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Abstract

The human adult liver has a multi-cellular structure consisting of large lobes subdivided into
lobules containing portal triads and hepatic cords lined by specialized blood vessels. Vital hepatic
functions include filtering blood, metabolizing drugs, and production of bile and blood plasma
proteins like albumin, among many other functions, which are generally dependent on the location
or zone in which the hepatocyte resides in the liver. Due to the liver’s intricate structure, there are
many challenges to design differentiation protocols to generate more mature functional
hepatocytes from human stem cells and maintain the long-term viability and functionality of
primary hepatocytes. To this end, recent advancements in three-dimensional (3D) stem cell culture
have accelerated the generation of a human miniature liver system, also known as liver organoids,
with polarized epithelial cells, supportive cell types and extra-cellular matrix depaosition by
translating knowledge gained in studies of animal organogenesis and regeneration. To facilitate the
efforts to study human development and disease using /n vitro hepatic models, a thorough
understanding of state-of-art protocols and underlying rationales is essential. Here, we review
rapidly evolving 3D liver models, mainly focusing on organoid models differentiated from human
cells.

Introduction

During early development, the liver is first specified from the endoderm-derived ventral
foregut at embryonic (E) day 7.5 in the mouse, and the third week of human gestation
(Gordillo et al., 2015). It has been shown that three regions of foregut endoderm contribute
to hepatic progenitors: the paired lateral domains, the ventral midline of the endoderm lip
and other endodermal tissues (Zaret, 2016). This layer of bi-potent hepatoblasts thickens and
buds away from the endoderm during days E8.5-10 (Zaret, 2016) (Fig. 1). These
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hepatoblasts express alpha-fetoprotein (AFP) and markers of hepatocytes, including albumin
and hepatocyte nuclear factor (HNF) 4a, as well as markers of cholangiocytes, like
cytokeratin (CK) 19, as they delaminate from the foregut and expand into the surrounding
septum transversum mesenchyme (STM) (Gordillo et al., 2015; Ober and Lemaigre, 2018)

(Fig. 1).

The liver bud receives critical developmental signals from the surrounding cardiac
mesoderm, the STM, and the endothelium that include ligands of the bone morphogenic
protein (BMP), Wnt, and fibroblast growth factor (FGF) families (Gordillo et al., 2015; Han
et al., 2020; Zaret, 2016; Zorn, 2008). Depending on the signals received and their location
in relation to the intrahepatic bile ducts the bi-potent hepatoblasts differentiate into either
hepatocytes or cholangiocytes which continue to mature until after birth through intricate
transcriptional regulations (reviewed in Huppert and Iwafuchi-Doi, 2019; Zorn, 2008). For
example, hepatocyte maturation is dependent on several factors including oncostatin M
(OSM), glucocorticoid hormones, hepatocyte growth factor (HGF), and Wnt signaling (Shin
and Monga, 2013; Zorn, 2008). Additional liver-resident cells which are derived from the
mesoderm include fibroblasts and stellate cells, sinusoidal endothelial cells and immune
cells like Kupffer cells (Zorn, 2008) all of which are involved in signaling and cell-cell
interactions.

Within the human body the liver is located behind the rib cage, and above the stomach and
small intestine. This anatomical location is critical as the liver has functional connections
with many organs of the gastrointestinal tract. The liver receives oxygen-rich blood from the
hepatic artery and nutrient-rich blood from the gastrointestinal tract, spleen, and pancreas.
The liver filters and detoxifies this blood, metabolizes xenobiotics as well as endogenous
metabolic byproducts, and is one of the main sites for protein synthesis. The liver is also
responsible for producing and excreting bile which drains directly through the biliary tree
into the duodenum and aids in lipid digestion.

The human liver is divided into 4 lobes, and these lobes can be further sub-divided into
hexagonal shaped lobules, consisting of the central vein at the center and the portal triad,
composed of the portal vein, hepatic artery, and intrahepatic bile duct system at the corners
(Huppert and Iwafuchi-Doi, 2019). Within each lobule zones named periportal, mid-, or
pericentral zones exist based on hepatocyte proximity to the central or portal veins (Shin and
Monga, 2013). These different zones are distinguished by variations in amounts of
hormones, oxygen and nutrients and the cells in each zone, and hepatocytes in each zone
have specialized functions like fatty acid oxidation, urea and cholesterol synthesis and
gluconeogenesis in the periportal zone (Huppert and Iwafuchi-Doi, 2019). For example, the
signaling molecule B-catenin is active in the pericentral zone and downstream genes such as
glutamine synthetase, cytochrome p450 (CYP) 2el and 1a2 are expressed at high levels by
hepatocytes in this zone (Shin and Monga, 2013).

