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Abstract (Italian)

C'é una crescente necessita di sviluppare un dispositivo bioartificiale di tipo
epatico da utilizzare sia in applicazioni in vitro, per la sperimentazione della
tossicita di molecole da parte delle aziende farmaceutiche, e sia in applicazioni
cliniche per supportare pazienti con insufficienza epatica in attesa di trapianto di
organo. A tale scopo e stato realizzato un bioreattore a membrana a fibre cave
incrociate adoperante cellule epatiche umane in grado di favorire il
mantenimento a lungo termine di epatociti. Il bioreattore é costituito da due fasci
di membrane a fibre cave (HFM), uno deputato all’alimentazione e I'altro alla
rimozione di cataboliti e prodotti specifici cellulari. | due fasci di fibre sono
assemblati in una configurazione incrociata ed alternata in modo da stabilire una
distanza I'una dall’altra di 250 ym. Questa configurazione del bioreattore delinea
tre compartimenti separati: due compartimenti all’interno del lumen delle fibre
cave dove il mezzo di coltura fluisce e un compartimento extraluminale dove le
cellule sono coltivate. | compartimenti intraluminali ed extraluminale comunicano
tra di loro attraverso i pori della parete di membrana. Il mezzo che fluisce nel
lumen delle fibre di alimentazione permea nel compartimento cellulare, dove i
cataboliti ed i metaboliti prodotti dalle cellule vengono rimossi dalle fibre cave
deputate all’allontanamento dei molecole di sintesi e di scarto cellulari. In questo
dispositivo le membrane a fibre cave consentono la compartimentalizzazione
delle cellule in un microambiente controllato a livello molecolare ed il trasporto
selettivo di molecole verso e dal compartimento cellulare proteggendo le cellule
da eventuali sforzi di taglio. Inoltre, le membrane, grazie alla loro geometria
intrinseca, offrono un‘ampia superficie per l'adesione e la crescita delle cellule
in un volume ridotto.

Epatociti umani rappresentano una fonte cellulare ottimale da utilizzare nelle
terapie che sono basate sull'uso di cellule, in quanto riflettono piu da vicino le
condizioni in vivo. In vivo gli epatociti sono altamente proliferativi all'interno del
loro microambiente. Tuttavia, quando sono isolati dal loro microambiente e
coltivati in vitro, perdono rapidamente le loro funzioni specifiche. Pertanto, e di
importanza fondamentale la realizzazione di modelli in vitro in grado di
mantenere gli epatociti vitali e funzionali per lungo tempo. Un aspetto critico € la
la scarsa disponibilita di epatociti umani per cui occorre prendere in
considerazione fonti cellulari alternative. Gli studi effettuati in questi ultimi anni
indicano come una delle migliori fonti cellulari alternativa agli epatociti le cellule

staminali, poiché queste cellule sono ampiamente disponibili possiedono in vitro
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un’elevata capacita proliferativa e possono essere differenziate in epatociti. A
differenza delle cellule provenienti da animali e delle linee cellulari, le cellule
staminali non costituiscono un rischio di trasmissione virale zoonotica o
tumorigenicita.

In questo lavoro, il bioreattore a membrana é stato ottimizzato al fine di creare
condizioni di coltura per aggregati cellulari come sferoidi e per sistemi
organotipici tridimensionali (co-coltura di epatociti e cellule non parenchimali)
che garantiscano il mantenimento a lungo termine della funzionalita dei costrutti
epatici umani. A tal proposito, le funzioni specifiche epatiche come l'urea, la
sintesi dell'albumina e la biotrasformazione di farmaci sono state valutate nel
bioreattore. | cambiamenti morfologici cellulari sono stati analizzati utilizzando il
microscopio elettronico a scansione ed il microscopio confocale a scansione
laser. Inoltre, il consumo di ossigeno delle cellule poste in coltura nel bioreattore
e stato continuamente monitorato nel tempo al fine di assicurare un adeguato
approvvigionamento di ossigeno.

