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Abstract

Up to date, liver transplantation is the only definitive cure for patients with end-
stage liver disease. However, donor organs are limited, and several patients
succumb to liver failure before a suitable donor is found. Liver tissue engineering
and regenerative medicine are promising new technologies that can help reduce
the burden of liver shortage by increasing the number of organs available for
transplantation. In this chapter, we focus on various aspects of liver bioengineer-
ing, describing current liver diseases and the most relevant liver models used in
liver tissue engineering, with particular attention to liver decellularization and
recellularization processes. Also, we highlight the importance of bioreactor
systems to allow a dynamic growth of all the cells seeded in liver scaffolds.
Furthermore, we describe new cell culture systems that help us to pave the way
from the bench to the bedside, as well as the regulatory and technological
challenges related to liver bioengineering.

1 Introduction

The liver is the second largest organ in the human body. With an approximate weight
of 1.2–1.5 kg in an adult human, the liver constitutes the most significant gland of the
organism.

It is involved in many vital functions like the regulation of the energetic metabo-
lism, processing all the nutrients; in the synthesis of essential proteins and enzymes
needed during the digestion and normal organism behavior; in the maintenance of
hormone balance; and in the detoxification and elimination of compounds for a correct
incorporation of amino acids, carbohydrates, lipids and vitamins, and their storage.

The liver is considered a metabolic organ and an exocrine gland, too, because of its
role in metabolic and bloodstream secretion functions. Furthermore, because
of its capacity for bile production and secretion, it is also considered as an exocrine
gland.
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This organ has the particularity of receiving a double blood contribution: 80%
enters through the portal vein, with low oxygenation and providing the liver with all
the substances drained from the abdominal organs. The remaining 20% enters
through the hepatic artery, carrying well-oxygenated blood. Arterial and venous
blood converge both at the hepatic sinusoid, which allows the transvascular inter-
change between the blood and parenchymal cells.

It is anatomically divided into eight independent segments, and its functional
morphologic unit is the hepatic lobule, organized surrounding the central vein (CV).
Hepatic cords and hepatic sinusoids are surrounding this CV. In the apex of the
hepatic lobule is located the portal trial, formed by a hepatic artery, a portal vein, and
a bile duct. Repetitions of this functional unit form the hepatic tissue.

Furthermore, many types of cells coexist in the liver tissue: the parenchymal
cells, which are the hepatocytes, constitute 80% of the tissue. Non-parenchymal cells
constitute the remaining 20% and include liver sinusoidal endothelial cells (LSEC),
ductular cells (DC), Kupffer cells (KC), stellate cells (HSC), and Pit cells.

1.1 Brief Description of Acute, Inborn Errors of Metabolism and
End-Stage Liver Disease Worldwide

Liver diseases are any conditions that lead to liver inflammation or damage, affecting
thus its normal function. Many factors like infections, exposure to drugs or toxic
compounds, autoimmune processes, or genetic malignancies can cause these. The
effects include inflammation, scarring, blood clotting, bile duct obstructions, and
liver failure. The following table (Table 1) summarizes most liver diseases:

Liver disease causes approximately two million deaths per year worldwide: one
million originated by cirrhosis complications and the remaining million because of
viral hepatitis or hepatocellular carcinoma (Mokdad et al. 2014). Cirrhosis is the 11th
most common cause of death worldwide, with 1.16 million global deaths per year.
Liver cancer represents the 16th most common cause of death, with 788,000 global
deaths (Asrani et al. 2019).

Some global data analyzed from 1990 to 2010 suggest that Latin America, the
Caribbean, Middle East, and North Africa have the highest percentage of deaths
because of liver disease. Egypt, Moldova, and Mongolia have the highest cirrhosis
mortality rate in the world. India represents an 18,3% of cirrhosis death in the world,
followed by China with 11%. Central Asia, the Russian Federation, and Europe’s
mortality are increasing.

Almost any chronic liver disease leads to cirrhosis. Globally, the leading causes
are hepatitis B and C virus and alcohol. Other causes can be immune liver diseases,
drugs, cholestatic disease, among others. The causes vary between different coun-
tries: in Western and industrialized countries, alcohol and nonalcoholic fatty liver
disease are the leading causes, whereas hepatitis B is the main cause in developing
countries (Asrani et al. 2019; Lim and Kim 2008; Lozano et al. 2012).

Acute liver failure (ALF) is a rare disorder with a high mortality rate (Bernal et al.
2010). It can be produced by viral causes, predominantly in developed countries; in
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the USA and Western Europe, drug-induced injury is the leading cause, and there are
many other cases with no clear origin. ALF can be associated with multiorgan
failure.

Nonalcoholic fatty liver disease (NAFLD) is an increasing health problem asso-
ciated with diabetes and obesity that affects one-third of adults in developed
countries (Cohen et al. 2011).

This clinicopathological condition comprises a broad spectrum of liver damage,
ranging from simple steatosis to steatohepatitis, fibrosis, and cirrhosis in patients
who do not abuse alcohol. This illness starts with an abnormal accumulation of
triglyceride droplets within the hepatocytes, leading to hepatic steatosis. This stage is
usually self-limited, but it can progress to nonalcoholic steatohepatitis (NASH) due
to hepatic injury because of hepatocyte death due to ballooning, inflammatory
infiltrate, or collagen deposition (fibrosis). NASH can then develop a cirrhotic
stage, where hepatocytes are replaced by scar tissue, decreasing hepatic function
and altering blood flow. There are several degrees of fibrosis, being the last step the
progression of the cirrhotic stage to hepatocellular carcinoma (HCC).

Hepatocellular carcinoma is usually the result of a complication of liver diseases,
commonly liver cirrhosis (Fattovich et al. 2004). The WHO estimates that in the 2000,
primary liver cancer is supposed the fifth most prevalent illness in men and the ninth in
women, representing about the 5,6% of all human cancers (Parkin et al. 2001), with
564,000 new cases per year and expected to increase by 2020 (Bosch et al. 2004).

The Barcelona-Clínic Liver Cancer (BCLC) has classified HCC in liver cirrhotic
patients into five different stages: stage 0 (very early stage), stage A (early stage),
stage B (intermediate stage), stage C (advanced stage), and stage D (terminal stage),
and nowadays it is utilized by many centers.

Table 1 Characteristics and causing agents of different hepatic diseases. (Source: Adapted from
(AACC 2019))

Liver disease Characteristics Causing agents

Acute liver
failure

A rapid decrease in liver function Drugs, toxins, liver diseases

Alcoholic liver
disease

Liver damage which can lead to fatty liver,
alcoholic hepatitis, or cirrhosis

Abusive alcohol intakes

Autoimmune
liver disease

Body’s immune system attacks liver cells Primary biliary cirrhosis,
autoimmune hepatitis

Biliary
obstruction

Bile duct blocking Trauma, tumors,
inflammation

Cirrhosis Liver scarring Chronic hepatitis, alcoholism,
chronic bile duct obstruction

Genetic
diseases

Gene mutation Hemochromatosis, Wilson
disease

Hepatitis Acute or chronic liver inflammation Virus, alcohol, drugs, toxins

Infections Can originate liver damage and/or bile duct
blockage

Virus, parasites

Liver cancer Abnormal growth of liver cells Cirrhosis, chronic hepatitis,
virus
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1.2 Liver Transplant Worldwide

According to the data published in the Newsletter Transplant, handled by the NTO
(National Transplant Organization) in collaboration with the World Health Organi-
zation, Spain revalidates its world leadership for the 26 consecutive years, with a rate
of 47 donors per million population (p.m.p). This country provides 19,2% of organ
donations in the EU and 6,4% of the registrations worldwide (34,096). Spain also
maintains the leadership in transplants, with 113,4 p.m.p, above the USA, which has
109,7 p.m.p. In 2018, there were 135,860 organs transplanted worldwide. This
number means an increase of 7,2% to the previous year (which was 126,670).
From these, 89,823 were kidney transplants, 30,352 liver transplants, 7,626 heart
transplants, 5,497 lung transplants, 2,342 where pancreas transplants, and 220
intestine transplants. By the end of 2018, there were 56,399 European people on
the waiting list. According to these data, ten patients died per day waiting for an
available organ in the EU.