In a dish liver modeling studies with the use of human cells have focused on a variety of
important research topics including liver development, drug toxicity and metabolism studies,
liver disease modeling, cross population genetic studies, liver regeneration, and therapeutic
transplantation. There is a need for more predictive and reproducible /n7 vitro liver models
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and over the past few years, the amount of publications for liver organoids has increased
greatly (Fig. 2). Given the complex 3D structure and functional regionalization of the liver,
while 2D monolayer-based approaches have been informative, 3D liver models including
organoids are imperative. These include more closely mimicking the cellular heterogeneity,
spatial organization, and microenvironment, and recapitulating important cell-cell and cell-
extracellular matrix (ECM) contacts that stimulate proliferation, differentiation, expression
of relevant hepatic genes and proteins, and responsiveness to exogenous stimuli (Edmondson
et al., 2014; Godoy et al., 2013). Due to the limited interactions between hepatocytes in 2D
cultures there is a reduction in polarization, reduced bile canaliculi formation, and a decrease
in signaling pathways that have been demonstrated to be critical for normal hepatocyte
function (Godoy et al., 2013). For example, specific transporter proteins are expressed on the
sinusoidal, basolateral and apical membranes of hepatocytes and this expression is lost in 2D
cultures in which the hepatocytes are not polarized and have a more flattened morphology
(Godoy et al., 2013). Furthermore, many studies utilizing primary human hepatocytes
(PHHSs)-, or primary stem cell- or pluripotent stem cell (hPSC)-derived hepatocytes cultured
in 3D have demonstrated prolonged hepatic viability, gene expression, signaling, and/or
function compared to a variety of 2D hepatic cultures (Bell et al., 2017; Berger et al., 2015;
Gieseck et al., 2014; Kamei et al., 2019; Kim et al., 2015; Luo et al., 2018; Ma et al., 2016;
Meier et al., 2017; Messner et al., 2013; Nagata et al., 2020; Pettinato et al., 2019; Proctor et
al., 2017; Ramasamy et al., 2013; Schyschka et al., 2013; Sendi et al., 2018; Takayama et al.,
2013; Tasnim et al., 2016; Vorrink et al., 2017; Wang et al., 2016; Wang et al., 2018).
Hereafter, we will focus on the emerging 3D model system covering organoids, spheroids,
aggregates and scaffold based engineered tissues. The detailed features and protocols of the
recent literatures discussed in this review are summarized in Supplementary Table 1.

Overview of hPSC derived 3D models

Human induced PSCs (hiPSCs) offer a near unlimited source of genetically diverse
pluripotent cell lines that can be generated from healthy and diseased patients (Fig. 4).
Furthermore, these cells are amenable to genetic modification using the CRISPR/Cas system
to introduce single base changes to generate isogenic pairs of mutant and control iPSCs to
facilitate powerful disease modeling. The protocols for the differentiation of human
embryonic stem cells (hESCs) and hiPSCs to diverse organoid types is largely informed by
studies identifying important developmental stages and signaling pathways in model
organisms. However, hESCs and hiPSCs themselves have advantages to developing and
refining methods for generating organoids including their experimental tractability and
ability to empirically determine the activity of candidate signaling molecules on human
development in the absence of the confounding effects of signaling from adjacent tissues
encountered in animal models. One important limitation is the relative immaturity of
hepatocyte-like cells generated from hPSCs. This is demonstrated by continued alpha-
fetoprotein (AFP) and lower albumin expression, and distinctive CYP expression and
activities. However, recent protocols have emphasized methods to enhance functional
maturity by modifying culture conditions. These include improvements to medium
composition (e.g. inclusion of specific growth factors, small molecules, hormones and
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corticosteroids), co-culture with additional supportive cell types (e.g. mesenchymal cells),
and culture in substrates and scaffolds (e.g. laminins and hydrogels).

