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Abstract The development of novel and consistent biologic surrogates for drug
discovery, toxicology, and cancer research is presently intense and involves a grow-
ing number of research groups and institutions around the world. The Twilight of
the days of immortalized cell lines as the workhorse of most of our drug develop-
ment and cancer research efforts seem now to be heading to their end with the
introduction of body-on-a-chip platforms, bioengineered tissues and stem cell
organoids. In this chapter, we describe the fundamental work and the different
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strategies that lead to some of the breakthroughs in the generation of hepatic tissue
ex vivo. Lastly, we define its increasing use and applications by pharmaceutical
industry and research laboratories.

Keywords Liver tissue engineering ® Drug discovery ¢ Toxicology ¢ Cancer ¢ 3D
cultures

1 Introduction

The necessity of reliable biologic surrogates for drug discovery, toxicology, includ-
ing more basic biology disciplines — like cell biology, biochemistry, cancer, etc. —
has been a constant source of research and concern [1]. From the early days of the
first immortalized cell culture lines (including the world famous HeLa cells [2]) to
body-on-a-chip platforms there are roughly 60 years of intense research and devel-
opment (R&D) work.

In the particular case of the liver, it is one of the most important organs in metab-
olism and homeostasis, since it plays a critical role in these physiologic functions.
It is responsible for the production of many proteins, vitamins, lipids, carbohy-
drates, carries on the detoxification of several metabolites and synthesizes sub-
stances necessary for homeostasis and digestion. Hence, since early on, the culture
of primary hepatocytes became a priority, to capture liver’s vital role in xenobiotic
metabolism and human physiology in a petri dish. In this line of work, hepatocyte
isolation started in the mid-1960s, when Howard et al. isolated rat hepatocytes
developing a combined mechanical/enzymatic digestion technique, later improved
by Berry and Friend [3, 4]. This method was additionally enhanced by Seglen to
become the two-step collagenase perfusion technique, still widely used in today’s
laboratories [5].

Despite these advances in isolation and cell culture, culturing primary hepato-
cytes was never a trivial and easy task. In 2D cultures, they showed a natural pro-
pensity to suffer de-differentiation into fibroblastic-like cells and lose their
liver-specific functions, since these types of cultures did not reproduce their physi-
ologic niche.

It was not until 1989, that Dunn JC et al. finally published a reliable and secure
method to extend their in vitro viability and function by culturing them in a col-
lagen I gel sandwich, becoming the gold standard culture method still in use today
[6]. Although, even by extending their viability in vitro, function decays rapidly
with time, limiting their use in drug metabolism and toxicology to the initial days
of the culture. These prompted researchers in the field to look into other culture
configurations that could maintain function and viability at higher levels for a
longer time.
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2 Strategies for the Generation of Hepatic Tissue

2.1 Hepatocyte Aggregates and Spheroids

Spheroids are spontaneous non-adherent aggregations of cells that form a 3D tissue
construct. Primary hepatocytes are capable of creating these structures called hepa-
tospheres, where the majority of attachments among cells and extracellular matrix
are preserved, being this essential to maintain both hepatic differentiation and func-
tionality [1]. Studies in primary rat hepatocyte spheroids have demonstrated that
they can recreate the liver’s microanatomy [7].

However, size is an important aspect in the formation of spheroids that needs to
be always kept in mind size [8]. Glickis et al. found that cell viability decline with
increasing spheroid size. They created a mathematical model based on his group’s
observations that hepatocyte spheroids larger than 100 pm might block the diffusion
of oxygen causing necrotic areas in their core [9].

In a first step, the spheroids originate small cell aggregates stimulated by integrin-
ECM binding. These multiple multicellular aggregates give rise to a spheroid via
cadherin-cadherin interactions. Hence, spheroid assembly represents the most
energy efficient structure by minimizing their surface.

