX3 Abcam ab99302 Rabbit IeG 1:100
HNF4a Santa Cruz Biotech. sc-374229 Mouse IgG1 1:50
AFP Sigma-Aldrich A8452 Mouse 1gG2a 1:500
CK19 Abcam ab52625 Rabbit IeG 1:200
LHX2 Abcam ab184337 Rabbit IeG 1:200
WT1 Abcam ab89901 Rabbit IeG 1:50
Laminin Abcam ab11575 Rabbit IeG 1:400
CD31 Dako MO0823 Mouse IeG 1:50
Desmin Santa Cruz Biotech. sc-271677 Mouse 1gG2a 1:50

Table 4.2. List of primers used in qRT-PCR analysis.

Gene Primer (57>3")
GAPDH FW: GAGTCAACGGATTTGGTCGT
RV: TTGATTTTGGAGGGATCTCG
FW: CTCCGGTGTGAATCTCCCC
SOXI7 RV: CACGTCAGGATAGTTGCAGTAAT
FW: TTACCAAGTCGGGAAGGCGAAT
B RV: CATCCTCTTTGGCATTTCGGGG
FW: GATCCTGAGTGACATGCGAAGC
R RV: GTAACCTCGGACCTGCTCATCT
FW: GGGCTCTCCTTGTCGCTCATAAA
FROXI RV: GGTAATGCATCTGTTGAACTTTACGTC
FW: GAGCGATCCAGGGAAGATCA
HNFa RV: CATACTGGCGGTCGTTGATG
FW: CTTTGGGCTGCTCGCTATGA
AP RV: GCATGTTGATTTAACAAGCTGCT
FW: ACCCCACACGCCTTTGGCACAA
ALB RV: CACACCCCTGGAATAAGCCGAGCT
CYP3A4 FW: AAGTGTGGGGCTTTTATGATGGT

RV: GGTGAAGGTTGGAGACAGCAATG
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RESULTS AND DISCUSSION

4.1. Varying activin A concentrations differentially influence hiPSC aggregate
morphology during hepatic differentiation

To delve deeper into the effect of exposing hiPSC aggregates to varying concentrations of activin A, the
selection of a platform able to generate aggregates with homogeneous sizes and homogenous activin distri-
bution is a critical parameter. In fact, even the aggregation method can create a lineage bias (Xie et al., 2017).
Taking that into consideration, a vertical-wheel bioreactor from PBS Biotech, particularly the PBS Mini
0.1L (hereinafter referred to as PBS Mini), was selected for its ability to create a controlled and consistent
culture environment. Vertical-wheel bioreactors are ideal for generating uniform cell aggregates due to their
gentle and efficient stirring mechanism (Nogueira et al., 2019). The large vertical wheel ensures thorough
radial and axial mixing, while the U-shaped bottom design minimizes dead zones and cell settling, thereby

providing a uniform exposure to nutrients and signaling molecules (Figure 4.3).

Figure 4.3. Vertical-wheel bioreactor PBS Mini 0.1L by PBS Biotech. Vertical-wheel bioreactors are designed for single use
and ensure a consistent culture environment through gentle and efficient stirring. These bioreactors employ a large vertical wheel
to achieve radial and axial mixing, while the U-shaped bottom prevents dead zones and limits cell settling. This design allows for
lower agitation speeds, reducing sheat stress on cells. Magnetic coupling between the impellet's magnets and the base unit dtives
the agitation, resulting in effective and gentle mixing.

In this study, the PBS mini was used as a starting point for the liver organoid culture, where hiPSC
aggregation was promoted to generate 3D aggregates. The process began with a single-cell inoculation
density of 250,000 cells per mL in a final volume of 60 mL of mTeSR1 medium, agitated at 27 rpm. At 24h,
homogeneous aggregates were formed. Achieving a specific aggregate diameter is crucial for creating a
spatial gradient of morphogen concentrations within the aggregates. For instance, a previous study sug-
gested that a diameter of around 280-300 pm would be optimal for mesendoderm induction (Branco et al.,
2019). Therefore, the aim was to produce aggregates with a diameter close to this range, typically achieved
by the third day of pre-differentiation.