Many of the hPSC-generated hepatic 3D models rely on a stepwise directed differentiation
approach that attempts to recapitulate /77 vivo development (Fig. 3) based on earlier papers
(Cai et al., 2007; Si-Tayeb et al., 2010). First, either a monolayer culture grown on a diverse
range of substrates including Matrigel or laminin or an embryoid body/spheroid culture is
used to differentiate hPSCs into definitive endoderm (DE), the stage of endoderm
development corresponding to E6.5-7 in the mouse. Embryoid bodies are 3D aggregates of
hPSCs capable of differentiating into all 3 germ layers. Cultures at the DE stage express
Forkhead Box A2 (FoxA2), SRY-Box Transcription Factor 17 (Sox17), and (C-X-C motif
chemokine receptor 4) CXCR4 and downregulate stemness markers such as Oct 4 and
Nanog. Typically, 3 or more days of Activin A, a member of the transforming growth factor
B (TGFp) superfamily, is used to mimic Nodal activity which specifies the endoderm
(D’Amour et al., 2005). Often, Activin A is combined with BMP or Wnt cytokines to
efficiently induce DE (D’Amour et al., 2006; Teo et al., 2012). Around DE stage, some
literatures identified an expandable endodermal progenitors that can give rise to hepatic,
pancreatic and intestinal lineages in both 2D and 3D (Cheng et al., 2012; Hannan et al.,
2013; Zhang et al., 2018b).

The next stage is differentiation of DE into either a foregut or a hepatic endoderm stage, also
sometimes referred to as a hepatocyte precursor. This stage is often when many of the
monolayer cultures are transferred to a 3D culture. To generate hepatic endoderm a
combination of FGF2 and BMP4 is often used, resulting in cells that are hepatocyte nuclear
factor (HNF)4a, HNF1p, and FoxA2 positive. Next, a hepatoblast (HNF4a,, AFP, and
FOXAZ2 positive) stage that is capable of differentiating into either hepatocytes or
cholangiocytes is specified. To differentiate the cells into hepatocyte-like cells there is often
one or more final steps involving OSM, HGF, and steroids to generate hepatocytes that are
generally albumin, CYP3A4, E-cadherin, Asialoglycoprotein Receptor 1 (ASGR1), Bile Salt
Export Pump (BSEP), Tryptophan 2,3-dioxygenase (TDO2), Transthyretin (TTR), Alpha-1
antitrypsin (A1AT), HNF4a and Zona Occludens 1 (ZO1) positive. Although hPSC
hepatocytic models have advanced greatly over the past 10 years, new studies are continually
improving hepatocyte functionality compared to PHH.

Organoids are self-organizing mini-organs derived from stem cells that can recapitulate
many of the functions and cell-types seen in the original organ (Lancaster and Huch, 2019).
In the past few years there have been several methods described for generating hepatic
organoids from hPSCs, each incorporating modifications on the basic stepwise
differentiation protocol described above (Table 1). For example, Akbari and colleagues
separated the epithelial cell adhesion molecule (Epcam)-positive endodermal cells and
embedded these cells into Matrigel using media derived from protocols from Huch et al to
reproducibly differentiate the cells into hepatic organoids that are capable of being expanded
(Akbari et al., 2019; Huch et al., 2015). In addition, several papers have designed organoids
to generate multiple cell types by co-differentiating hepatocytes and cholangiocytes (Bin
Ramli et al., 2020; Guan et al., 2017; Wang et al., 2019; Wu et al., 2019), or hepatocytes
with other supporting cell types like stellate-like and Kupffer-like cells (Ouchi et al., 2019)
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by modifying the culture conditions (Fig. 4). Bin Ramli et a/showed the specification of
bipotent hepatoblasts by treating hepatic endoderm with BMP4, BMP7 and FGF7 which can
then form organoids in a high-throughput 96-well plate approach and after further
differentiation resulted in functional bile canaliculi systems (Bin Ramli et al., 2020). Ouchi
et al, demonstrated that differentiation to posterior foregut endoderm resulted in co-
development of a mesoderm population that could differentiate further into stellate and
Kupffer cells (Ouchi et al., 2019). These multi-cellular liver organoids are capable of
modeling fibrosis occurring after non-alcoholic steatohepatitis. Further, Wu et a/ discovered
that by including 25% mTeSR1 in the media for differentiating hPSC to DE both
endodermal and mesodermal commitment was induced and subsequently generated
hepatobiliary organoids by activation of the NOTCH2 and TGF-p pathway that could
survive for more than 8 weeks in immune-deficient mice (Wu et al., 2019).