Gli sferoidi epatici umani, posti in coltura nello spazio extracapillare del
bioreattore sono andati incontro ad un processo di fusione che ha portato alla
formazione di strutture di maggiore dimensione simili a microtessuti. La fusione
degli sferoidi e stata osservata sia tra le fibre che intorno alle fibre simulando il
processo che awvviene in vivo. Questo modello di coltura, grazie alle sue
caratteristiche tridimensionali e all'aumentata interazione cellulare, cosi come
awviene in vivo, ha favorito il mantenimento a lungo termine della vitalita e delle
diverse funzioni specifiche epatiche come la sintesi di albumina ed urea ed il
metabolismo xenobiotico. Allo stesso modo, nel sistema organotipico, le cellule
si riorganizzano formando strutture tissutali simili a quelle del tessuto epatico in
vivo. Questo € stato reso possibile grazie al piastramento sequenziale sulle
membrane di cellule non parenchimali e parenchimali che hanno formato
strutture stratificate tridimensionali simili a quelli in vivo. Il bioreattore che é stato
ottimizzato in questo lavoro di tesi fornisce un microambiente di coltura ben
controllato da un punto di vista molecolare attraverso l'alimentazione continua
di sostanze nutritive, di cui una delle piu importanti € I'ossigeno, e la rimozione
di cataboliti. Cio e stato confermato dai risultati relativi alla misura della
concentrazione di ossigeno nel mezzo di coltura sia nella corrente in ingresso
che in wuscita dal bioreattore. In entrambi 1 modelli di coltura,
I'approvvigionamento di ossigeno nel bioreattore e risultato essere sufficiente e
significativamente maggiore a quello osservato in condizioni di coltura statica.
Inoltre, una nuova fonte di cellule staminali, ovvero le cellule staminali
mesenchimali derivate dal fegato, & stata utilizzata: le cellule sono state
differenziate con successo in epatociti dopo 24 giorni di coltura, sia nel sistema
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statico che nel bioreattore. Tuttavia, il bioreattore ha mostrato una migliore
capacita di mantenere la vitalita delle cellule e di differenziare le cellule staminali
mesenchimalinel  fenotipo  epatico, come dimostrato dall'aumento
dell'espressione genica di marcatori epatici specifici (ad es. albumina ed il fattore
nucleare epatico alfa-4) e dalle velocita di sintesi di urea e albumina.

Il prototipo di bioreattore realizzato su scala di laboratorio ha mantenuto con
successo e funzionalmente attivi gli epatociti umani coltivati come sferoidi e in
co-coltura con cellule non parenchimali per quasi un mese. Un aspetto
importante e stato il  differenziamento epatico delle cellule staminali
mesenchimali, che rappresentano una potenziale fonte di cellule alternativa agli
epatociti umani primari. Tutti questi risultati sono stati ottenuti utilizzando solo
cellule umane, che convalidano le prestazioni del dispositivo che & stato
sviluppato come sistema epatico bioartificiale da utilizzare in vitro. Questo
bioreattore su scala di laboratorio ha un elevato potenziale applicativo cha va
dagli studi in vitro delle malattie epatiche agli studi di tossicita a lungo termine.
Inoltre, pud essere realizzato su scala clinica ed applicato come fegato
biartificiale per sostituire le funzioni epatiche di pazienti affetti da insufficienza
epatica in attesa di trapianto.



Abstract

There is a growing need for a bioatrtificial liver device for applications ranging
from lab-scale platform for drug toxicity testing by pharmaceutical companies to
a clinical-scale temporary support device for liver failure patients pending
transplantation.

To this end, a crossed hollow-fiber membrane bioreactor was used in
conjugation with various human cells to establish long-term cultures. The
bioreactor consists of two bundles of hollow fiber membranes (HFM) that are
cross-assembled in alternating manner at distance each other of 250 pum. The
bioreactor is comprised of three separate compartments: two intraluminal
compartments within the feeding and removing HFM, and an extraluminal
compartment or shell outside of the fibers that represents the cell compartment.
The intraluminal and extraluminal compartments communicate through the
pores of the fiber wall. The medium permeates out of the feeding hollow fiber
bundle into the cellular compartment. The catabolites and metabolites produced
by cells are removed by the other bundle of hollow fibers. The HFM allow the
compartmentalization of cells in a microenvironment controlled at molecular
level and the selective mass transfer of molecules to and from the cell
compartment without causing shear stress. Owing to its intrinsic geometry they
provide a wide surface area for the adhesion and growth of cells in a small
volume.