The differentiation protocol followed for liver organoid generation was adapted from the previously
optimized protocol applied in the adherent culture (Figure 4.4A). However, to explore the differential pat-

terning within the aggregates, two concentrations of activin A were selected, 10 ng/mL and 100 ng/mlL,
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hiPSCs hiPSCs Liver Organoids

10 ng/ mL Activin A

Figure 4.4. hiPSC aggregate morphology during hepatic differentiation. (A) Schematic representation of the established
hepatic differentiation for liver organoid generation. Activin A concentration tested: 10 ng/mL and 100 ng/mL. (B),(C) Bright-
field images demonstrating aggregate morphology at selected timepoints of differentiation from DO to D20. Scale bars represent
300 pm.
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each one being applied at DO and D1 of differentiation in separate bioreactors. By systematically varying
activin A concentrations, the aim was to observe the resulting differentiation patterns and the spatial or-
ganization of the cell types within the aggregate. The differentiation was carried out for 20 days in the PBS
Mini and samples were collected at selected timepoints. When starting to compare the differences between
10 ng/mL and 100 ng/mL of activin A, the morphology of the aggregates during the differentiation process
was the first sign that these different concentrations were leading to different cell products (Figure 4.4B
and 4.4C). It was observed that cell aggregates treated with 10 ng/mL of activin A began to increasingly
develop cystic regions, particularly noticeable in the last stages of differentiation. These cystic regions, or
cavities, were typically spherical or oval in shape and most likely lined by a layer of epithelial cells. In con-
trast, aggregates treated with 100 ng/mL of activin A exhibited a denser morphology overall. However,

around D18-D20, these aggregates reveled a reticulated organization within their interior.

4.2. Activin A concentration gradients drive spatial patterning and
endodermal differentiation within hiPSC aggregates

To determine whether varying activin concentrations resulted in distinct patterning within the aggre-
gates, ICC was performed on cryosections of the aggregates at D3 of differentiation (Figure 4.5A). The
images depict the results for SOX17 staining, a well described endodermal marker. With a higher concen-
tration of 100 ng/mL activin A, the image showed more extensive and intense SOX17 staining across the
aggregate. This indicates a stronger and more widespread induction of endodermal differentiation. With a
lower concentration of 10 ng/mL activin A, it was possible to notice that only the peripheral cells of the
aggregate stain for SOX17. This indicates that fewer cells had undergone endodermal differentiation com-
pared to the higher concentration. In the context of Lewis Wolpert’s theory, activin A diffusion can be seen
as creating a gradient of positional information where cells differentiate accordingly. With a concentration
of 100 ng/mL the entire hiPSC aggregate is exposed to high concentrations of activin A, differentiating a
significant part of the cells into the endoderm lineage. Conversely, with a concentration of 10 ng/ mL, only
the cells in the outer region were exposed to a given morphogen level capable of surpassing the necessary
threshold for a cell to be induced into an endodermal fate. Cells in the interior of the aggregate wwhere ere

most likely experiencing lower concentrations of activin A and might become mesodermal cells. This spatial

Figure 4.5. Activin A concentration-dependent spatial patterning. (A) ICC for SOX17 (endoderm marker) and (B) for TBX3

(hepatic endoderm marker) of aggregate ctyosections at D3 and D6 of differentiation, respectively. For both markers 10 ng/mL

nd 100 ng/mL of activin A conditions are represented.
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patterning is crucial for the correct formation of tissues that require interactions between different cell
types, such as the liver. In fact, this approach can validate both Lewis Wolpert's theory of positional infor-
mation and Alan Turing's reaction-diffusion theory in a 3D culture system, just like Gurdon did using a
Xengpus model. The observation that cells within the aggregate differentiate in distinct patterns, influenced
by the concentration gradients of activin A, clearly supports the idea that reaction-diffusion mechanisms
are at play. Moreover, it was possible to understand that this patterning was preserved in the following days
of differentiation by accessing the presence of TBX3 at D0, an early hepatic marker (Figure 4.5B). After
the addition of FGF2 and BMP4, only the regions initially patterned for endoderm proceed the differenti-
ation into a hepatic fate, resulting in an aggregate mostly composed of hepatic endoderm for the 100 ng/mL
condition, versus an aggregate here only the peripheral cells constituted hepatic endoderm for the 10 ng/mL
condition.

A 10 ng
D3

Figure 4.6. Reproducibility of the Activin A concentration gradients. ICC for SOX17 (endoderm marker) of aggregate cryo-
sections at D3 of differentiation, for both (A) 10 ng/mL and (B) 100 ng/mL of activin A. SOX17 staining also analyzed at D3 for
10 ng/mL activin A condition for (C) TCLab hiPSC line and (D) H9 ESC line.