The donation rate has increased in the last years worldwide: there are 31,7 donors
p.m.p in the USA; Australia reached 20,8 p.m.p and Canada 21,9 p.m.p. Russia
figures its rate in only 4 donors p.m.p, and Latin America reached 9,5 donors p.m.p.

The following table (Table 2) recapitulates data from a liver transplant in 2017
(data obtained from the Newsletter Transplant):

Table 3 summarizes the number of patients in the waiting list (WL) for a liver
transplant and the number of patients who died in 2017 (data obtained from the
Newsletter Transplant):

1.3 Bottlenecks and Limitations

As mentioned above, liver transplantation means the only effective treatment option
for patients suffering from end-stage liver disease, acute hepatic failure, and hepa-
tocellular carcinoma. Although short-term graft and recipient survival outcomes
have improved, thanks to advancements in the surgical technique, perioperative
management, and immunosuppressive therapy, there are still two main limitations
in liver transplantation: the first one and the most important is organ shortage. That is

Table 2 Number of liver transplant worldwide

Country Number of transplanted livers

Australia 282

Canada 585

European Union 7.984

Latin America 3.288

New Zealand 55

Russian Federation 438

Saudi Arabia 226

USA 8.082
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why significant efforts are being developed to increase the existing scarce donor
pool. This effort has derived in the use of liver allografts from donors after cardiac
death in combination with extended criteria donors. The goal is to get a better
selection of donors, selecting not only the adequate ones but has also helped in the
development of mechanical perfusion strategies (Jadlowiec and Taner 2016). The
second limitation is the long-term recipient’s complications after liver transplanta-
tion. Infections, allograft failure, cardiovascular events, or renal failure are the most
common causes of later mortality after liver transplantation, which derive from long-
term immunosuppression (Watt et al. 2010). Substantial efforts are being developed
to improve the recipient’s long-term outcomes.

1.4 Solutions Developed Throughout the Years to Increase Organ
Availability

Due to organ shortage, it became necessary to find alternative therapies to treat liver
failure. Extracorporeal liver support systems for patients suffering from liver failure
consist of temporary relief developed to speed up liver recovery from injury or as a
bridge to transplantation. There are two types of devices for temporal support:
artificial livers (AL), which use nonliving components to remove toxins accumulated
in the blood or plasma due to liver failure, using membrane separation associated
with columns or sorbents. On the other hand, bioartificial liver (BAL) provides not
only liver detoxification but also synthetic functions by combining chemical pro-
cedures and bioreactors containing cells to maintain the liver function (Carpentier
et al. 2009). Appropriate cell choice for BAL devices is still under investigation.

Primary human hepatocytes represent the ideal source for replacing liver func-
tion, but they still are difficult to maintain in vitro. Primary porcine hepatocytes, on
the contrary, enable the availability of large quantities of cells but with the immu-
nologic and infectious problems that they carry. This is the reason why human or
human-derived cells are more desirable than animal cells. Other cell types investi-
gated are immortalized cells [like C8-B (Cai et al. 2000), HepZ (Werner et al. 2000),
HH25 (Kono et al. 1995). . .], which are easily cultivated in vitro and maintain liver-

Table 3 The number of patients waiting for a liver transplant and exitus number of total patients in
2017 across the world

Country Number of patients in the WL Exitus number

Australia 482 11

Canada – 74

European Union 16.064 990

Latin America 8.112 1.087

New Zealand – –

Russian Federation 1.666 141

Saudi Arabia 658 –

USA 24.178 1306
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specific functions. Their problem still resides in their potential transmission of
oncogenic substances to the patient (Allen et al. 2001; Carpentier et al. 2009). Up
to date, BAL is still under investigation. Although some of them have FDA
authorization for clinical development (like HepaMate, ELAD, or Excorp Medical),
there is still a lot to do regarding their capacity to provide and replace liver functions.
Significant issues have to be overcome, like cost, cell availability, or maintenance of
cell viability that have delayed their appearance on the clinic.

Split livers represent another choice. This technique means a way to increase the
number of cadaveric donor organs for children and adults: it provides a left lateral (to
be transplanted into a child) and a right-extended liver graft (to be transplanted into
one adult). Furthermore, the outcomes showed comparable results as those in whole
organ liver transplantation (Broering et al. 2004). Nevertheless, the main problem
with split livers resides in that it is a sophisticated variant of liver transplantation that
requires a very high level of technical and logistical skills and an extensive knowl-
edge of possible anatomic variations. It also needs a reliable judgment on graft
quality and also an optimal graft-recipient size match (in order to avoid the small-
size liver syndrome). However, in the latest years, new technologies like organ and
tissue engineering have emerged not in order to maintain liver function while injury
but for the creation of new organs in vitro able to be transplanted.

Another potential alternative to liver transplantation is allogeneic hepatocyte
transplantation (Iansante et al. 2018; Laconi et al. 1998) to restore hepatic function
once engrafted in the recipient’s liver. Hepatocytes can be isolated from different
sources: whole donor livers unsuitable for transplant, from liver segments after
split liver transplantation, or from neonatal and fetal livers (which could provide
very high hepatocyte quality). The advantages of these techniques include the fact
that it is less invasive and less expensive than surgery, and it can be performed
repeatedly if necessary. Cryopreserved cells are also available when necessary, and
because this procedure requires few cell quantities, different recipients could
beneficiate from the same donor organ. On the contrary, the limitations reside in
the difficulty of isolating and maintaining high-quality hepatocytes (Ibars et al.
2016; Stephenne et al. 2007). Liver cell engraftment is usually poor (approxi-
mately 0,1–0,3%) (Wang et al. 2002), and allogeneic rejection may be the leading
cause of failure in cell graft function.

Mesenchymal stem cells (MSC) are another important source to consider. They
are an attractive source due to their capacity to proliferate and differentiate in vitro
and their anti-inflammatory and immune status (Iansante et al. 2018). Furthermore,
there are several tissues containing hMSC: bone marrow, adipose tissue, and umbil-
ical cord. Some authors have recently isolated MSCs from the liver, called liver-
derived human MSCs, which can be transdifferentiated toward hepatocyte-like cells
(Najimi et al. 2007). However, their role is still under investigation in liver-recipient
repopulation and providing satisfactory hepatic function.