Primary human hepatocytes were used as they are the optimal cell source for
cell-based therapies, because they most closely reflect the in vivo situation.
Within their in vivo microenvironment, hepatocytes are highly proliferative.
However, when they are isolated from their in vivo microenvironment and
cultured in vitro they rapidly de-differentiate losing their liver-specific functions.
Therefore, there is an urgent need for the development of in vitro models capable
of maintaining hepatocytes viable and functional for long periods of time.
Moreover, due to the scarcity of human hepatocytes, an alternative cell source
needs to be considered. Hepatogenic differentiation of stem cells is considered
the best option, since these cells are readily available and can proliferate in vitro.
Unlike animal cells and cell lines, stem cells do not pose a risk of zoonotic viral
transmission or tumorigenicity.

In this work, culture conditions for 3D microtissue spheroids and organotypic
cultures (co-culture of hepatocytes and non-parenchymal cells) were optimized
in the bioreactor in order to achieve the long-term maintenance of functional
human primary liver constructs. Liver-specific functions such as urea, albumin
synthesis and drug metabolism were evaluated. Also, morphological
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assessment was carried out utilizing scanning electron microscope, confocal
laser scanning microscope and light microscope. In addition, oxygen
consumption rates were monitored throughout the cultures to ensure an
adequate oxygen supply.

The human hepatocyte spheroids cultured in the extracapillary space of the
bioreactor fused forming larger microtissue-like structures between and around
the fibers that more closely resembles the in vivo situation in comparison to
single spheroids. By more closely resembling the in vivo environment, due to its
three-dimensionality and cell—cell interaction, this model supported long-term
viability and the maintenance of several liver-specific functions including albumin
and urea synthesis and xenobiotic metabolism. Similarly, in the organotypic
cultures, cells rearranged forming tissue-like structures that better resemble the
in vivo liver tissue due to the sequential seeding of cells during the experiment
setup resulting in layered structures similar to those seen in vivo. The bioreactor
provides a well-controlled microenvironment through continuously feeding
nutrients, most important of which is oxygen, and removing catabolites. This was
confirmed via dissolved-oxygen monitoring in both inlet and outlet of the
bioreactor. In both culture conditions, oxygen in the bioreactor was found to be
sufficient and significantly higher than those observed in batch condition.

In addition, a novel stem cell source, namely liver-derived mesenchymal stem
cells, was successfully differentiated into hepatocyte-like cells after 24 days in
culture both in batch systems and HFMBR. However, the bioreactor showed an
improved survival as well as differentiation of the mesenchymal stem cells as
demonstrated by the increase of gene expression of specific hepatocyte marker
(e.g. Albumin and Hepatocyte Nuclear Factor 4 Alpha), and higher urea and
albumin synthesis rates.

The lab-scale prototype hollow-fiber membrane bioreactor (HFMBR) realized in
this work successfully maintained viable and functionally active human
hepatocytes cultured as spheroids and in co-culture with non -parenchymal cells
for almost one month. Moreover, it resulted in enhanced hepatic differentiation
of mesenchymal stem cells, providing a potential alternative cell source to the
scares primary human hepatocytes. All these results were obtained using
human cells only, which validate the performance of the device that was
developed as an in vitro bioartificial liver platform. This lab-scale bioreactor has
various potential applications ranging from basic studies of liver diseases to
long-term toxicity studies. Moreover, it can be scaled-up to a clinical scale to be
used as BAL device for liver failure patients.

11



Preface and Scope of Work

Liver disease and the subsequent loss of liver function is an enormous clinical
challenge, and is currently the 12" most frequent cause of death in the United
States and the 4" most frequent for middle-aged adults (1). Emergence of new
liver diseases such as steatohepatitis, absence of a hepatitis C vaccine, and
increasing number of hepatocellular carcinoma patients, further worsens the
situation (2, 3). Liver transplantation is the only established successful treatment
for end-stage liver disease, and currently there are over 119,613 people on the
waiting list for a donor organ and of those, there are around 14,525 candidates
awaiting a liver transplant (based on United Network for Organ Sharing Organ
Procurement and Transplantation Network, UNOS OPTN, December 5, 2016).
In 2015, there were 5950 liver transplants performed in the United States. The
European Liver Transplant Registry (ELTR) reports that in Europe 137,404 liver
transplantations have been performed from 1968 to 2015 (European Liver
Transplant Registry).