Self-renewal of the hepatocyte progenitors is critical for generating and expanding large
numbers of viable hepatocytes. Wang et a/ developed a protocol for generating organoids
with functional hepatocytes and cholangiocytes that could be expanded for more than 20
passages resulting in 1018 cells after 5 months first by specifying hepatic endoderm/
progenitors and then treatment with a chemically defined/ serum free protocol (Wang et al.,
2019). Mun et al generated hepatic organoids that were self-renewing and mature, could
model steatosis, and could be passaged for 1 year by collecting the 3D spheroids that formed
and then further differentiating them in media also adapted from Huch et al (Huch et al.,
2015; Mun et al., 2020; Mun et al., 2019).

A key issue is hepatic functionality and maturation of hPSC compared to PHH and human
liver. Zabulica et al generated hepatic organoids from an ornithine transcarbamylase
deficient hiPSC line and used these organoids to create a catalog of 60 hepatic, pluripotent,
and developmental genes from both fetal and adult livers to be used to assess and optimize
the maturation status of hepatic models (Zabulica et al., 2019). Other articles have used
single cell RNA sequencing to compare the organoid models to fetal or adult primary
hepatocytes demonstrating many of the models remain in a more fetal-like state (Camp et
al., 2017), and modifications to protocols are ongoing (Ouchi et al., 2019). These diverse
liver organoid models all highlight the distinct outcomes possible from harnessing the power
of pluripotent cells and following directed differentiation /n7 a dish.

hPSC derived hepatic 3D models are further facilitated by the use of evolving culture
platforms: ultra-low attachment plates, microwell plates, or spinner/suspension cultures.
These will enable the scalable generation of aggregates/spheroids either before organoid
differentiation begins or during one of the later steps in each protocol. The surface on ultra-
low attachment plates and microwell plates is a hydrophilic and neutrally charged yet
biologically inert hydrogel coating and this prevents cells from binding to the surface forcing
them to stay in suspension and promotes one spheroid formation per well. The spheroid can
then be kept in these plates for further maturation, transferred to suspension cultures, or
embedded in Matrigel or other hydrogels. These methods are especially useful when
incorporating several cell types into the same spheroid, can be used completely scaffold-
free, and are amenable to automation and high-throughput screening due to their consistently
sized spheroids. Lu et al and Pettinato et al start with aggregated spheroids generated in a
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microwell plate or embryoid bodies before differentiating DE, and while Lu embeds these
cells into a hydrogel, Pettinato leaves the spheroids in suspension for the entire
differentiation (Luo et al., 2018; Pettinato et al., 2016). Several other studies aggregated
hepatic endoderm, hepatoblasts, or hepatocyte progenitors and further differentiated the
spheroids to generate hepatic models (Chen et al., 2020; Kim et al., 2015; Ng et al., 2018;
Sgodda et al., 2017; Yang et al., 2020; Zhang et al., 2014). In general these methods allow
for increased production of hepatic spheroids on larger scales; Chen and group were able to
transfer the hepatic spheroids into a suspension culture and used ~1 x 109 cells in a bio-
artificial liver to rescue a porcine model of liver failure (Chen et al., 2020). However, the
terminology of these models are unclear at times in the literature, as they do not necessarily
self-organize and may therefore lack certain cellular spatial organization seen in organoids.

Overview of primary cell derived 3D models

Another source of human hepatocytes for liver research is by isolation of primary cells from
the mature liver, typically from surgical or biopsy specimens. Both PHH and bi-potent
ductal epithelial cells can be isolated and cultured from these samples, these cells may retain
epigenetic memory, and these methods hold great promise for regenerative therapies (Fig. 4).
However, costly biopsies are needed to generate enough cells for study and donor
availability can limit access to study materials. Furthermore, most mature PHH can only be
cultured for a short period of time before rapidly de-differentiating in culture (Godoy et al.,
2013). In contrast, culturing PHH as 3D spheroids has been shown to result in retention of
some hepatocyte functions, morphology, and gene expression and remain metabolically
stable through several weeks in culture (Bell et al., 2016; Vorrink et al., 2017).