In 1961, Moscona et al. described how from individual embryonic cells it is pos-
sible to generate in vitro tissue-like constructions under standard controlled condi-
tions [10]. The term aggregation pattern began being used to describe the capacity
of different cell types in certain conditions to give rise to aggregates within 24 h.
However, it was not until the 1980s when Landry et al. started to use the word spher-
oids to describe 3D cellular aggregates [11]. In this work, isolated rat liver cells re-
aggregate and form structures very similar to those that we can find in vivo when
prevented from attaching to a solid surface. This way, the cells produced their own
ECM and hepatocytes can preserve their metabolic functions [11].

The key in the spheroids formation is to discover a reproducible protocol capable
of rebuilding, in the case of the liver, the hepatic tissue. Presently, there are several
techniques to achieve this, such as (1) non-adherent dishes under static conditions,
(2) agitation cultures or (3) hanging drops.

The simplest way is to seed the hepatocytes in a low adherent well. After an ini-
tial attachment to the surface, the hepatocytes give rise to a monolayer that little by
little separates from the dish forming spheroids. Also, different conditions like
uncoated plates with a positive surface charge, coated dishes with albumin, or the
single elimination of serum factors have been demonstrated to be useful in spheroid
formation [12]. By contrast, coatings with collagens, fibronectin or laminin inhibit
spheroid formation since they support hepatocyte adhesion.

Besides static conditions, agitation cultures such as rocked and rotary cultures in
Petri dishes or bioreactors have been developed to improve spheroid formation. One
example of this was the development of an innovative bioreactor in 2005 that rap-
idly gives rise to spheroids when loaded with porcine hepatocytes [12]. Compared
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with monolayer cultures, hepatocyte spheroids from this bioreactor showed less cell
death and increased metabolic functions [12].

Though, recently it has been demonstrated that rocked cultures increase the
spheroids formation due to an increment of the number of times hepatocytes clash
compared with rotary cultures [13].

However, all techniques described above have several drawbacks, among them,
we can distinguish the necessity of manually achieving a homogeneous population
of aggregates since irregular geometry is typical. Kelm et al. described a universal
method to form hanging drops applicable to a lot of cell lines [14]. This culture
method consists of a few cells in suspension seeded upside down in the lid of a
culture dish. The hepatospheres formed have high size reproducibility with less than
10% of variations.

A big challenge in tissue engineering is vascularization; therefore it is critical to
constructing a functional vascular network. For this reason, the introduction of
endothelial cells in the hepatocyte spheroids production has emerged as a possible
solution [15]. Not only due to the intended need of angiogenesis but also to increase
cell functionality by adding a non-parenchymal cell population.

Stellate cells also have an important role in revascularization after liver injury as
they secrete laminin between hepatocytes, which will lay down a pathway that will
give rise to the hepatic sinusoids. Hence, spheroids formed by hepatocytes and stel-
late cells are also an attractive in vitro system that has today great potential in drug
discovery and many other applications [16]. The search for more biologically rele-
vant systems is making scientists more aware of the importance of the hepatic non-
parenchymal cell populations when assembling these cellular structures.

2.2 Liver Tissue Engineering

Up to date, only liver transplantation provides treatment for a huge variety of end-
stage liver diseases. Due to the shortage of liver donors, hepatic tissue engineering
has become a promising strategy for the treatment of different liver diseases. In this
quest, a large effort has been dedicated to the development of suitable supporting
biomaterials that mimic the liver extracellular matrix (ECM) and that allow steady
cell growth, the maintenance of their differentiation and metabolic functions, and
hepatic tissue organization with the mechanical and biological properties observed
in vivo. As mentioned above, it is also fundamental to identify the most appropriate
cells, to recapitulate in vitro the natural liver microarchitecture, comprised of mul-
tiple cell types. Under specific stimuli, these cells should interact with neighboring
cells and the ECM and form liver parenchymal tissue, which could then be trans-
planted into patients to repair damaged tissue and increase liver function. From this
point of view, this tissue engineered liver constructs are also excellent biological
surrogates for the most multiple biomedical and pharmaceutical applications.
Hence, we will provide a short review of some of the efforts in this area.
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Briefly, different types of biomaterials have been used to date, and alginate scaf-
folds constitute one of the most widely used in tissue engineering due to its hydro-
philic properties, porosity, weak adhesive properties and excellent tissue
compatibility. Some studies suggest that alginate scaffolds loaded with hepatocytes
or mesenchymal stem cells (MSC) increase the survival of animal models with
70-80% partial hepatectomy [17, 18]. Alginate scaffolds can also be used not for
direct implantation, but for encapsulation of hepatocytes differentiated from bone
marrow—derived MSC (BM-MSCs) [19]. This represents a new source of hepatic
cells required for liver tissue engineering, as well as human embryonic (hES) or
induced pluripotent stem cells (hiPS). These scaffolds are also used to induce hepa-
tocyte differentiation in vitro [20]. Chitosan is another biomaterial used as a scaf-
fold. It consists of linear amino heteropolysaccharide derived from chitin with
unusual characteristics like low cytotoxicity, high biocompatibility, and high biode-
gradability. Its structure is very similar to the glycosaminoglycans (GAGs) present
in the liver ECM. In this study [21], Shang et al. built a hybrid sponge made of
galactosylated chitosan and hyaluronic acid to mimic the liver microenvironment
and seeded hepatocytes and endothelial cells.