Tissue-engineered whole livers are becoming very promising too. By combining
tissue engineering techniques and biology, autologous livers might be able to be
created in vitro and transplanted, eliminating thus the problem of an organ donor,
waiting list, and rejection.
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2 Tissue Engineering

2.1 First Approaches Used for Liver Tissue Engineering

Tissue engineering is one of the most promising fields in regenerative medicine. As
described in 1993 by Robert Langer and Joseph Vacanti, it is the conjugation of
biomaterials (synthetic or naturally derived) with cells, in order to generate tissue
constructs that can be implanted into patients to substitute a lost function and
maintain or gain new functions (Langer and Vacanti 1993). The current paradigm
is suitable for the engineering of thin constructs like the bladder, skin, or blood
vessels. In the specific case of the liver, the 3D architecture and dense cellular mass
require novel tissue engineering approaches and the development of vascularized
biomaterials, in order to support thick tissue masses and be readily transplantable.
Additionally, to the vascular support for large tissue masses, hepatocyte function
maintenance represents the ultimate aim in any organ engineering or regenerative
medicine strategy for liver disease. Hepatocytes are known to be attachment-depen-
dent cells and lose rather quickly their specific functions without optimal media and
ECM (extracellular matrix) composition and cell-cell contacts. Also, the function
and differentiation of liver cells are influenced by the 3D organ architecture (Mooney
et al. 1992).

In the last two decades, multiple strategies for the culture of adult hepatocytes in
combination with several types of 3D, highly porous polymeric matrices, have been
attempted (Fiegel et al. 2008; Kim et al. 2000b; Lin et al. 2004; Linke et al. 2007;
Tong et al. 1990). However, in the absence of vasculature, restriction in cell growth
and function is joint due to the limitations in nutrient and oxygen diffusion. Some of
these problems are being now partially overcome with the development of
bioreactors that provide continuous perfusion of culture media and gases, allowing
a 3D culture configuration and hepatocyte function maintenance (Gerlach et al.
1994; Torok et al. 2001, 2006).

The tissue engineering concept has several advantages over the injection of cell
suspensions into solid organs. The matrices provide sufficient volume for the
transplantation of an adequate cell mass up to whole-organ equivalents. Transplan-
tation efficiency could readily be improved by optimizing the microarchitecture and
composition of the matrices, as well as by attaching growth factors and extracellular
matrix molecules to the polymeric scaffold, helping to recreate the hepatic micro-
environment (Mooney et al. 1992). The use of naturally derived matrices has also
proved to be very helpful in hepatocyte culture (Lin et al. 2004). These matrices,
besides preserving some of the microarchitecture features of the tissues that they are
derived from, also retain bioactive signals (e.g., cell-adhesion peptides and growth
factors) required for the retention of tissue-specific gene expression (Kim et al.
2000a; Voytik-Harbin et al. 1997). Additionally, cell transplantation into polymeric
matrices is, in contrast to cell injection into tissues and organs, a reversible procedure
since the cell-matrix constructs may be removed if necessary.

Finally, heterotopic hepatocyte transplantation in matrices has already been
demonstrated in long-term studies (Johnson et al. 1994; Kaufmann et al. 1999).
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Nonetheless, initial engraftment rates are suboptimal. One of the reasons for this is
the absolute requirement of the transplanted hepatocytes for hepatotrophic factors
that the liver regularly receives through its portal circulation (Starzl et al. 1973).
Thus, the development of a tissue-engineered liver construct capable of being
orthotopically transplanted is essential.

2.2 Whole-Liver Scaffolds (Decellularization)

One other alternative is based on the decellularization process to generate a whole-
organ scaffold. These have to be later recellularized using different cell types to get a
functional bioengineered organ to be transplanted into recipient animals (Fig. 1). The
strategy of decellularization of extracellular matrices has induced the development of
other disciplines such as cell biology, tissue engineering, and regenerative medicine
further than the implementation of more simple naturally derived biomaterials.
The resultant scaffolds can be considered to be cell-derived matrices, which are
a compound of natural proteins, macromolecules, and other components such as
associated growth factors. They can recapitulate the native ECM, thanks to the
conservation of its organization and composition. As these scaffolds are derived
from the ECM, they provide biological and mechanical support, and above all, a
template of the organ, so that cells can migrate, attach, proliferate, organize, and

Fig. 1 Components of liver bioengineering. The process needs two components: cells, which are
isolated and long-scale in vitro expanded (a), and a scaffold, which is decellularized (b) and
recellularized with the isolated cells assembled in a bioreactor system, in combination with growth
factors and different pressure conditions (c). The goal is the creation of a whole human
bioengineered liver able to be transplanted into patients who require a new organ (d)

Liver Tissue Engineering 151



differentiate at the same time that it provides paracrine factor production (Robb et al.
2018).

Currently, decellularized tissues have some applications in the clinic in different
areas. It is the case of orthopedics, dentistry, surgery, and even in the cardiovascular
field (Parmaksiz et al. 2016). Nonetheless, the replacement of solid organs as the
liver is not a clinical reality, yet as they are considerably larger than thinner tissues,
their three-dimensional structure is much more complex, and they need a robust
vascular network so that it can stay functional. In the field of whole-liver engineer-
ing, human, rat, and pig livers have been used as the primary sources to obtain
scaffolds. However, some studies show that the spleen can also be used (Xiang et al.
2015). The generation of bioengineered livers able to replicate its native function has
some limitations, including the formation of a patent vascular network and the vast
expansion of cells to get the required number so that a minimal degree of function
can be achieved. The first one is needed so that the blood flow becomes normal
because the ECM without cellular components stimulates the formation of blood
clots since it is considerably thrombogenic. However, the advances that have been
made in the recellularization process give rise to an increase in vascular patency.
Although this technology is expected to be used in the long term to treat patients
suffering from end-stage liver failure, in recent years, some advances have been
made in the field of whole-liver engineering. Researches have described different
protocols that can be used to decellularize an organ in order to obtain a specific
tissue-derived matrix. The strategies used are based on physical, chemical, mechan-
ical, or enzymatic methods and even on a combination of them to maximize the
efficacy of the process. The most common approximation is based on the use of
detergent solutions to be perfused through the portal vein using peristaltic pumps so
that the cellular content is removed.

At the same time, the extracellular matrix and the vascular tree are preserved,
becoming one of the main advantages of this technology. It has been reported that the
ultrastructure and composition are conserved, as well as the bile duct system
(Baptista et al. 2011; Fukumitsu et al. 2011). At the same time, the microarchitecture
and essential bioactive signals are maintained, which are considered complex to be
replicated in vitro. This fact is quite relevant, taking into account that they are
essential for cells to be viable, functional, and to differentiate. Two detergent
solutions have been widely used: sodium dodecyl sulfate (SDS) (Buhler et al.
2015) and Triton X-100 (Baptista et al. 2011; Barakat et al. 2012; Crapo et al.
2011). However, there are also other agents such as enzymes, proteases, or acids that
can be used. For the latter, the most widely used ones are peracetic acid, ethylene-
diaminetetraacetic acid, or deoxycholic acid, but alkaline solutions can also be
perfused, such as sodium hydroxide. They may be used alongside with enzymes
as DNase I or trypsin and physical agents as pressure and temperature.

On the one hand, for the first one, high hydrostatic pressure can be used or even
supercritical CO2. On the other hand, when the temperature is used, freeze-thaw
cycles may be implemented. In the protocols published so far, the reagents men-
tioned above are used in multiple concentrations and even in different combinations
(Faulk et al. 2015; Wang et al. 2017). Researchers have also reported the existence of
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diverse strategies to perfuse the detergent solutions including the use of the portal
vein (Buhler et al. 2015), the portal vein together with the hepatic artery (Baptista
et al. 2011; Barakat et al. 2012; Ko et al. 2015), and even the inferior venae cavae
(Shupe et al. 2010). At the same time, both the hepatic artery and the portal vein are
used in the recellularization procedure (Faulk et al. 2015; Wang et al. 2017).