Of the recent 3D models using primary cells a main focus has been on modifying media
components to maximize hepatocyte viability and continued growth and proliferation
(reviewed in Schutgens and Clevers, 2020). Huch et al generated human liver organoids
from ductal EpCAM+ cells, that were grown in a defined human liver media that was
developed by a systematic approach and contained a TGF- inhibitor A83-01, forskolin and
Whnt signals which were necessary for continued proliferation and extended the ability to
culture the cells, that could be passaged for over 6 months and frozen and thawed (Huch et
al., 2015). To differentiate these cells into a mature hepatocyte phenotype, the growth stimuli
forskolin and R-spo were removed from the media, and a NOTCH inhibitor, FGF19, BMP7,
and dexamethasone were added, which resulted in hepatocytes that had CYP3A4 activity
similar to freshly isolated hepatocytes, secreted albumin, and could engraft into a murine
model of liver damage (Huch et al., 2015). Further, this organoid model has been shown to
efficiently model diseases such as a1-antitrypsin (A1AT) deficiency (Huch et al., 2015),
liver cancers (Broutier et al., 2017), as well as to study drug-induced phospholipidosis (Lee
et al., 2020), among others. Zhang et al used cryopreserved PHH grown in a defined media
in which the Wnt3a pathway and hypoxia conditions were found to be important for PHH
proliferation, and could passage the cells for more than one month with an over 10,000-fold
expansion (Zhang et al., 2018a). These cells could then be used to generate liver organoids
in the differentiation medium from Huch et al. Finally, Hu et al established organoids
directly from human primary hepatocytes that could be grown and passaged for months and
retained key mature hepatocyte functions and gene expression comparable to PHH after
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developing a media with key ingredients including Wnt/R-spondin signaling and HGF (Hu
etal., 2018).

Of note is the method of direct reprogramming of fibroblasts into hepatocyte-like cells that
are functionally active (Du et al., 2014; Huang et al., 2014; Sekiya and Suzuki, 2011; Xie et
al., 2019). This method holds another promise towards regenerative studies and has been
reviewed elsewhere (Ge et al., 2019).

ECM variations/synthetic scaffolds/specialized plates

Many of the 3D hepatic organoid models rely on Matrigel or similar preparations from the
Engelbreth-Holm-Swarm mouse sarcoma that mimics the native extracellular matrix (ECM)
and consists of laminin, collagen, proteoglycans as well as growth factors. This matrix
allows organoids to self-organize and differentiate within a supportive physical ECM for
cells to attach to, as well as providing factors and hormones that can affect gene and protein
expression. However, disadvantages of animal derived hydrogels include lot-to-lot
variability, an incompletely defined matrix, and species differences which limit applications
for translational and /n vivo use. Recent progress has systematically developed chemically-
defined synthetic hydrogels to culture stem cell derived human intestinal and liver organoids
that results in organoids that are comparable to those embedded in Matrigel and in some
cases can be frozen and thawed (Gjorevski et al., 2016; Kruger et al., 2020; Sorrentino et al.,
2020). This new work opens customizable possibilities for clinically relevant studies
necessitating defined materials.

Other 3D models have utilized specialized types of biological scaffolds including de-
cellularized livers, specialized plates like pillar plates or hanging drop plates, perfused liver
on a chip technology, 3D printing, or bioreactors that offer alternatives to standard cultures.
Biological scaffolds like de-cellularized livers offer a cell-free 3D support structure that has
preserved the native liver form and consists of both liver-specific ECM as well as other
biological molecules like growth factors. Several variations exist using whole animal
acellular liver scaffolds or slices of the liver to grow and mature hepatocytes with and
without non-parenchymal cells. Vyas et demonstrated that de-cellularized ferret livers could
provide liver ECM and structure for human fetal liver progenitor cells that allowed for 3D
liver organoids to form with both hepatic and biliary structures (Vyas et al., 2018). When
hiPSC generated hepatocytes were introduced into an acellular scaffold derived from rat
livers they became polarized, formed bile canaliculi-like structures, and expressed higher
levels of Cyp2C9, Cyp3A4, and CyplAZ2 than control 2D cells, and albumin levels close to
PHH, with a corresponding decrease in AFP (Wang et al., 2016). Collin de I’Hortet et al
showed that repopulating a de-cellularized rat liver could be used for modeling fatty liver by
continually perfusing the scaffold, and re-populating the liver with genetically modified
hPSC derived hepatocytes, mesenchymal cells, fibroblasts and macrophages (Collin de
I’Hortet et al., 2019). Recently, Takeishi et al biofabricated a human liver resulting in mature
hepatocytes by first re-populating the vasculature and biliary structure of an acellular rat
liver using hiPSC generated biliary and vascular endothelial cells, and then the parenchyma
with hiPSC generated hepatocytes along with human fibroblasts and mesenchymal stem
cells (Takeishi et al., 2020). These approaches offer an exciting opportunity to reconstruct
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macro-anatomical composition including major blood vessels and establish a basis for future
transplant studies.