As mentioned above, type I collagen has also been used extensively for hepato-
cyte in vitro models. Because these cells lose their differentiated functions in 2D
cultures, collagen sandwich consists of a matrix for cell attachment, allowing
hepatic polarity and maintenance of their differentiated functions [22]. This is due
to the capacity of sandwiches to mimic liver microenvironment, promoting cell-cell
and cell-ECM interactions [23]. In other studies [24], like Melgar-Lesmes et al.,
people have used collagen constructs to seed endothelial cells. These matrices were
then transplanted into living animals, showing liver damage reparation, suggesting
that endothelial cells play a critical role in hepatic repair. Ranucci et al. bet on the
utilization of void size collagen foams to induce rat hepatocyte differentiation, sug-
gesting that pore sizes of the substrate (collagen I in this case) are quite relevant for
particular cell morphogenesis [25]. Hyaluronic acid is another example. It consists
of one of the main components of the ECM and plays a significant role in cell pro-
liferation and migration. It is also commonly used for liver tissue engineering as a
scaffold for cell growth [26, 27].

Not only naturally-derived materials have been used in liver tissue engineering
efforts. Due to historical reasons, polyglycolic acid (PGA) scaffolds have been
extensively used at the beginning of this field of science to generate hepatic tissue
when seeded with primary hepatocytes, showing some albumin and urea secretion
capability [28, 29].

More complex composite biomaterials have also been designed. The use of some
of the compounds described above (chitosan, gelatin, type I collagen and hyaluronic
acid) plus a conducting polymer: 3,4-ethylenedioxythiophene (PEDOT) [30]. The
reason for the use of this polymer is to conduct charges to make local electrical
fields inside of the scaffold, which would improve cell attachment, proliferation and
protein expression of the seeded cells.

Recently, another innovative technique is to use acellular matrix derived from
cells in culture. Kanninen et al. [31] demonstrated that after seeding hiPS in a
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HepaRG-derived acellular matrix, this matrix induced hepatic commitment of the
hiPS, suggesting the importance of HepaRG acellular matrix in hepatic differentia-
tion and maturation. Tiwari et at. also used these type of acellular scaffold, in this
case, to seed hematopoietic stem/progenitor cells for its expansion [32].

Hence, despite the different strategies chosen by the multiple authors described
above, most of the generated hepatic tissues reported have shown some degree of
functionality, either in transplantation or in vitro assays. However, the end goal of
producing bona fide hepatic tissue in vitro with the complexity observed in vivo is
still distant in most of the presented cases.

2.3 Liver Bioengineering and Liver Organoids

In the past years, organ bioengineering has flourished, and several techniques have
proved to be suitable candidates for the job at hand. Most strategies have relied on
scaffolds with increasing complexity to replicate the liver microarchitecture and
niche better, but there is also some work done in scaffold-free organogenesis focused
approaches.