It is also important to mention that the results for SOX17 were remarkably reproducible, as the pattern
was consistently observed across all analyzed cryosections from both the same experiment and different
experiments (Figure 4.6A and 4.6B). This consistency was maintained regardless of the cell lines used,

whether it was the hiPSC line DF6 under analysis or different cell line tested, the hiPSC line TCLab and
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the ESC line H9 (Figure 4.6C and 4.6D). Such reproducibility highlights the robustness of the experimental
setup and the reliability of the activin A concentration gradients in directing endodermal differentiation

within the aggregates.

4.3. Initial low activin A concentrations facilitate liver morphogenesis by
promoting the emergence of posterior foregut-like structures

To assess the fate of the hepatic endoderm detected at day 6 in both conditions, ICC for cryosections
of day 12 was performed. For this purpose, the hepatic marker HNF4a and the marker LHX2, characteristic
of the STM, were assessed (Figure 4.7A and 4.7B). The images for the 10 ng/mL condition revealed
HNF4a* cells still located near the peripheral region but already attempting to reorganize, indicating active
cell movements. This reorganization suggests that the cells are beginning to establish the structural foun-
dation necessary for liver morphogenesis. The interior of these aggregates stained prominently for LHX2,
confirming that the cells in the interior were not only primed for a mesodermal fate but were also being
specified into lateral plate mesoderm derivatives like the STM. This observation is consistent with the role
of STM in providing critical signals for hepatic differentiation. In contrast, the images for the 100 ng/mL
condition revealed a different pattern of cellular organization. The hepatic cells were observed to reorganize
into bubble-shaped structures around the aggregate, also visible in the bright-field images from day 6 to day
12. The presence of LHX2* cells in this condition was minimal compared to the 10 ng/mlL condition,
indicating a reduced presence of mesodermal derivatives and a more pronounced hepatic differentiation
pathway.

Furthermore, cryosections from D20 were also analyzed by ICC. The analysis revealed significant in-
sights into the organization and differentiation status of the different lineages at this later stage. For the
aggregates exposed to low concentrations of activin A, the resultant structures interestingly resembled the
initial steps of liver bud formation seen during embryonic development (Figure 4.7C). The cryosections
exhibited an epithelium composed of HNF4a* cells arranged in a posterior foregut tube-like structure,
surrounded by a laminin (LAM™") basal lamina. Furthermore, in close contact with the HNF4a* cells but
separated by the basal lamina, it was possible to distinguish the LHX2+ population, that similatly to what
happens in vivo, was surrounding the posterior foregut tube. LHX2 is expressed in the STM that not only
play a crucial role in hepatoblast differentiation and migration, but will latter contribute for non-parenchy-
mal cells in the liver (Kolterud et al., 2004; Lotto et al., 2020). Finally, it was still possible to distinguish
WT1+ cells on the edge of the organoid. Based on the literature, it is hypothesized that these WT1* cells
are forming a hepatic mesothelium (Asahina et al., 2011). Altogether, the ICC results revealed a well-orga-
nized and developmentally relevant liver bud morphology within the aggregates exposed to low concentra-
tions of activin A.

In contrast, organoids exposed to high concentrations of activin A displayed a different organizational
pattern (Figure 4.7D). These organoids lacked the distinct gut tube-like structures observed in the low

activin A condition. Instead, cells in the peripheral region as wells as clusters in the cells appeared more
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dispersed and less organized into a cohesive structure, highlighting the impact of higher activin A concen-

trations on the spatial arrangement and differentiation pathways within the organoids.

Figure 4.7. Distinct differentiation and spatial organization between conditions as differentiation progresses. (A) ICC

for HNF4a and LHX2 of aggregate cryosections at D12, for 10 ng/mL of activin A. Different aggtegates are depicted. (B) ICC
for HNF4a, LHX2 and WT1 of aggregate ctyosections at D12, for 100 ng/mL of activin A. Cryosections of the same aggregate
are depicted. (C) ICC for AFP, HNF4a, WT1, Laminin (LAM) and LHX2 of aggregate cryosections at D20, for 10 ng/mL of
activin A. Cryosections of the same aggregate are depicted. (D) ICC for AFP, CK19, HNF4a, WT1, Laminin (LAM) and LHX2

of aggtegate cryosections at D20, for 100 ng/mL of activin A. Cryosections of the same aggregate are depicted.

4.4. Extended cell culture unveils liver bud organoid formation under low
activin A concentrations

To further investigate the long-term development of the hepatic structures, the differentiation process
was extended until D40. At this stage, the aggregates were transferred from the PBS Mini bioreactor to
ultra-low attachment plates to better support long-term culture conditions. The analysis of these extended
cultures provided additional insights into the maturation and self-organization of the different cell lineages.