In addition, several other novel 3D methods have modified ECM environments and
demonstrate increased hepatocyte viability, functions and/or maturity. Nagata et al used
hiPSC generated hepatocytes in a core-shell gel microfiber that encapsulates the hepatocytes
in Matrigel resulting in higher expression of hepatic genes than in spheroid cultures, and
demonstrated that this method is amenable to transplantation (Nagata et al., 2020). Using
hPSC generated hepatocytes in spheroid form atop pillar plates and overlaid with Matrigel
allowed Takayama et al to mature the hepatocytes compared to earlier methods (Takayama
et al., 2013). Messner et al cultured PHH with stellate cells and endothelial cells in a
hanging drop spheroid culture which enabled the hepatocytes to remain viable and
functional for 5 weeks in culture demonstrated by stable ATP content and persistent albumin
secretion (Messner et al., 2013). These results parallel a study using 3D printed primary
PHH with endothelial cells and stellate cells with maintained ATP and albumin expression
over 4 weeks (Nguyen et al., 2016). Finally, liver-on-a-chip 3D models mimics the liver
microenvironment within a chip along with perfusion using microfluidic devices. hPSC
derived hepatocytes placed in simple perfusable liver-on-a- chip models generated an
increase in mature and functional hepatocytes (Kamei et al., 2019; Wang et al., 2018). These
studies all highlight the importance of hepatocyte- substrate interactions for maturation and
functionality, and the need for new innovations in chemical biology and material science
towards the potential for liver regeneration.

Next-generation models with other liver cell types

Developmentally, interactions with non-parenchymal cells are essential and have been
shown to aid in maturity and functional ability of hepatocytes. Models with other cell types
can more accurately model liver disease where the non-parenchymal cells play a role, such
as in fibrotic or inflammatory disease (Sharma et al., 2020). In /n vitro 3D models addition
of non-parenchymal cells increases heterotypic cell-cell contacts, soluble trophic factors and
cytokines are released from each cell type, and the liver microenvironment is better
recapitulated as non-parenchymal cells account for about 40% of total liver cells. Stellate
cells are myofibroblasts that reside in the subendothelial space of Disse, can store vitamin A,
and once activated can produce large amounts of extracellular matrix that can be found after
chronic viral infections or nonalcoholic steatohepatitis (Tsuchida and Friedman, 2017).
Liver sinusoidal endothelial cells line the hepatic sinusoids and are located where they filter
blood coming from both the gut and the systemic circulation, as well as have immunological
functions (Shetty et al., 2018).

Takebe et al first demonstrated a functional complex, self-organizing liver bud by combining
hPSC generated hepatic endoderm, human umbilical vein endothelial cells (HUVECS), and
mesenchymal stem cells (MSCs) that once transplanted into the mouse could differentiate
into target cells types and vascularize (Takebe et al., 2013). The liver bud method was later
modified to use all hPSC derived cells from the same individual, using a high throughput
protocol to generate liver buds on a massive scale (Takebe et al., 2017a). Recent studies
using hPSC generated hepatic cells co-cultured in 3D models with other supporting cell
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types such as endothelial cells, stellate, and/or cholangiocyte cells have increased hepatic
gene expression, albumin secretion, and CYP activity with a decrease in AFP expression
when compared to hepatic only spheroids (Ardalani et al., 2019; Pettinato et al., 2019).
Similar results have been seen in hiPSC hepatic co-culture 3D printed and reconstituted de-
cellularized liver models in increasing hepatic functions (Goulart et al., 2019; Ma et al.,
2016; Takeishi et al., 2020). By incorporating supportive cell types, these models all aim to
more closely mimic human physiology by improving the hepatocyte microenvironment and
demonstrate the importance of cell-cell cross talk and endogenous secretion of growth
factors, signaling molecules and ECM (Fig 5A).