Recently, there has been an alternative to the approaches mentioned above, in
which instead of trying to produce liver tissue or hepatic niche cell cultures and co-
cultures, researchers have been thinking of the more sophisticated alternative of
whole bioengineering liver or physiologically relevant liver structures like liver
lobes, liver buds, liver vasculature and ducts.

So far, the most widely described technique for liver bioengineering is the use of
decellularized liver scaffolds for liver regeneration. In this technique, the rationale
is that if the ECM remains in good condition after decellularization, then the differ-
ent components of the ECM will serve as a guide for the cells and will aid not only
in the attachment but also in the formation of the various structures that characterize
hepatic tissue. This kind of approach is based on a two-step process, the decellular-
ization step and the recellularization step.

For decellularization, since the objective is to remove all cells and cellular mate-
rial, protocols are based on the combination of various cell-damaging factors such
as freezing/thawing cycles, hypotonic stress, enzymes, shear stress and lipid surfac-
tant action. The chemical action of detergent solutions is the most widely described
method for dense non-hollow organs such as the liver. These solutions are perfused
throughout the vasculature to detach the cellular material from the ECM so that only
the structured ECM remains. As far as these solutions go, there is a tendency for the
use of detergents such as Triton X-100 and SDS [33-37], but there have also been
various other papers using solutions ranging from enzymes such as trypsin to che-
lating agents such as EDTA or EGTA [38, 39]. Additionally, there have been suc-
cessful attempts while using as an inlet the vena cava, the portal vein, and the hepatic
artery, as well as using fixed flow [35], fixed pressure [36] or even oscillating condi-
tions [37].
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After this step, again through perfusion, hepatocytes, stellate cells, endothelial
cells and various other cell types can be used to repopulate the obtained scaffold.
Some examples include the repopulation with mesenchymal and endothelial cell
lines for vascular regeneration [40] or the repopulation with hepatic cell lines for
metabolic, viability or functional assessments [34, 41].

A very similar approach to the one mentioned before relies on the substitution of
the decellularized liver scaffold with an artificial biomimetic scaffold. By using an
artificial scaffold, some issues pertaining the utilization of an animal-derived scaf-
fold would be eliminated such as the possibility of transmission of zoonotic dis-
eases and the vast ethical constraints associated with products of animal origin. As
the objective is to create a structured microenvironment that resembles the natural
liver ECM in which the cells can generate functional, structured and vascularized
liver tissue, the artificial scaffold has to provide both support and a plethora of dif-
ferent cues to direct the cells towards the desired goal, liver organogenesis. So, to do
just that, a biomimicry approach reliant on biofabrication techniques such as 3D
printing, can be used. Either to generate an artificial scaffold, which can then be
seeded with the desired cell types or to produce an already seeded scaffold/tissue if
the cells are present in the printing solution (bioprinting) [42—-46].

A different tactic, when compared to the previous ones, is to rely on the multipo-
tency of progenitor cells and their ability of self-organizing into complex structures.
In this way, through the study of developmental biology, protocols could be designed
to mimic the natural conditions that lead to liver organogenesis. So far, the most
relevant example is the liver bud experiment [47, 48], in which by controlling the set
of conditions to which a 2D co-culture of iPS-derived hepatocytes, MSCs and
hUVECs is exposed to, this culture contracts into a 3D budding structure reminis-
cent of a liver. It is worth mentioning that in this trial, the liver bud was able to form
a non-functioning vascular network and rapidly emulated an adult liver when con-
nected to a working vasculature (when transplanted). Additionally, it has been
shown to be functional as it helped rescue drug-induced lethal liver failure models.

Other experiments related, pertain to the creation of hepatic/liver organoids from
hepatic cell lines that even without having all of the defined organ structure, still
show function and regenerative capabilities, such as the ability to generate new bile
ducts or the actual organoid development from a single cell [49]. Liver organoids
have also been obtained by using hydrogels in microfluidic settings [50], and similar
results like the development of bile duct have also been achieved through encapsula-
tion in alginate [51].