Uygun and his co-workers have been able to decellularize ischemic rat livers
implementing the perfusion of SDS through the portal vein using different concen-
trations (0.01%, 0.1%, and 1%) for 24 h each of them (Uygun et al. 2010). As a
result, they obtained a scaffold without cells characterized by being translucent and
by maintaining the main physical structure of the organ. On the other hand, Baptista
and colleagues have reported the use of a protocol that depends on the size of the
liver and its structure (Baptista et al. 2011). In this case, different animal models have
been studied, including mice, rabbits, and pigs. In this case, SDS is not used, but it is
based on the perfusion of a detergent solution together with other agents. Briefly, the
authors identified high efficacy when 1% Triton X-100 with 0.1% ammonium
hydroxide was perfused through the portal vein after perfusing a volume of
deionized water equal to 40 times the liver. The authors reported that the matrices
obtained were transparent, with the vascular tree visible. Finally, other authors, as De
Kock et al., have described protocols in which both detergent solutions are used.
They were able to decellularize a rat liver in just an hour using first 1% Triton-X 100
half of the time and 1% SDS during the second half an hour, with perfusion through
the portal vein. This strategy gave rise to translucent liver scaffolds with no cellular
component and able to endure fluid flows, thanks to the preservation of its architec-
ture (De Kock et al. 2011).

2.3 Cellular Components, Their Source, and Role in Generating
Hepatic Tissue

Once the decellularization procedure has been performed, to obtain a functional
organ, it is necessary to seed different types of cells in the generated scaffold. To do
so, they have to be sterilized and incorporated into a designed bioreactor system to
be recellularized. As it was mentioned before, obtaining the required number of cells
from each required type is one of the main limitations of this strategy.

As in the case of decellularization, there are different protocols reported and
already available for the recellularization. Soto-Gutiérrez and collaborators com-
pared three of them by studying direct parenchymal injection, multistep infusion,
and continuous perfusion (Soto-Gutierrez et al. 2011). The first one, as its name
indicates, is based on injecting the cells directly into the hepatic lobes of the scaffold,
while the continuous perfusion strategy requires perfusing the obtained cells in
suspension together with the culture medium using a bioreactor system to control
its flow rate across the liver scaffold. Both the multistep infusion and the continuous
perfusion involve delivering cells in small but multiple batches separated by inter-
vals of time equally separated. The conclusion of this study indicated that the best
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results were achieved when the multistep infusion strategy was used as seeding
conditions.

On the other hand, cell number is another critical parameter to be taken into
account (Fukumitsu et al. 2011). In order to mimic liver functionality and morphol-
ogy, its spatial distribution has to be recreated with the appropriate concentration and
cellular type. Different cells can be used in the field of tissue engineering and
regenerative medicine, including primary hepatocytes, which can be human or
porcine, human hepatic cell lines, and immortalized hepatocytes, as well as plurip-
otent stem cells or fetal progenitors.

Regarding the cell types that have to be used to generate relevant hepatic tissue in
vitro, the gold standard is primary human liver cells, isolated from liver tissue or
whole livers that did not fulfill the conditions to be used in transplantation. Their
relevance comes from their source, the human liver, and because consequently, they
give rise to the functionality of this organ in vivo. Thus, in the toxicological and
pharmacological research, their use can provide predictive results. However, multi-
ple donors are required what causes differences in the characteristics of the cells
used, such as the age, sex, or liver damage of each one of them. These variations give
rise to some deviations in the experimental results that make it difficult to standardize
the generated models. Indeed, the mentioned differences determine the success of
the isolation process, as well as other factors as cell isolation conditions or
intraoperative factors. During the mentioned procedure, enzymatic digestion may
be performed, requiring the use of collagenase and other enzymes, and plastic
culture dishes are often used. However, these conditions change some characteristics
of these cells, like morphology or gene expression, due to a process known as
dedifferentiation that represents a practical limitation. Some studies have been
carried out to identify the best strategy to overcome it improving the survival of
these cells and their functionality. The alternatives evaluated include the modifica-
tion of the signals from the microenvironment by including soluble factors in the
culture medium. The cell media can be modified with hormones, growth factors, or
vitamins, in order to modulate the functionality of hepatocytes (Guillouzo 1998;
Kidambi et al. 2009; Miyazaki et al. 1985).

The similarities between pigs and humans make it possible to use primary porcine
hepatocytes as the availability of human sources is limited. Conversely, some
disadvantages need to be considered. The xenogeneic character of these cells
makes it possible to transfer zoonotic diseases and to identify an incompatibility
between proteins. Subsequently, more appropriate cell sources have to be identified.
To overcome the limitations mentioned above, human hepatocyte cell lines have
been considered as an alternative. They have been immortalized using different
approximations as transfection using simian virus 40 T antigen (Li et al. 2005).
However, the potential to give rise to tumorigenic effects has not been assessed
sufficiently in these studies. The immortalized cell lines derived from the liver that
are more widely used include the HepaRG, HepG2, and Hep3B, among others
(Guguen-Guillouzo et al. 2010). The first one, derived from a human hepatoma,
conserves the expression of liver-specific functions, membrane transporters, and
nuclear receptors (Aninat et al. 2006), presenting a stable karyotype and high
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proliferative capacity. Even more critical, this cell line has revealed that it can
provide consistent and reproducible data as a result of different experiments.
Still, its expression of liver-specific functions is lower than the one that can be
identified for primary hepatocytes (Marion et al. 2010).

Another approximation that has been evaluated is the co-culture of primary
human hepatocytes with non-parenchymal cells, such as Kupffer cells, liver endo-
thelial cells, and hepatic stellate cells. The reason to do so is that researchers have
identified that these cells have a critical role for liver function and in processes like
acute inflammation or chronic liver diseases. As an example, some investigations
have tried to obtain co-cultures with Kupffer cells to evaluate the reaction of
hepatocytes in a pro-inflammatory environment (Nguyen et al. 2015).

Stem cells have also been considered to generate hepatic tissue as, in theory, they
represent an unlimited cell source. Autologous liver stem cells are the leading type of
cells used, but others are also being studied, such as induced pluripotent stem cells
(iPSCs), mesenchymal stem cells, and humanized hepatocytes (Agmon and
Christman 2016). The main advantage of iPSCs is their autologous character and
that they are considered to be limitless being able to repopulate a scaffold with the
appropriate size. Furthermore, these cells reduce the limitation that can be identified
when others are used, such as ethical considerations when embryonic stem cells are
used. Hepatocyte-like cells can also be obtained over-expressing transcription fac-
tors (Huang et al. 2011) specific from the hepatocyte lineage, starting with adult cells
giving rise to induced hepatocyte-like cells or iHep. Further research is required to
improve this technology, but the results obtained so far are promising.

Other cell sources have also been used, such as umbilical vein endothelial cells,
both from a human and porcine source. In 2017, Mao and his co-workers were able
to achieve complete coverage of the vascular network with appropriate patency in a
porcine model using these cells (Mao 2017).

The number of cells that need to be used to generate functional hepatic tissue is
not the only important factor. The cellular type is also a crucial parameter as it
determines the flow-seeding conditions that have to be used. Then, the most appro-
priate speed has to be identified to optimize cellular engraftment. Hence, there are
still relevant issues to be addressed to obtain functional organs before it becomes a
clinical reality.