By analyzing the morphology of the aggregates based on bright-field images, it was possible to identify
clear tube-like structures for the 10 ng/mL condition (Figure 4.8A). In contrast, these structures wete not
present in aggregates from the 100 ng/mlL condition and in fact, they exhibited a remarkable transparency

(Figure 4.8B).
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When analyzing the ICC results for cryosections of the aggregates treated with 10 ng/mL activin A, the
resemblance to the liver budding process became clearly pronounced over the extended culture period
(Figure 4.8C). It was evident that the hepatic endoderm has thickened by transitioning from a columnar to
a pseudostratified epithelium composed of HNF4a*+ hepatoblasts. Moreover, it was still possible to observe
the laminin layer surrounding the HNF4a+ hepatoblasts, as well as the LHX2+ STM and WT1+ hepatic
mesothelium. This self-organization effectively mimics the proximal-distal outgrowth of the hepatoblasts
into the STM, characteristic of liver bud formation in the human embryo. Therefore, the exposure of hiPSC
aggregates to low activin concentrations at initial stages of differentiation, establishes the precise spatial
patterning that leads to liver bud organoid generation.

It can be argued that by D40 of differentiation, the basal lamina was expected to have already disinte-
grated, allowing the hepatoblasts to migrate and integrate into the surrounding STM cells. In most of the
organoids, the basal lamina was still intact delineating the hepatic structure, but there were cases where
HNF4a* cells were spotted out of the pseudostratified epithelium, suggesting the beginning of hepatoblast
migration (Figure 4.8D). The persistence of the basal lamina in a great number of organoids suggests that
additional factors or conditions may be necessary to stimulate this migration and further maturation of the
hepatoblasts into fully differentiated hepatocytes and cholangiocytes. To stimulate hepatoblast migration,
the addition of SDF1 to the culture medium was tested (300 ng/mL, n=1). This chemokine is known for
its chemotactic effect on several types of cells, being a common player in cell migration processes. Accord-
ingly, it was hypothesized that SDF1 would facilitate hepatoblast migration into the STM, however, its
addition did not produce the desired effect (data not shown).

An interesting observation in this cryosections was the fact that in all the organoids it was possible to
stain AFP in the lumen of the liver bud (Figure 4.8E). This protein is secreted by hepatoblasts in the human
embryo and in this context, it makes sense that in developing liver bud AFP can be secreted into the extra-
cellular space, including luminal areas.

It is also important to note that in some of the cryosections of liver bud organoids, more than one liver
bud structure was observed (Figure 4.9). These structures indicate that hepatic endoderm can organize into
more than one posterior foregut tube within the same aggregate, and at D20 this multi-tube organization is
already noticeable in some aggregates. Subsequently, at D40 multiple liver bud structures can be identified
in the same organoid. This phenomenon, although not exactly replicating 7# »ivo conditions, it can be com-
pared to what is observed in neural differentiation processes using 3D aggregates, where multiple neural
rosettes often form, modeling several neural tubes 7z vitro. Interestingly, neural rosette morphogenesis shares
common themes of self-organization and collective behavior and has been shown to rely on complex in-
teractions between cell differentiation, migration, and mechanical forces. It is possible that these principles
might also apply to liver organoids, where cells exhibit collective behaviors driven by local interactions and
signaling gradients, guiding the differentiation and organization of the cells into functional tissue structures.
This phenomenon is not directed by a single leader cell but emerges from the interactions among individual

cells responding to chemical and mechanical cues in their environment (Miotto et al., 2023).
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Figure 4.8. Liver bud organoids generated under low activin A condition and extended hepatic differentiation for high
activin A condition. (A),(B) Brightfield images of generated organoids at D40. Arrows highlight visible tube-like structures. (C)
Liver bud otganoid by ICC for HNF4a, LAM, LHX2 and WT1 of aggregate ctyosections at D40, for 10 ng/mL of activin A.
Cryosections of the same organoid are depicted. (D) Closer look into the hepatoblasts and potential cell migration. ICC for HNF4a,
LAM and WT1 at D20, for 10 ng/mL of activin A. Cryosections of the same aggregate are depicted. (E) Secretion of AFP into
the luminal space by ICC at D40, for 10 ng/mL of activin A. (F) ICC for HNF4a, LAM, AFP and CK19 of aggregate cryosections
at D40, for 100 ng/mL of activin A. Cryosections of different organoids ate depicted.
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When the same strategy was followed using the hiPSC line TCLab, the generation of liver bud organoids
was also clear (Figure 4.10), validating the reproducibility of this approach.