2.4 Future Perspectives

Regarding applications of liver bioengineering strategies, the most prominent (and
most distant) one is transplantation. When considering this target, one must con-
sider all of the safety concerns common for all medical applications and for that
each different technique shows its strengths. When thinking of an off-the-shelf
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product for transplantation, the fastest option would be to have already a full liver
ready for transplant, which is incompatible with an autologous and theoretically
safer transplant. This fact leads to two routes, one being the production of sterile
scaffolds ready to be seeded with the patient’s cells to generate a functional, trans-
plantable liver or the production of allogenic bioengineered livers. Regarding
Immunogenicity, the primary concern is the cells since natural scaffolds do not
seem to trigger an intense immune response and in the long term are completely
substituted by the patient’s own ECM (scaffolds are bioabsorbed completely in
90 days [52]). Artificial scaffolds meant for this aim will have to be designed and
prepared so that they pass all quality controls for medical use.

Other more easily achieved, and just as critical applications, include disease
modeling, and drug testing. For these requests, the liver buds appear to be excellent
candidates as if the study is a disease that causes liver malformation. In these cases,
development of the liver bud can be easily followed. Other diseases can also be
observed and studied over time with this strategy. Drugs can also be tested in this
system to study not only normal parameters such as efficacy/toxicity and drug
metabolism but also the effect of drugs in liver organogenesis. Other liver bioengi-
neering strategies like biofabrication [42, 53] and liver organoids [50] can also be
used for this kind of applications.

3 Drug Development and Toxicology

3.1 Need of Engineered Liver Tissues for Drug Development

To launch a single drug into the market is a very hard (12—15 years) and costly ($3 —
$5 billion) process [54]. After an initial screening, lead candidate compounds are
characterized in vitro and in vivo for their ADME-Tox (absorption, distribution,
metabolism, excretion and toxicity) properties before proceeding with clinical tri-
als. However, most of the compounds (>90%) fail during these final stages. 43% of
these failures occur due to a lack of efficacy and 33% due to the appearance of
adverse effects [55], particularly in the liver, a phenomenon known as DILI (drug-
induced liver injury) [56]. Taking into account that the liver is the organ where most
drugs are metabolized and transformed to metabolites/active compounds, some of
these substances by-products may result toxic to the own liver and the rest of the
body. Hence, drug withdrawals at clinical stages in humans are mainly due to the
use of inappropriate/inaccurate in vitro and in vivo liver models in the course of
drug studies.

On the other hand, the liver is the target organ of some very common current
diseases, such as infectious HBV, HCV [57], malaria [58], overnutrition-induced
(type 2 diabetes, NAFLD, fibrosis, cirrhosis) [59-61] or tumoral diseases (hepato-
cellular carcinoma represents the 6th most common cancer worldwide) [62].



Tissue Organoids: Liver 25

Considering all the above, liver models result necessarily for the development of
novel drugs, not only for the study of xenobiotics metabolism and toxicity but also
for the development of specific drugs for liver diseases. Hence, more realistic
in vitro human liver models that resemble as closely as possible in vivo liver struc-
ture, physiology and pharmacological response are needed.

3.2 Limitations of Current In Vitro Liver Models to Test Drugs

As mentioned above, maintaining liver parenchymal function ex vivo results essen-
tial to generate stable systems for efficacy and toxicology drug studies, so fully
functional hepatocytes are needed. For that, the 3D relationship of cells within the
differential microenvironments of the liver (e.g. periportal versus pericentral), the
regional hemodynamic flow patterns, and other physiological factors, such as oxy-
gen tension and cytokine profiles have to be simulated in vitro. However, current
cell-based models that are routinely used in drug testing are simple monoculture
systems (typically standard microtiter plate formats) employed under static, non-
physiologic conditions, that makes them suboptimal models for drug efficacy and
safety testing, unable to mimic or predict more complex mechanisms of action [63].