2.4 Bioreactors for Liver Tissue Engineering

Bioreactors are extensively used in tissue engineering for the development of tissue-
engineered constructs. A bioreactor represents the central essence of any biochem-
ical process in which plant, microbial, enzymes, or mammalian cell systems are used
for the manufacture of a broad range of biological products. The primary function of
a bioreactor is to provide a controlled in vitro environment for tissue generation and
growth while mimicking the mechanochemical regulation that cells and tissues
experience in vivo in their native environment. Ideally, and in the context of tissue
engineering, bioreactors serve as a system able to allow the uniform seeding of
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cells to a scaffold, control the physiological conditions in the cell culture medium
(i.e., nutrients, oxygen levels, temperature, pH), supply sufficient metabolites, and
provide physiologically relevant signals in the form of mechanical loads (Altman
et al. 2002; Freed and Vunjak-Novakovic 2000). Bioreactors are broadly used almost
at any step of the generation of a tissue-engineered liver construct. Before their large-
scale expansion or seeding in a scaffold, primary cells are isolated from autologous
or allogeneic liver tissue or whole organ and cultured under static conditions in
T-flasks or Petri dishes to let them recover from the isolation and purification stress
and to obtain the adequate large mass of cells required for the creation of the final
desired bioproduct.

An appropriate design of the bioreactor system is crucial to create better tissue-
engineered products, such as artificial organs for transplantation. Each decision
made in the design of the bioreactor may strongly impact the overall process
performance. Theoretically, any bioreactor useful for tissue engineering purposes
has to be robust enough to maintain the cultured cells or tissues for long periods,
structured to deliver nutrients, growth factors, peptides, and gases into the culture
system in order to encounter and sustain the needs of the cultured cells or tissues,
easily cleanable, and operator friendly. From the performance point of view, the most
inescapable hindrance regarding the biological design of a liver bioreactor is meeting
the basic metabolic requirements of the cells or tissue.

Oxygen tension is finely controlled in the liver, varying along the sinusoid from
85 μM periportal to approximately 45 μM pericentral. Hepatocytes consume
oxygen at 10- to 100-fold the rates of most cells, so there is a desperate need to
balance oxygen consumption with oxygen delivery to guarantee an optimal hepa-
tocellular function (Ebrahimkhani et al. 2014). Each hepatocyte contains over
1500 mitochondria, which consume oxygen at a rate of 0.3–0.9 nmol/sec/million
cells (Nahmias et al. 2007), while an average rate of oxygen utilization by
many other cells is about 2–40 picomol/sec/million cells (Wagner et al. 2011).
This issue represents a considerable challenge in 3D cultures, as the oxygen
gradient across a layer of five cell diameters, which represents a distance of approx-
imately 120 μm, ranges in the liver from normoxic to hypoxic (Ebrahimkhani et al.
2014).

Another crucial step in the development of liver constructs for liver replacement
is represented by the seeding of a vast amount of liver cells uniformly on or
throughout a scaffold. Furthermore, the adherent cells require appropriate amounts
of nutrients, oxygen, peptides, and growth factors to survive and proliferate and
adequate chemo/physical signals to organize and differentiate and to generate
cellular structures and metabolic zonation resembling that of the liver. On the one
hand, a high initial cell seeding might favor tissue formation (Dvir-Ginzberg et al.
2003), but on the other hand, it would require a high amount of organ tissue for the
isolation of the cells and more time to obtain an adequate number of cells to seed.
Moreover, a uniform initial cell distribution on the scaffold is needed to avoid spatial
variation in nutrients, oxygen, and metabolite concentrations that would condition
the survival and metabolism of cells at different positions in the scaffold (Catapano
and Gerlach 2007).
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When designing a bioreactor for liver engineering, it is imperative to consider the
diffusion distance existing between cells and the blood. Indeed, liver cells are
sensitive to waste metabolites and have essential nutrient requirements that need a
small diffusion distance (i.e., within a few hundred microns in the sinusoids)
(Catapano and Gerlach 2007). It is an enormous challenge to provide a system to
supply essential substrates (e.g., oxygen, glucose, and amino acids) or clear waste
metabolites (e.g., CO2, ammonia, urea, lactate) from liver cells in large 3D constructs
and a central prerequisite to promote cell growth, differentiation, and long-term
survival (Catapano 1996; Martin et al. 2004; Martin and Vermette 2005).

Plenty of efforts have been made to develop bioreactor designs adapted for liver
cell culture. Hollow fiber cell culture bioreactors have been developed in the 1970s
and used until today for the generation of high concentration of cell-derived prod-
ucts, such as monoclonal antibodies, recombinant proteins, growth factors, viruses,
and virus-like particles. Nowadays, these reactors include control of pH, oxygen,
fluid dynamics, and medium exchange, allowing the production of high numbers of
bioproducts. The traditional hollow fiber bioreactor is a three-dimensional cell-
culturing system based on small, semipermeable capillary membranes arranged in
a parallel array. These membranes are bundled and housed within tubular polycar-
bonate shells to create the bioreactor cartridges containing two compartments:
the intracapillary space (IC) within the hollow fibers and the extracapillary space
(EC) surrounding the IC. The culture medium is pumped through the IC space
outside the fibers while delivers molecular components with the cells cultured and
expanded into the EC space. Here, the exchanges occur in a manner resembling
some features of capillary blood-tissue exchanges in vivo, being the membranes the
core of the bioreactor itself. As these membranes are permeable, it is possible to
control the molecular exchange properties between the nutrient fed and tissue
compartment through the selection of membrane permeability properties. These
bioreactors have been applied to liver cell culture, practically from the beginning.
Wolf C. et al. firstly describe that a rat hepatoma cell line could carry out bilirubin
conjugation in hollow fiber culture with either 10 kDa or 50 kDa cutoff membranes
(Wolf and Munkelt 1975), with speculation that the rates of conjugation may be
limited by the transport of the bilirubin carrier protein albumin across the membrane.
Next, Jauregui H. et al. found that primary rat cells cultured up to 45 days in a 7-cm-
long hollow fiber reactor with 520–0.3 mm diameter fibers maintained almost half
the diazepam-metabolizing capacity after 10 days provided the perfusion medium
was equilibrated with 30% oxygen atmosphere (Jauregui et al. 1994). Due to the
similarity between hollow fiber cell culture bioreactors and blood dialysis units, liver
culture in hollow fiber bioreactors appeared as a potentially promising approach for
extracorporeal liver support to provide metabolic capacity in synthesis of urea and
metabolism of toxic metabolites like bilirubin (Demetriou et al. 2004; Jauregui et al.
1994; Rozga et al. 1993, 1994; Struecker et al. 2014).

Stirred-tank bioreactors have mainly been used in the large-scale culture of mam-
malian cells to create a suitable microenvironment, where variables are tightly con-
trolled, such as pH and oxygen levels. With the appropriate design of impellers, the
fluid mechanic microenvironment in these systems can provide relatively uniform
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low-shear mixing, and the commercial availability of reactor systems makes them
accessible for general use (Morini et al. 2018). When a stirred-tank bioreactor is used
for growing adherent cells, specific microcarriers are used as a supporting surface for
cell attachment. Alternatively, adherent cells are grown as aggregates in suspension.