In the case of aggregates treated with 100 ng/mlL activin A, the cryosections revealed to be predomi-
nantly composed of epithelial cells expressing AFP, CK19, HNF4«, and laminin (Figure 4.8F). These results
indicate a robust epithelialization process, with cells differentiating extensively into hepatic lineages. The
high levels of AFP, a marker for fetal liver cells, suggest that these organoids are progressing towards a

more mature hepatic state, although the exact degree of maturation and functional equivalence to 7 vivo

liver tissue remains to be fully characterized.

Figure 4.9. Multiple liver bud structures within the organoid. (A) ICC for HNF4a, LHX2 and WT1 of aggregate cryosections

at D40, for 10 ng/mL of activin A. In each group of images, ctyosections of the same organoid atre depicted.

Figure 4.10. Liver bud organoid generation using a different hiPSC line. (A) ICC for HNF4a, LAM, and WT1 of aggregate

cryosections at D40, for 10 ng/mL of activin A using the hiPSC line TCLab. In each group of images, ctyosections of the same

organoid are depicted.

4.4. Gene expression profiles via qRT-PCR validate differentiation patterns
observed by ICC

qRT-PCR provided further confirmation of the differentiation patterns observed via ICC (Figure 4.11).
The expression of the endoderm marker SOX17 was markedly higher in organoids treated with 100 ng/mL
activin A, aligning seamlessly with the ICC data that showed extensive SOX17 staining across these aggre-
gates. By its turn, TBX3 expression exhibited a sustained increase from D6 to D9 in the 100 ng/mL con-
dition, contrasting with a peak only at D6 in the 10 ng/mL condition. This pattern suggests a prolonged
and sustained activation of eatly hepatic differentiation markers under higher activin A concentrations,

corresponding to the more pronounced and persistent endodermal and early hepatic markers seen in ICC.

LIVER ORGANOIDS 113



The hepatoblast marker CK19 showed nearly double the expression in the higher activin condition, and
PROXT1 levels followed a similar trend, peaking at D9 in both conditions but at higher levels in the 100
ng/mL condition. Remarkably, HNF4a expression remained consistently high until day 20 in the 100
ng/mL condition, whereas it began to decrease from D6 in the 10 ng/mL condition. This data is once
more aligned with the idea of a more advanced state of hepatic differentiation when hiPSC aggregates are
exposed to high concentrations of activin A. Moreover, markers indicative of mature liver functions, such
as AFP, ALB, and CYP3A4, were significantly amplified in the 100 ng/mL condition, with ALB and
CYP3A4 being neatly absent in the 10 ng/mL condition. Overall, the qRT-PCR data corroborates the ICC
findings, providing a molecular confirmation of the spatial and temporal patterns of differentiation induced

by varying activin A concentrations.
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Figure 4.11. Generated liver organoids recapitulate gene expression profiles of iz vivo hepatic development. (A) Gene
expression was assessed by qRT-PCR at sequential stages for key genes that unveil the progression throughout hepatic differenti-
ation with OCT# (pluripotency), SOX77 (definitive endoderm), TBX3 (hepatic endoderm), CK79, PROX7, HNF4a (hepatoblasts),
AFP (fetal hepatocytes), ALB, CYP3A44 and TTR (mature hepatocytes). The analysis was performed using the ACt method. The
values were normalized against the expression of the housekeeping gene GAPDH. n=4 for 10 ng/mL and n=3 for 100 ng/mL for
each time point (except n=1 for PROX1 and CYP3.44).
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4.5. Liver bud organoids exhibit vascularization and other non-parenchymal
cells with origin in the STM

The next step in this study was to investigate whether liver bud organoids generated under the 10 ng/mL
activin A condition were vascularized. Vascularization is crucial not only for liver development, as ECs
secrete important signaling molecules that facilitate this process (Matsumoto et al., 2001), but also for
providing essential nutrients and oxygen. This enhances the viability and functionality of the organoids,
ensuring they mimic the physiological conditions when compared to iz vivo liver tissue.