A next step up to build additional complexity in the 3D multi-cellular liver are models that
incorporate and exhibit surrounding organ connectivity /in a dish (Fig. 5B). Impaired inter-
organ connectivity lead to critical and, in most cases, lethal organ failures, as seen in biliary
atresia, thus, engineering organoid systems that incorporate connectivity between
neighboring organs is a critical unmet challenge. It is vital to understand the mechanisms
that drive the intricate inter-organ orchestrations that occur during organogenesis, which can
then be leveraged for developing appropriate multi-organ three-dimensional (3-D) stem cell
culture systems that allow for seamless connections to neighboring tissues (Song et al.,
2019; Xiang et al., 2019; Xiang et al., 2017). Recently, hepatic, biliary, and pancreatic
structures were patterned from hiPSCs and stemmed from the boundary region of anterior
and posterior gut spheroids, which is a viable model to study complex endoderm
organogenesis (Koike et al., 2019). This paper demonstrates that /7 vitroit is possible to
study the development and interactions of multiple organs at one time. These models
demonstrate the potential of using tissue-tissue models for predictive toxicity and
metabolism studies as well as developmental studies (Fig. 5B-C).

Finally, ultimate goals of 3D tissue based modeling will recapitulate an inter-system scale
interaction, combining more distant organs with the liver in a dish, by potentially
incorporating metabolic communication, endocrine crosstalk, and neural wiring (Fig. 5D).
Recent excitement of microphysiological system (MPS) is equipped to address some of
these key challenges. For example, liver and intestine models-on-a-chip have been able to
mimic a first pass metabolism system (Esch et al., 2014), liver and skin tissue chips (Wagner
et al., 2013), liver-kidney biochips (Choucha-Snouber et al., 2013) or gut, liver and kidney or
bone marrow, liver and kidney chips (Herland et al., 2020). The multi-organ on a chip
models allow for precise control over the culture conditions (including nutrients, flow
conditions, ECM, etc), as well as for the cellular inputs including differentiated state,
cellular number when combined, and are amenable to higher-throughput and real-time
monitoring (Takebe et al., 2017b). These models will further require unique, customizable
systems capable of producing multiple, viable and functional mini-organs in one enclosed
MPS, also known as “body-on-a-chip” or “physiome-on-a-chip” (Sharma et al., 2020;
Takebe et al., 2017b). These models will allow an /n vitro representation of human
physiology and pathology on an ultimate scale.
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Conclusions

In the past five years remarkable advancements have been made using 3D /n vitro hepatic
models in terms of functionality and maturity of hepatocytes, long term viability, and more
precise representations of the microarchitecture of the in vivo liver. These new models offer
scientists the opportunity to more accurately portray human disease /n a dish, as well as to
study liver development and regeneration, and hepatic toxicity and metabolism studies. By
exploring novel scaffolds and substrates, as well as investigating the signaling pathways
necessary for hepatic growth and survival much progress has been made in the world of /n
vitro 3D hepatic models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Specification

Budding

Growth and
maturation

Figure 1. Schematic of liver bud formation.
Liver progenitors are first specified from the ventral foregut endoderm which is surrounded

by the STM and endothelial cells that supply necessary factors. The hepatoblast cell layer
thickens and begins to delaminate from the epithelium and bud out through the STM to form
the liver bud. The liver bud then undergoes growth and maturation throughout development
to form the fetal liver. (abbreviations: septum transversum mesenchyme (STM), endothelial
cells (EC), hepatic endoderm (HE)).
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Figure 2. Research interest and publicationsfor liver organoids hasincreased greatly over the

past 5 years.

A pubmed search using the query (liver OR hepatic) AND (organoid [title] OR organ bud
[title]) demonstrates a continued increase in liver organoid papers.
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Figure 3. A. Examples of step-wise directed differentiation of 3D hPSC derived hepatic organoids

or spheroids.

Nearly all the hPSC derived hepatic 3D models first undergo a DE stage before
modifications are made to the standard hepatic endoderm, hepatoblast and hepatocyte-like
cell sequence. *3D: this differentiation starts out as embryoid bodies in suspension culture.
B. Markers that correspond to each stage of organoid development. (abbreviations: Posterior
foregut (Pfg), Hepatic endoderm (HE), Hepatoblast (HB), Foregut (Fg), Intermediate
Hepatoblast (IH), Hepatocytes (Hep), Cholangiocytes (Chol), Stellate cells (Stel), Kupffer
cells (Kupf), Dexamethasone (Dex), Epidermal Growth Gactor (EGF), N6,2’-
ODibutyryladenosine 3’,5’-cyclic 35 monophosphate sodium salt (dbCAMP), Dickkopf-
related protein 1 (DKK-1), Wnt inhibitory factor 1 (WIF-1), Retinoic Acid (RA),
Lithocholic Acid (LCA), Vitamin K2 (VK2), Valproic Acid (VPA), N-acetylcysteine (N-
ace), Pancreatic and Duodenal Homeobox 1 (PDX1), and Hematopoietically-expressed

homeobox (HHEX)).