The ability of hepatocytes to form aggregates when seeded on low-adhesive
surfaces, and for aggregates to maintain liver-specific function better compared to
cells in monolayer cultures, has been described and demonstrated (Powers 1997). The
utility of stirred-tank bioreactors for efficient formation of relatively uniform, func-
tional spheroidal aggregates of primary rat hepatocytes that exhibit polarization of bile
canaliculi was already illustrated over 20 years ago (Wu et al. 1996). Recently, Alves
and colleagues established and tested a perfused bioreactor system for the long-term
maintenance of primary cultures of human hepatocyte spheroids from three different
donors. They found that using this method, the generated hepatocyte spheroids
reproducibly recapitulated in vivo hepatic functions and structure, despite inter-
donor variability. They hypothesized that these reproducible time-course profiles
were made possible because of the tight control of critical environmental variables
at physiological values. Moreover, they observed that the spheroid’s inner structure
resembled the liver architecture, with functional bile canaliculi-like structures
and liver-specific markers (such as CYP450 expression and phase II and III drug-
metabolizing enzyme gene expression and transport activity). This system constitutes
an ideal long-term culture platform for analyzing hepatic function for drug develop-
ment tests (Tostoes et al. 2012).

Commercially available microcarriers with different sizes and composition can
also be used for large-scale cell culture for many different anchorage-dependent cell
types. Microcarriers differ in their porosity, specific gravity, optical properties,
presence of animal components, and surface chemistry and can be made of different
materials (i.e., glass, polystyrene plastic, collagen, alginate, dextran) which can
influence cellular behavior, phenotype, morphology, and proliferation. The main
advantages of microcarrier technology reside in providing a larger surface-area-to-
volume ratio for the growth of anchorage-dependent cells in a suspension culture
system, ease of scale-up, and the ability to monitor and control various physiological
conditions when used in a bioreactor. Several attempts have been made to take
advantage of microcarrier technology for liver tissue engineering purposes. Gao Y.
et al. used Cytodex-3 microcarriers to cultivate high-density human liver cell line Cl-
1 to improve the cultivation efficiency and yield and evaluated specific functions of
liver cells periodically. They observed that the human liver cell line Cl-1 can be
cultivated to a high density on these microcarriers and has better biological func-
tions, such as albumin and urea synthesis and diazepam transformation, along with
the prolonging of the cultivation (Gao et al. 1999). Zhang L. and colleagues reported
that rat hepatocytes cultivated on chitosan microcarriers cross-linked by oxidized
lactose retained the spherical shape as they have in vivo. Moreover, liver-specific
functions such as albumin secretion and glucose metabolism were stably maintained
for 7 days in culture, and the metabolic activity of hepatocytes cultured on these
specific microcarriers was higher than those of hepatocytes cultured on chitosan
microcarriers cross-linked by glutaraldehyde and on Cytodex-3 (Zhang et al. 2003).
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2.5 In Vivo Results of Liver Tissue-Engineered Constructs

Hepatic tissue engineering using primary hepatocytes has been considered a
new exciting approach for the treatment of different classes of liver diseases.
Hepatocyte-based therapies have been experimentally and clinically explored and
generate new interest in the bioengineering of alternative liver systems in vivo based
on the manipulation of in vitro-modified hepatocyte cultures (Griffith and Naughton
2002; Ohashi et al. 2001; Strom and Fisher 2003). Ohashi and co-workers developed
a method to engineer a uniformly continuous sheet of hepatic tissue using isolated
primary hepatocytes cultured on temperature-responsive surfaces. Sheets of hepatic
tissue transplanted into the subcutaneous space resulted in efficient engraftment to
the surrounding cells, with the formation of two-dimensional hepatic tissues that
stably persisted for longer than 200 days. The engineered tissues also showed several
characteristics of liver-specific functionality. They described this technology as
simple, minimally invasive, and free of potentially immunogenic biodegradable
scaffolds (Ohashi et al. 2007).

Clinical trials on hepatocyte transplantation have demonstrated long-term safety,
but donor hepatocyte engraftment and restoration of failing host livers have not been
adequate to reduce the need for organ transplantation (Dhawan et al. 2010). One
alternative could be represented by the use of hydrogels reproducing the biochem-
istry of tissue-specific ECM proteins. ECM hydrogels were derived from
decellularized rat livers and employed for both 2D-plate coatings and in vivo
hepatocyte transplantation. Primary rat hepatocytes cultured on a liver ECM hydro-
gel-coated substrate exhibited higher viability and improved hepatic functions
compared to cells cultured on a non-coated or collagen type I-coated substrate.
Besides, liver ECM hydrogels engineered with rat hepatocytes maintained the
hepatic phenotype and function after in vivo transplantation (Lee et al. 2014).

3 Future Perspectives

In the last years, the advances and improvements regarding the technology of liver
bioengineering have been used to understand the hepatic regeneration mechanism
better, and it has facilitated the development of different in vitro models near-physi-
ological ex vivo culture system. In this section, different in vitro models showing a
more precise control over the liver cell microenvironment will be discussed.

3.1 Liver Organoids

In the middle of the last century, different authors began to use the term “organoids”
(Vendrely 1950), and this nomenclature started to appear in various publications in
the 1960s. The advances in the organoid field over the last decade are the conse-
quence of years of work to understand more profoundly the role of progenitor cells,
self-organization of dissociated tissues, and ECM biology.
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Usually, the term organoids are used to refer to a range of 3D culture systems that
resemble the modeled organ to varying extents (Prior et al. 2019). Specifically, an
organoid is an in vitro 3D cellular cluster derived from tissue-resident stem/progen-
itor cells, embryonic stem cells (ESCs), or induced pluripotent stem cells (iPSCs)
capable of self-renewal and self-organization that recapitulate the functionality of the
tissue of origin (Huch and Koo 2015; Lancaster and Knoblich 2014; Prior et al.
2019). Considering this definition, the organoid culture requires the isolation of
stem/progenitor cells, either pluripotent stem cells or tissue-resident cells from
embryonic stages of adult tissues, which are cultured by using specific medium
supplemented with growth factors that recreate the signals to give rise to the specific
tissue. Also, the organoid cultures require a specialized physical environment, and it
usually involves culturing cells in suspension, on an air-liquid interface, or embed-
ded in a suitable ECM such as Matrigel. Thus, when the isolated cells are cultured
with the correct growth medium and a specific physical environment, they can
follow intrinsic developmental or homeostatic/repair programs to proliferate and
self-organize into 3D organoid structures, allowing the use of these models in
different areas of knowledge. For example, the use of organoids has high relevance
in disease modeling, as alpha-1 antitrypsin (A1AT) deficiency, an example of a
monogenic liver disease that affects the liver parenchyma. Recently, the group led by
Hans Clever showed that organoids derived from adult liver tissue from patients with
A1AT deficiency had been successfully developed and recapitulated critical aspects
of this disease: accumulation of protein aggregates and reduced ability to block
elastase activity. They also showed signs of ER stress, such as phosphorylation of
eIF2α, among other aspects, showing similar characteristics to what had been
observed in the original biopsy from patients. Thus, organoids from A1AT-defi-
ciency patients can be expanded in vitro and mimic the in vivo pathology recapit-
ulating critical features of the disease in vitro and enabling further understanding of
the disease processes (Huch et al. 2015). Another area of interest where liver
organoids have been exploited is for personalized medicine use, as HCC.

Nuciforo et al. reported the generation of long-term organoid cultures from tumor
needle biopsies of HCC patients with various etiologies and tumor stages. These
HCC organoids showed a preserved morphology, as well as the expression pattern of
HCC tumor markers, and preserved the genetic heterogeneity of the originating
tumors. This study showed that liver cancer organoids could be used to test sensi-
tivity to sorafenib, providing a tool for developing tailored therapies (Nuciforo et al.
2018).