To assess this, ICC images for cryosections of D40 organoids were analyzed. The presence of CD31*
endothelial cells was confirmed, indicating vascularization within these organoids (Figure 4.12A). This find-
ing was further substantiated by gqRT-PCR gene expression analysis (Figure 4.12B), which confirmed the
expression of the endothelial marker CD31. Interestingly, from D12 onwards, the expression of CD31 was
reduced, coinciding with the emergence of LYVE1, a marker specific to hepatic endothelial cells, already
referred in this work as LSECs (Poisson et al., 2017). This transition highlights the dynamic changes in
endothelial cell populations within the developing liver bud organoids, reflecting a maturation process that

aligns with 7n vive liver development.
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Figure 4.12 Liver bud organoids are vascularized. (A) ICC for CD31 and LHX2 of aggregate cryosections at D40, for 10
ng/mL of activin A. Different organoids are depicted. (B) Gene expression profiles throughout differentiation for CD37 (endo-
thelial cells) and and LY1/E7 (liver sinusoidal endothelial cells) suggesting the organoid vascularization. Analysis performed by
qRT-PCR, ACt method; the values were normalized to GAPDH). n=1 experiment for each time point.
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As mentioned above, the liver bud organoids generated under the 10 ng/mL activin A condition were
composed of LHX2*+ STM cells and WT1* hepatic mesothelial cells (MCs). To further characterize these
cells, ICC and gene expression analyses were performed. It is known that in mice, STM gives rise to hepatic
MCs, submesothelial cells (SubMCs) as well as HSCs (Asahina et al., 2011). Both MCs and SubMCs, sepa-
rated by a basal lamina, express Alcam, Desmin and WT1. These SubMCs will then migrate inwards and
differentiate into HSCs (Asahina et al., 2011; Ijpenberg et al., 2007). The complete mechanisms for HSCs
origin are still not entirely know and the lack of specific markers make them difficult to identify. Desmin
keeps being expressed by HSCs but is also expressed in STM, MCs and SubMCs. Nevertheless, these mark-
ers were analyzed in this study. It is possible to see that a clear WT'1* cell population delineates the organoid
and that these cells also co-express Desmin (Figure 4.13A). Additionally, a LAM™ basal lamina was also
evident around the aggregate (Figure 4.8C). All these results reinforce the idea that the liver bud organoid
is also constituted by MCs and possibly SubMCs. Interestingly, these cells also expressed CK19 (Figure
4.13B), something that is not described in the literature. When performing ICC for Desmin, not only the
surface of the organoid had positive staining, as it was also possible to identify positive cells in the interior
organoid (Figure 4.13C). Further investigation is needed to understand if HSCs can already be present on
the organoid or if these are just unspecified STM progenitors. When gene expression analysis was per-
formed by qRT-PCR, it was confirmed that all these markers were increasing their expression, LHX2, WTI,
DES and Aleam (Figure 4.13D), also supporting the presence and differentiation of these cell types within
the liver bud organoid.
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Figure 4.13 Liver bud organoids constituted by others non-parenchymal cells. (A),(B),(C) ICC for WT1, Desmin (DES)
and CK19 of aggregate cryosections at D40, for 10 ng/mL of activin A. Different organoids are depicted, except in A. (B) Gene
expression profiles throughout differentiation for markers of STM, MCs, SubMCs and HSCs: LHX2, WT'1, DES, ALCAM. Anal-
ysis performed by qRT-PCR, ACt method; the values were normalized to GAPDH). n=1 experiment for each time point.
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4.6. Medium refresh frequency affects paracrine signaling and
hepatic differentiation

Additionally, the concentration of metabolites such as glucose and lactate was analyzed for both the 10
ng/mL and 100 ng/mL activin A conditions (Figure 4.14A). Predictably, in both conditions, glucose levels
diminished with each medium refresh, whereas lactate levels conversely increased. However, it was ob-
served that in the 10 ng/mL condition, glucose levels dropped to neatly zero g/L, particularly from D9
onwatds, while lactate levels were elevated between 1 to 1.5 g/L. This lactate concentration is relatively
high and suggests an increased reliance on glycolysis for energy production, which can occur when glucose
is depleted and cells shift towards anaerobic metabolism. This can impact cell viability and function. In
contrast, the 100 ng/mL condition did not exhibit these issues.

Initially, the bioreactot's medium refresh scheme was set to every three days from D6 onwards. To
address the glucose depletion and lactate accumulation observed in the 10 ng/mL condition, a more fre-
quent refresh scheme of every other day was tested. Nonetheless, this adjustment led to significantly lower
gene expression levels of hepatic markers such as HNF4a, AFP, and ALB, as confirmed by qRT-PCR
(Figure 4.14B). It is hypothesized that the frequent medium refreshment might have discarded essential
secreted signaling molecules, including crucial paracrine factors, necessary for proper hepatic differentiation
and maturation. Further investigation is needed to understand the importance of the secretome in this
context, as well as the optimal balance between nutrient supply and retention of critical signaling factors.
As a future alternative, supplementing the medium with additional glucose could be tested to mitigate the

depletion while maintaining the necessary signaling environment for optimal liver organoid development.
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4.6. Developed approach as an instrument to improve organoid technology