Dev Growth Differ. Author manuscript; available in PMC 2022 February 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Thompson and Takebe Page 19

Primary liver cells Pluripotent stem cells
-Healthy or diseased patients -Healthy or diseased patients

.' -Geneticg]]x Todiﬁed lines
Ductal positive cells Hepatocytes =C N
\ -

Hepatocytes Cholangiocytes Gall bladder ~Hepatocytes Hepatocytes Hepatocytes Hepatocytes Hepatocytes  Hepatocytes
epithelium Endothelial cells Cholangiocytes Stellate cells  Endothelial cells
Mesenchymal cells Kupffer cells  Mesenchymal cells

Cellular Complexity
Epigenetic inheritance
Developmental Biology
Regenerative Biology

Figure 4: Two sources of human liver organoidsinclude cellstaken directly from the human liver
aswell as cells differentiated from hPSCs.

Both can use cells derived from healthy or diseased patients, and hPSCs can also be
genetically modified before differentiation. Cells taken from the liver include primary
hepatocytes as well as ductal cells and primary hepatocytes can be mixed with other
supporting cell types. hPSCs can be co-differentiated in a dish to hepatocytes and
cholangiocytes, or hepatocytes and stellate and Kupffer cells, and hepatocytes can also be
mixed with other supporting cell types generated from hPSCs.
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Figure 5: Framing next generation organoid systems.
On an inter-cellular scale there can be mixed cell types in one model generated from defined

lineages. On an inter-tissue scale supportive tissues are incorporated including vascular,
immune or mesenchymal lineages, and there is microanatomical remembrance. An inter-
organ scale will include neighboring organ connectivity and macro-anatomical
remembrance, while an inter-system scale can have connectivity between distant organs.
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Representative articles of 3D liver organoids and liver budsfrom the past 5 years.

This table notes the cellular source of hepatocytes, the cell types present in the resulting organoid, which
scaffold (if any) is used in the model, and major advantages of each study.

Reference Year Source | Cell composition Matrix support Major advantages
p hepatocytes, : reproducible, efficient, long term
Akbari et al Stem Cell Reports 2019 hPSC cholangiocytes Matrigel culture, disease modelling
. high throughput approach, bile
. . hepatocytes, Matrigel, low P h
Bin Ramli et al Gastroenterology 2020 hPSC : canaliculi network, disease
cholangiocytes attachment plate modelling
hepatocytes that surround bile
Guan et al JCI insight 2017 hPSC Eﬁg?;gcﬁis’ es Matrigel duct like structures, disease
giocyt modelling
. . long term culture, disease
Hu et al Cell 2018 Primary | hepatocytes Matrigel modelling, transplantable
: hepatocytes or : long term culture, genome stable,
Huch et al Cell 2015 Primary cholangiocytes Matrigel disease modelling
Mun et al Journal of Hepatology 2019 long-term culture, exhibited
Mun et al International Journal of 2020’ hPSC hepatocytes Matrigel hepatoxicity to drugs, disease
Stem Cells modelling
inverted colloidal -
Ng et al Biomaterials 2018 hPSC hepatocytes crystal with Eijgecg Oir:%l értergnslpaltigtrz;lgle,
collagen coating 9 p
: p hepatocytes, stellate : co-differentiation with multiple
Ouchi et al Cell Metabolism 2019 hPSC cells, Kupffer cells Matrigel cell types, disease modelling
Sgodda et al Stem Cells and suspension homogenous population, exhibited
Development 2017 hPSC hepatocytes culture hepatoxicity to drugs
hepatocytes . functional liver bud, vascularized
Takebe et al Nature, Takebe et al 2013 ’ Matrigel el p
’ ' hPSC mesenchymal cells, p f upon transplantation, massive
Cell Reports 2017 endothelial cells microwell plate scale
hepatocytes, Matrigel, low long term culture, disease
Wang et al Cell Research 2019 hPSC cholangiocytes attachment plate modelling, transplantable
hepatocytes, buds off 2D hepatic and biliary function,
W et al Journal of Hepatology 2019 hPSC cholangiocytes culture transplantable
Zabulica et al Stem Cells Dev 2019 hPSC hepatocytes Matrigel strong hepatic function
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