After the examples described above, it is easy to understand the relevance of liver
organoids. It is focused on its applications since this type of culture shows an
improved understanding of hepatic regenerative pathways and the development of
in vitro systems to mimic both the expansion and differentiation of hepatocytes. As a
consequence of the relevance in its applications, the organoids were named “Method
of the year 2017” by Nature Methods showing the interest and promise of this
rapidly expanding field to provide new experimentally tractable and physiologically
relevant models of organ development, human pathologies, and paving the way for
therapeutic applications (Methods 2018; Prior et al. 2019).
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3.2 Liver Buds

Cell-based therapy has been proposed as a useful alternative to orthotopic liver
transplantation. Organ bud progenitor cells play essential roles in organ
development. These cells have a remarkable capacity for rapid cell growth and
differentiation into multi-lineage cells.

A liver bud is defined as the primordial cellular diverticulum of the embryonic
foregut endoderm that gives rise to the parenchyma of the liver. Hepatic progenitor
cells (HPCs), or liver bud progenitors, are specified from foregut endoderm at
embryonic day (E)9.5 in mice. These is followed by a massive HPC expansion
with a 10,000-fold increase in population, doubling from E9.5 to E13.5 in mice
(Koike et al. 2014; Takebe et al. 2013). This tremendous growth is regulated by
signals secreted from neighboring mesenchyme such as hepatocyte growth factors
(Matsumoto et al. 2001), bone morphogenetic proteins (Rossi et al. 2001), and
fibroblast growth factors (Serls et al. 2005) and by transcriptional networks that
act intrinsically in the HPCs, such as Tbx3 (Suzuki et al. 2008), Smad2/3 (Weinstein
et al. 2001), and beta-catenin (Micsenyi et al. 2004). However, the mechanism
regulating this intensive and transient amplification in developing liver bud is mainly
unknown.

Organoid technology represents a revolutionary paradigm toward therapy but is
not yet applied in humans, due to lack of reproducibility and scalability. Several
attempts have been made to overcome these limitations. Takebe and colleagues
created a scalable organ bud production platform from human-induced pluripotent
stem cells (iPSC). First of all, they identified three progenitor populations that can
effectively generate liver buds in a highly reproducible manner: hepatic endoderm,
endothelium, and septum mesenchyme. Furthermore, they achieved human
scalability by developing an Omni-well-array culture platform for mass-producing
homogeneous and miniaturized liver buds on a clinically relevant large scale.
Vascularized and functional liver tissues generated entirely from iPSCs significantly
improved subsequent hepatic functionalization potentiated by stage-matched devel-
opmental progenitor interactions, enabling functional rescue against acute liver
failure via transplantation (Takebe et al. 2017).

Yanagi and co-workers have made another attempt. They reported a novel
transplantation method for liver buds that were grown in vivo involving orthotopic
transplantation on the transected parenchyma of the liver, which showed prolonged
engraftment and marked growth in comparison with heterotopic transplantation.
Furthermore, they demonstrated a method for rapidly fabricating scalable liver-like
tissue fusing hundreds of liver bud-like spheroids using a 3D bioprinter. The ex vivo-
fabricated human liver-like tissue exhibited self-tissue organization and engraftment
on the liver of nude rats (Yanagi et al. 2017).

At the moment, no one succeeded in assembling human liver buds containing
HSCs and LSECs. Recently, Li J. et al. described a reproducible, easy-to-follow, and
comprehensive self-assembly protocol to generate 3D human liver buds from naïve
MSCs, MSC-derived hepatocytes, and HSC- and LSEC-like cells. By optimizing the
ratio between these different cell lineages, the cell mixture self-assembled into 3D
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human liver buds within 72 h in vitro and exhibited similar characteristics with early
stage murine liver buds. In a murine model of acute liver failure, the mesenteric
transplantation of self-assembled human liver buds effectively rescued animal death
and triggered hepatic amelioration effects that were better than the ones observed
after splenic transplantation of human hepatocytes or naïve MSCs. Besides, trans-
planted human liver buds underwent maturation during injury alleviation, after
which they exhibited a gene expression profile signature similar to one of adult
human livers (Li et al. 2018).

3.3 3D Bioprinting

Three-dimensional bioprinting is an innovative technology based on the successive
addition of small quantities of biomaterials and cells which are deposited layer by
layer. It comprises different technologies to obtain artificial constructs with a high
precision level (Murphy and Atala 2014).

The biomaterials used can be natural polymers such as collagen and fibrin,
synthetic polymers, and even decellularized matrices. Indeed, two different
approaches can be followed when 3D bioprinting technology is used
(Tiruvannamalai-Annamalai et al. 2014). On the one hand, the traditional approach
of top down, which is based on seeding the cells into a porous scaffold to promote
cell proliferation and scaffold degradation, gives rise to the engineered tissue. The
other modular approach, or bottom-up, cells, together with biomaterials, are printed
using the tridimensional technology to obtain the engineered tissue. The first one has
different limitations that are solved in the second one, such as diffusion limitations
and slow vascularization. However, most purists consider that just the modular
approach represents three-dimensional bioprinting. The number of applications of
3D printing in medicine has increased over the past years. It can be used today to
obtain customized implants, pre-surgery models, prostheses, exoskeletons, and even
in drug discovery, delivery, and dosage forms (Klein et al. 2013). Hence, the uses of
this technology belong to two different categories: the production of tissues and
organs and research in the pharmaceutical area. For the latter, 3D bioprinting has
been used to determine if a particular drug could work as a treatment for a specific
patient as a screening technology (Banks 2013). Some strategies can be used to
overcome some of the limitations of the process itself. For example, cells can also be
printed using liver spheroids to protect them from the effect of shear stress as it can
be generated along with the procedure (Bhise et al. 2016).

Currently, 3D bioprinting has the potential to produce complex organs, such as
the liver, with a high density of cells (Zhang et al. 2017). Nevertheless, there are
some limitations still to be solved. It is the case of achieving the appropriate vascular
network. However, it can considerably simplify the process compared with tradi-
tional approaches. Due to the described characteristics of this technology, some
companies have decided to invest in it, like OrganovoTM.

They have been able to generate 3D vascularized liver constructs using different
types of cells, including HSC, LSEC, and hepatocytes. They have identified high
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cellular viability, as well as robustness for drug metabolism, resembling native
hepatic lobules. At the end of 2016, this company announced that it would investi-
gate the use of 3D bioprinting technology to obtain human liver tissue that could be
transplanted directly to human patients (Delivery 2016). Their plan was focused on
obtaining a clinical solution for acute-on-chronic liver failure and pediatric errors in
metabolism. The preclinical studies that have been carried out demonstrated that
after 60 days of implantation, there was sufficient vascularization, as well as
engraftment and functionality. The next step was to test this approach to humans.
However, due to the difficulty of a long-term function of non-vascularized bioprinted
tissues after transplantation in larger animal models, the company investors declared
that they would not proceed further, and the company stopped its research activities
in May 2019.