Hepatocyte viability in suspension decreases significantly after 4 h [4]. Because
of that, for years cryopreserved human hepatocytes in monolayer cultures have been
the gold standard to test drug metabolism and toxicity [64]. However, cryopreserva-
tion also reduced hepatocyte viability, and function [65] and their culture in mono-
layer downregulate cell receptors involved in cell-cell and cell-extracellular matrix
interactions, reducing drastically cell functionality over time [64]. The development
of 2D cultures models, such as sandwich culture, allowed for increasing basal and
induced drug-metabolizing enzyme activities and simulating in vivo biliary excre-
tion rates [64, 66]. However, dedifferentiation of hepatocytes in long-term cultures
and the lack of non-parenchymal cells that interact with hepatocytes continued
being inherent disadvantages of these models [67]. The co-culture of hepatocytes
with other liver cells, such as stellate cells, Kupffer cells, liver sinusoidal endothe-
lial cells or liver epithelial cells diminishes to some extent these limitations, improv-
ing longevity/functionality of cells and producing higher expression of CYP and
Phase II isoforms than in monotypic culture [68—71]. Nevertheless, co-cultures are
usually based on the random mixing of different cell types and, thus, do not account
for their particular anatomical relationship. More recently, looking for more rele-
vant models, to emulate three-dimensional organization and morphology of hepato-
cytes within the liver, 3D cultures have been developed. 3D cultures range in
complexity from monotypic or heterotypic spheroids [72, 73] to 3D scaffold sys-
tems [1] or more advanced models using microfluidic in vitro systems [1, 74].
Multiple commercial 3D co-culture platforms have been developed for drug screen-
ing and drug studies, such as the “Hepatopac” platform [75]; the 3D InSight™
Human Liver Microtissues of Insphero, the HepaChip® in vitro microfluidic system
[76] or the Hurel® microliver platforms [77].
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Today, despite the fact that some issues have been addressed for certain applica-
tions with the models mentioned above, others continue to be biologically and tech-
nically challenging [66, 78].

3.3 Organoids in Drug Development

Organoids represent more complex models that try to simulate three-dimensional
cell-cell and cell-ECM relationships in more relevant physiological conditions
which mimic liver microenvironments arrangement and result amenable to high-
throughput screening of compounds and feasible enough to guarantee long-term
studies.

The optimal liver role is not only dependent on the coordinated function of the
parenchymal and non-parenchymal cells within the hepatic acinus but also depen-
dent on hepatic blood microcirculation. Aspects of the microcirculation can be sim-
ulated in vitro, via perfusion models, to create a dynamic in vivo like environment.
In the last years, different macroscopic perfused in vitro liver systems, initially
developed as bioartificial liver devices, have been created [74], providing evidence
that perfusion can improve longevity and function in sophisticated hepatic systems,
and thus show a better in vivo mimicry. Although these models represent the most
physiologically practical systems, their size makes them unfeasible to be used in
drug testing studies, as they lack the throughput and analytical flexibility for drug
screening. The use of these organoids in drug development involves their miniatur-
ization to a microscopic level. This new class of in vitro tools, often called “on-a-
chip” tissue models, can mimic the architecture of small tissue sections and
individual characteristics of the dynamic in vivo flow environment, while also offer-
ing more precise spatial and temporal control of soluble factors. These models,
apart from resulting amendable to high throughput screening approaches, can be
engineered for a real-time monitoring of the state of cells and their extracellular
environment, which is crucial for determining cellular mechanisms of action in
drugs [74].