An important contribution of this study on the development and optimization of liver organoid culture
is that its insights can also be applied to other organ systems, particularly those derived from the gut tube,
where similar principles of endoderm-mesoderm interactions and signaling gradients are crucial. Interest-
ingly, several organs derived from the gut tube, such as the pancreas, gallbladder, thyroid gland, and lungs,
also develop as buds surrounded by mesodermal derivatives. In all these cases, the surrounding mesodermal
tissues play a vital role by providing structural support, essential signaling molecules, and contributing to
the formation of connective tissues and vascularization. Therefore, diverging at D3 of differentiation from
the 10 ng/ml model to different organoid protocols could be a valuable strategy for modeling these intet-
actions zn vitro. This approach would enable researchers to study the critical signaling pathways and cellular
dynamics involved in the development of various organs derived from the gut tube. By refining these pro-
tocols, it may be possible to generate more accurate and functional organoids. The generation of a ventral
pancreatic organoid would be the most straightforward way to test this approach in a different organ, given
its close developmental relationship with the liver. Both hepatoblasts and ventral pancreatic progenitors
share a common origin in the ventral foregut and receive crucial signals from the STM (Li et al., 2018). In
this context, the gradients of activin A and the balance between endodermal and mesodermal components
would also play a significant role. Properly managing these gradients and interactions would be essential to
replicate the complex signaling environment necessary for accurate pancreatic organoid development.

Besides that, the mathematical modeling of activin A diffusion within a spheroid would be interesting
to explore. This provides a quantitative framework to predict and analyze how cells at different positions
respond based on their exposure to the growth factor and consequently, it can predict the formation of
distinct zones of differentiation within the spheroid. This helps in designing organoid cultures where all
cells have access to the necessary signals for proper differentiation, regardless of the differentiation platform
used, such as microwells, suspension plates, bioreactors, or variations in aggregate size. By accurately
controlling the signaling environments, particularly through activin A gradients, organoids can become even
more effective tools in biomedical research. However, the complexity of biological systems often leads to
unpredictable outcomes, requiring extensive calibration and validation of models against experimental data.
This iterative process of model validation and refinement leads to a deeper understanding of the underlying

biological processes and improves the predictive accuracy of the models.

Figure 4.14. More frequent medium changes lead to a reduction in hepatic markers. (A) Metabolic profile of the culture
media with the evolution of glucose and lactate concentrations for both conditions under test. n=2 experiment for each time point.
(B) Gene expression profiles throughout differentiation for HNF4a, AFP and ALB, hepatoblasts and hepatocytes specific genes,
for the 2 medium change settings. n=1 experiment for each time point. (C) Immunofluorescent staining for AFP and CK19 at

D20.
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CONCLUSION

The investigation into varying activin A concentrations has revealed significant insights into the
morphological and differentiation patterns of hiPSC aggregates during hepatic differentiation. Utilizing the
PBS Mini bioreactor, which provides a controlled and uniform culture environment, has allowed for the
generation of homogeneous cell aggregates, crucial for studying the effects of activin A gradients.

Further analysis through ICC confirmed that higher concentrations of activin A induced more extensive
and widespread endodermal differentiation, as evidenced by SOX17 staining. This aligns with theoretical
models suggesting that morphogen gradients drive spatial patterning within the aggregates. The 100 ng/mL
condition consistently produced aggregates with a significant proportion of endodermal cells, whereas the
10 ng/ mL condition resulted in more peripheral differentiation, highlighting the role of activin A diffusion
in cellular differentiation.

The study also demonstrated that low activin A concentrations facilitate the emergence of foregut-like
structures, essential for liver morphogenesis. The presence of HNF4a* cells in the 10 ng/mL condition
indicated active cell reorganization and structural foundation establishment for liver development. In
contrast, the 100 ng/mL condition exhibited different organizational patterns, emphasizing the
concentration-dependent effects on cellular arrangement and differentiation pathways.

Extending the differentiation process to D40 provided deeper insights into the maturation of liver bud
organoids. The persistence of the basal lamina and the emergence of HNF4a+ hepatoblasts suggest a well-
organized and developmentally relevant liver bud morphology under low activin A conditions.

The presence of vasculatization in liver bud organoids, especially under the 10 ng/mL condition, was
confirmed through ICC and qRT-PCR, highlighting the emergence of CD31+ ECs and the transition to
LYVE1* LSECs. This finding underscores the importance of endothelial cells in liver development and the
need for proper vascularization in organoid cultures to mimic 7z vizo conditions effectively.