4 Regulatory Landscape for Tissue-Engineered Livers

In legal terms, the regulatory landscape of liver tissue engineering and regenerative
medicine, in general, is uninterruptedly moving toward a more favorable situation,
allowing the creation and commercialization of new innovative products that can
improve the quality of life of patients in need. These types of products are challeng-
ing due to the novelty, complexity, and technical specificity, so it is essential to
understand the regulations that guarantee the quality and safety of these novel
products. Next, three different regulatory agencies will be described: the Food and
Drug Administration (FDA) in the USA, the European Medicines Agency (EMA) in
Europe, and the Ministry of Health, Labour, and Welfare (MHLW) in Japan. All
these organizations have similar objectives, but their systems of operation are
different, and the approval of one of them does not imply the endorsement by the
other (Bertram et al. 2013).

4.1 Food and Drug Administration (FDA)

In the USA, the FDA’s Center for Biologics Evaluation and Research is the
regulatory agency responsible for guaranteeing the safety, purity, potency, and
effectiveness of many biologically derived products. All these functions are
performed by the six centers and the several offices in which the FDA is divided.

The field of tissue engineering is englobed under the term “tissue-engineered
medical products” (TEMP). This new terminology was defined in a standard docu-
ment of the American Society for Testing and Materials, and it was included in the
FDA-recognized consensus standards database (ASTM F2312-11). The term TEMP
can consist of a variety of different constituents as cells, scaffolds, device, or any
combination of these, and the FDA classifies these products as combination prod-
ucts. The US Congress recognized the existence of combination products when it
enacted the Safe Medical Device Act of 1990, and it was defined in the 21 Code of
Federal Regulation 1271 Part C 210/211/820 (CFR; FDA). The offices involved in
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the evaluation of TEMPs include the Office of Combination Products (OCP), the
Office of Regulatory Affairs (ORA), and the Office of Orphan Products (OOP).
Notably, the Office of Combination Products (OCP) determines the primary mode of
action (PMOA). PMOA establishes its regulatory and product development frame-
work and assigns it to the proper center to lead the review of that product, with the
other two centers providing input (Montagne et al. 2011). The PMOA is such an
essential concept that the FDA published a docket in August 2005 entitled Definition
of Primary Mode of Action of a Combination Product. The PMOA is defined as “the
single model of action of a combination product that provides the most important
therapeutic effect of the combination product” (Food and Drug Administration
2005).

4.2 European Medicines Agency (EMA)

The EMA is the agency of the European Union in charge of the evaluation and
supervision of medicinal products.

Under the term, advanced therapy medicinal products (ATMP) are englobed in
the field of liver tissue engineering. ATMP is defined as being a somatic cell therapy
medicinal product (SCTMP), a tissue-engineered product (TEP), a gene therapy
medicinal product (GTMP), or a combined ATPM (EMA 2018).

Considering the progress of liver tissue engineering in particular and regenerative
medicine in general, in 2007, the European Parliament and Council of the European
Union (EU) issued an amendment to Directive 2001/83/EC and Regulation No. 776/
2004 to include regulatory provisions for ATMPs defined in Regulation EC No
1394/2007. This regulation established that when a product contained viable cells or
tissues, the pharmacological, immunological, or metabolic action of those cells or
tissues has to be considered as the principal mode of action of the product (EPC
2007). To offer high-level expertise to assess the quality, safety, and efficacy of
ATMPs, the EMA established a multidisciplinary committee called the committee
for advanced therapies (CAT). This committee is responsible for reviewing applica-
tions for marketing authorization for advanced therapy medicinal products (EMA
2017). The application for the authorization of an ATMP is supervised down in
Article 6 of Regulation No 726/2004 (EMA 2004), and among other requirement,
the application should also include the description of the product design method by
the Annex 1 to Directive 2001/83/EC (EPC 2001).

4.3 Ministry of Health, Labour, and Welfare (MHLW)

The Ministry of Health, Labour, and Welfare (MHLW) is the regulatory body that
oversees food and drugs in Japan, which includes creating and implementing safety
standards for medical devices and drugs (JPMA 2015).

Japan established that liver tissue engineering under a regulatory landscape
is considered as cellular and tissue-based product. In Japan, the approved
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cell/tissue-engineered products were regulated as medical devices by adapting
existing legislation under clause 2 of the Pharmaceutical Affairs Law (PAL) (Yano
et al. 2015). These types of products are intended to be used for reconstruction,
repair, or formulation of a structure or function of the body and treatment or
prevention of disease or to be inducted into human cells for gene therapy. The
underlying technical requirements to assure the quality and safety of these cellular
and tissue-based products are specified in Notification No. 0912006 of the PFSB
dated September 12, 2008.

In conjunction with the MHLW, the Pharmaceuticals and Medical Device Agency
(PMDA) is an independent agency that is responsible for the in-country representa-
tion, certification processes, licensing, and quality assurance systems (Jokura et al.
2018). The PMDA consist of 25 offices, and the office of cellular and tissue-based
products is the one in charge to confirm clinical trial notifications and adverse drug
reactions, and it also conducts reviews required for approval, reexaminations, and
reevaluations of regenerative medical products (cellular and tissue-based products
and gene therapy products), preliminary reviews for approval or verification based
on the Cartagena Protocol, and quality review of antibody preparations (JPMA
2017).

5 Conclusions

This chapter is focused on state-of-the-art strategies for liver tissue engineering.
Through the different sections, it has been explained the current need of available
organs for human liver transplantation, emphasizing the importance of achieving an
optimal method of liver decellularization and recellularization to create new organs,
as well as the development of innovative and efficient models for the study of the
liver trying to recreate the physiological aspects found in vivo. The regulatory
landscape is also discussed to have a global idea concerning the creation and
commercialization of tissue-engineered products that can improve the quality of
life of patients in need.

Even though regenerative medicine has exponentially increased in the last years,
giving new hopes to the development of effective treatments for liver diseases,
further work has to be performed in order to obtain functional therapies and models
that represent the liver to its fullest. Critical components to consider in the liver tissue
engineering field include the proper technology to obtain a high-quality scaffold
after decellularization, as well as the identification, selection, and large-scale pro-
duction of the most suitable cell sources for the most effective scaffold seeding.

Optimal recellularization is also a crucial step to generate a clinically functional
organ. To accomplish this goal, bioreactors are an excellent tool to control all the
process parameters. Nevertheless, their configuration is critical for the control of
vital parameters such as oxygen, nutrient supply to cells, the control of biochemical
concentrations, and gradients. However, it is essential to highlight that large scaf-
folds are complex and highly depend on cell metabolism and bioreactor
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configurations. Up to date, a complete recellularization using all the necessary liver
cell types and the generation of a fully functional liver has not been accomplished.

In the last years, the technological advances in liver bioengineering have
been used to understand the hepatic regeneration mechanism better, and it has
facilitated the development of different in vitro models and ex vivo culture
systems. Through this chapter, we have described relevant sophisticated engi-
neering tools, as liver organoids, liver buds, and 3D bioprinting technology. All
these in vitro models show a more precise control over the liver cell microen-
vironment, and they allow us to enhance our knowledge of disease develop-
ment and progression, demonstrating faithful recapitulation of disease
pathways in vitro.

The rapid advances and improvements achieved in tissue engineering require
rigorous control over the laws and regulations of each country. For these reasons, the
regulatory landscape of some regulatory agencies as the FDA, EMA, and MHLW
has been intensely discussed.

In conclusion, liver tissue bioengineering requires a multidisciplinary approach,
with biologists, clinicians, and bioengineers working closely to understand further
how liver cells can self-organize to build the liver, one of the most complex organs in
our body, in order to get a transplantable liver for those in need.
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