Several organoid systems have been developed for drug screening and testing.
One of the best examples of these organoids rests on microfluidic systems. Already
in 2006, Kane et al. developed a microfluidic co-culture system of hepatocytes and
T3-J2 fibroblasts in an 8 x 8 well array, demonstrating stable albumin and urea
excretion for 32 days. Some years later, Hurel Corporation developed a similar
microfluidic in vitro liver platform for drug screening with commercial purposes
(Hprelflow TM) [77]. This platform, formed by multiple fluidically interconnected
microscale cell culture compartments, enables simulation of the interaction of test
substrates with two or more organs which provide an enhanced prediction of human
response. In fact, in vivo-like absorption, distribution, metabolism, bioaccumula-
tion, and toxicity of naphthalene were demonstrated when lung, adipose, and liver
cells were fluidically connected [77]. Furthermore, the size of the system enabled
microscopic imaging, oxygen sensing, physiologically appropriate ratios of chamber
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sizes, hydrodynamic shear stress and less consumption of media and cells. Even so,
some issues, such as sample removal, complexity to maintain recirculation, cell
monolayers on chips and not physiological tissue constructs limit the model signifi-
cantly. Some years later, Au et al. developed another microfluidic model, a micro-
fluidic organoid for drug screening (MODS) platform [79]. The novelty of this
system comparing with previously developed MODS, was the ability to evaluate
different conditions simultaneously and the automation of time-consuming pro-
cesses such as the generation of mixtures and the formation of serial dilution series,
which can result in more efficient screening of lead drug candidates. Recently,
Vernetti et al. have developed and characterized a sophisticated system for investi-
gating drug safety and efficacy in liver models of disease. This system includes a
human 3D microfluidic four-cell sequentially layered, self-assembly liver model
(SQL-SAL), and furthermore, fluorescent protein biosensors for mechanistic read-
outs and a microphysiology system database (MPS-Db) to manage, analyze, and
model data [80].

Hollow fiber reactors have also been adapted to drug testing. In 2010, Schelzer
et al. developed a microscale prototype of a hollow-fiber reactor. In this model, the
bioreactor consisted of four cell chambers each of which included four compart-
ments, (one for cells, two for culture medium, and the last one for oxygen supply)
connected to provide the cells with a physiologically-based environment [81]. The
prototype allowed for small numbers of cells and limited reagent use, microscopic
evaluation of the cells and monitoring of oxygen concentrations. Later, a similar
system with co-culture of parenchymal and non-parenchymal liver cells was also
developed for studies of pharmacokinetics and drug toxicity, showing maintained
albumin synthesis and CYP activity for 2-3 weeks [82]. Nevertheless, some limita-
tions also arise in this kind of systems, such as the lack of physiologic gradients
typically seen in liver tissue, the complexity of many tubing lines or the limited
throughput since only a few different conditions can be assessed simultaneously.

As also mentioned above, decellularization constitutes a novel approach in liver
models [33, 83]. This macroscopic model that can be used to investigate the liver
development and regeneration can also be miniaturized for high-throughput drug
studies.

Apart from physiological models, in the last years, organotypic models of liver
diseases are also being developed for drug testing. Drug metabolism, toxicity, and
efficacy in diseased livers differ substantially comparing with healthy conditions, so
accurate models of disease are required. In this sense, Skardal et al. developed liver-
based cell organoids in a rotating wall vessel bioreactor that inoculated with colon
carcinoma cells to generate liver-tumor organoids for in vitro modeling of liver
metastasis [84]. Recently, Leite et al. have developed hepatic organoids with fibrotic
features, such as hepatic stellate cell activation and collagen secretion and deposi-
tion, for the study of drug-induced liver fibrosis [85]. Similarly, Lee et al. have
generated a reversible- and irreversible-injured alcoholic liver disease model in
spheroid-based microfluidic chips where rat primary hepatocytes and hepatic stel-
late cells (HSCs) are co-cultured [86].
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Although enormous advances have been made in the last years to developed
more realistic and predictive in vitro liver models for drug testing, the field is still
dawning. There are critical issues that should be solved for the field to move for-
ward. Standardizing model/platform characterization for drug-based studies (viabil-
ity, secretory capacity, enzymatic and toxicology activities and drug transporter
activity should be established for each model). Building specificity and sensitivity
of the systems, recreating more accurately parenchyma zonation, developing better
detection systems and better materials [74], or finding new unlimited fully func-
tional cell sources [87] are some of the challenges to face today in the development
of in vitro liver models for drug studies.

3.4 Cancer Research

Liver cancer leads to a considerable number of cancer-related deaths worldwide.
Primary liver cancer, hepatocellular carcinoma (HCC), is the Sth most frequent can-
cer and the 3rd leading cause of cancer death. Approximately 700,000 people die
because HCC every year [88]. Moreover, metastasis to the liver is a common occur-
rence in patients with cancer affecting other organs, usually by hematologic dis-
semination. The presence of liver metastasis changes dramatically patient’s survival,
leading to the 2nd highest number of cancer-related deaths in the U.S [89].