Lastly, the analysis of metabolite concentrations revealed challenges associated with glucose depletion
and lactate accumulation in the 10 ng/mL condition. Adjusting the medium refresh scheme impacted the
gene expression levels of hepatic markers, suggesting that frequent refreshes may discard crucial paracrine
factors. This study emphasizes the need for a balanced nutrient supply and retention of essential signaling

molecules to optimize hepatic differentiation and organoid functionality.
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FINAL CONCLUSION

A significant milestone of this study was the comprehensive transcriptomic analysis conducted at mul-
tiple stages of differentiation, which revealed the dynamic gene expression profiles associated with endo-
derm specification and hepatic development. By identifying distinct gene clusters that peak at various
stages of differentiation, the study unveiled novel putative regulators, signaling mediators, and surface
markers essential for hepatic development. These insights not only validate the differentiation protocol
but also offer a broader understanding of the molecular mechanisms driving endoderm differentiation.

The research further explored the generation of liver bud organoids, emphasizing the limitations and
challenges of the traditional co-culture method. Despite efforts to co-culture hepatic endoderm, ECs and
STM from hiPSCs, the resulting organoids lacked the necessary complexity and spatial organization char-
acteristic of the liver bud ## vive. This method, although demonstrating some degree of vascularization,
proved to be labor-intensive and challenging, highlighting the difficulty in replicating the intricate cell in-
teractions required for liver morphogenesis.

To address these limitations, the study investigated the co-emergence strategy, wherein different cell
types co-emerge and self-organize within a single hiPSC aggregate. By exposing these aggregates to varying
concentrations of activin A, the study demonstrated that morphogen gradients can drive spatial patterning
and differentiation within the aggregates, supporting the formation of liver bud organoids that closely
mimic 7 vive liver development. Moreover, the study's approach of using a vertical-wheel bioreactor to
generate homogeneous cell aggregates and create spatial gradients of morphogen concentrations proved to
be a critical factor in the successful differentiation and organization of the cells into functional liver organ-
oids. The low activin A concentrations facilitated the emergence of posterior foregut-like structures that
later mimicked the liver budding process, while higher concentrations led to more extensive endodermal
differentiation. This process enables precise regulation of cell fate during liver organoid production by
varying the concentration of morphogens like activin A at the initial stages. Consequently, this study has
established a versatile platform capable of producing liver organoids tailored to specific research objectives
(Figure 5.1). On one hand, this platform allows for the recapitulation of key events in liver organogenesis,
facilitating detailed studies of human liver development and the modeling of hepatic diseases for subsequent
drug discovery. On the other hand, liver organoids with de novo generated hepatocytes offer a promising
tool for assessing hepatotoxicity and serving as a cell source for cell therapy.

The novelty of this approach lies not only in its ability to replicate the developmental processes more
accurately but also in its potential to uncover new mechanisms of tissue formation and differentiation. By
using activin A gradients, it is possible to investigate how cells interpret and respond to varying morphogen
signals, which is crucial for understanding the principles of tissue patterning and organogenesis. Moreover,
this approach allows for the future study of heterotypic cell-cell interactions, providing a comprehensive

view of the microenvironmental factors that influence cell fate decisions.
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However, the co-emergence strategy developed in this study has room for improvement. Cell matura-
tion should be carried out to mimic the entire developmental process from pluripotency to fetal liver and
not just the liver bud stage. Additionally, the evaluation of functional properties should be performed to
tully leverage the potential of this model, as current models fail to replicate the metabolic properties of the
liver, which are crucial for drug discovery.

This work not only advances the field of hepatic differentiation and liver organogenesis but also sets the
stage for future research to refine these protocols further. The insights gained from this study can have
broad implications for the generation of other organoids derived from the gut tube, such as the pancreas,
where similar principles of endoderm-mesoderm interactions and signaling gradients are crucial. By extend-
ing these methodologies, researchers can enhance the physiological relevance and functionality of organ-
oids, making them valuable tools for studying development, disease mechanisms, and drug responses.

Overall, this study represents a step forward in the field of stem cell research and organoid technology.
The ability to recreate the complexity of liver morphogenesis 7 vitro opens new avenues for understand-

ing liver development, modeling liver diseases, and developing therapeutic applications.
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Figure 5.1 - Summary diagram for LO production in the developed platform. Different activin A concentrations lead to

different liver organoids with different potential applications, as depicted.
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