In the majority of in vitro models of carcinogenesis tumor growth and metastasis
are not optimal. The 2D models cannot represent the complexity of in vivo cancer
architecture and the interactions between the healthy tissue and cancer cells. Liver
organoids, as described above, are 3D in vitro cultures that can replicate much better
the microenvironment of in vivo tissue. For this reason, organoids can be useful to
evaluate better the cellular changes that lead to tumorigenesis and cancer progres-
sion [90, 91]. Further, organoids 3D culture could serve as a model to test cancer
response to a drug. Drug diffusion kinetics and metabolism change dramatically in
3D culture. Probably because in this context it is also possible to reproduce the
interactions between cells and matrix, that are not well recreated in 2D models. This
hypothesis could explain why drugs that are effective in 2D models are often inef-
fective when tested in patient [90, 91].

Primary organoid culture including epithelial and mesenchymal cells has been
successfully used in pancreatic, gastric and colorectal cancers [90, 91]. Nowadays,
unlike other cancers, there is a lack of evidence and data published about utilization
of liver organoids in primary liver cancer research, such as HCC and intrahepatic
cholangiocarcinoma. Only one study released by Kosaka et al. has evaluated the
application for cytotoxicity assay of alcohols of spheroid cultures of human hepato-
blastoma cells (HuH-6 line) [92].

Recently liver organoids have been used for in vitro modeling of liver metastasis
of colorectal adenocarcinoma [84]. Skardal et al. have evaluated the role of liver
tumor organoids for modeling tumor growth and drug response in vitro. In this
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work, the authors created a liver-based cell organoid in a rotating wall vessel
bioreactor that then was inoculated with colon carcinoma cells (CCC). The authors
observed that there was a clear phenotypic difference between CCC cultivated in 2D
and those inoculated in the liver organoids. In particular, inoculated CCC present a
transition from an epithelial to a mesenchymal phenotype showing weak expression
of ZO-1, E-cadherin, and vinculin, cytoplasmic expression of beta-catenin and
expression of N-cadherin and MMP-9. All these changes suggest a switch to a mes-
enchymal, mobile and metastatic phenotype, similar to those of the metastatic CCC
in vivo. CCC cells in the 2D culture did not present these changes and showed an
epithelial phenotype. Another aim of the study was to evaluate the potential role of
organoids as a model for drug screening studies. The authors were able to demon-
strate that modification of WNT signal pathway through its activation or inhibition
could modify the response to 5-fluorouracil [84].

The results of this study are an example of the potential of liver organoids in
cancer research. 3D culture models offer a more accurate environment for the study
of tumorigenesis and progression. The greater advantage versus 2D models is that
organoids seem to be a more precise model of the architecture of the tissue in vivo.
Recently, the introduction of novel biomaterials and biofabrication techniques also
allowed for a more accurately evaluation of the interaction between cells and ECM.

Finally, the field which liver cell-based organoids seem to have more application
is the advanced personalized medicine. Liver malignancies affect a considerable
number of patients and are a leading cause of cancer-related death worldwide. In
patients with primary liver cancer or liver metastasis future studies may use host-
tissue based organoids to screen pharmacologic agents for activity against tumors
and toxicity in the normal tissues.

4 Conclusions

Liver tissue engineering and bioengineering of whole livers are shaping the pres-
ent and potentially the future of regenerative medicine. Nevertheless, the use of
these lab created hepatic tissues is exploding in multiple biomedical and pharma-
ceutical applications. Most of the organoids, tissues and whole organs described
above might not be ready for prime time at the bedside, but they already represent
very accurate liver models to spur a new age of drug testing and discovery. When
compared to the classic 2D models, their higher metabolic function and bona fide
physiology are an assurance that we might have finally the tools to change the
decades’ old models of 2D hepatocyte culture. To the field of toxicological and
pharmaceutical research, maybe the time to modify the model used in the past two
decades as come, hopefully changing with it the trend of drug development attri-
tion rates.
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