Various surgical options have been pursued, including living-donor partial
transplantation and split liver transplants, in order to expand the supply of livers
available for transplantation (4). Despite these surgical advances, organ
shortage remains a major hurdle, thus it is unlikely that liver transplantation
procedures alone will ever meet the increasing demand. Despite the progress
made in supportive care, only 20% of liver failure patients survive without liver
transplantation, which increases the survival rates to over 80% (5, 6). Moreover,
improving the patient’'s condition before liver transplantation substantially
increases post-transplant survival (1). Lastly, temporary liver support could
potentially create time for the diseased liver to regenerate, thereby rendering
liver transplantation superfluous. Taken together, there is an urgent need for
liver support therapy. For these reasons, many researchers have developed
various liver support devices, which can be divided into non-biological (artificial)
and biological (bioartificial) systems. Non-biological systems typically use
adsorbents and/or dialyzing membranes to detoxify the patients’ plasma.
Probably the potential of these systems is limited by their lack of metabolizing
and synthesizing capacity, as well as the fact that detoxification in these systems
is non-specific, which might lead to the removal of beneficial proteins, such as
growth factors and clotting factors.

Generally, a BAL system consists of functional liver cells supported by an
artificial cell culture material. In particular, it incorporates hepatocytes into a
bioreactor in which the cells are immobilized, cultured, and induced to perform
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the hepatic functions by processing the blood or plasma of liver-failure patients.
BAL devices act as a bridge for the patients until a donor organ is available for
transplantation or until liver regeneration (7).

Another important application of the BAL, is the study of drug-induced liver
toxicity. Hepatotoxicity is a major cause for drug withdrawals from the market,
resulting in huge financial losses for pharmaceutical companies (8, 9). Human-
based in vitro models comprising of microsomes, cell lines, primary hepatocytes,
and liver slices (10-13) provide additional information to the existing animal
models. However, they can be limited by poor stability, and, with the exception
of precision cut liver slices, lack the hierarchy and structural components of liver.
Monolayer cultures of primary hepatocytes are the most commonly used format
for toxicity assessment and provide a suitable model for initial assessment, but
are severely hindered by the lack of 3D organization, non-parenchymal cells,
and thus cell—cell interactions via contact or paracrine effects.

The aim of this thesis is to refine and further develop more sensitive human in
vitro models and methods for longer maintenance of functional hepatocytes by
using a crossed hollow-fiber membrane bioreactor that was developed in our
laboratory. The work plan constitutes of two different parts:

1) To develop and evaluate new in vitro human liver cell culture models to
improve and maintain the hepatic functionality, better extrapolating to human
liver biology.

* Development of a 3D liver micro-tissues from hepatocyte spheroids
(CHAPTER 2).

* A liver co-culture model, incorporating hepatocytes and non-parenchymal cells
(sinusoidal and stellate cells) (CHAPTER 3).

2) To generate new sources of functional human hepatic cells.

» Establishment of a stepwise, directed, differentiation protocol for hepatic
differentiation of human stem cells (Liver Mesenchymal stem cells) (CHAPTER
4).

Evaluation of the beneficial effect of the dynamic crossed hollow-fiber
membrane bioreactor system (developed in our laboratory) on the prolonged
maintenance and enhanced functions of the above-mentioned models was
carried out in this context.

13



CHAPTER 1
State of the art and research scope

1.1 Liver anatomy and physiology

The liver is the largest internal organ in the body and performs several essential
functions. These include bile production, plasma protein synthesis, glucose
homeostasis and glycogen storage, processing and storage of fats, such as
cholesterol, and production of hormones (14). The liver is a highly-specialized
tissue that comprises many different cell types, further described below. The liver
parenchyma is organized as thousands of small (~0.7 x 2 mm) hepatic lobules, in
which hepatocytes form hundreds of irregular plates arranged radially around a
small central vein. Peripherally each lobule has three to six portal areas, each of
which contains three interlobular structures that comprise the portal triad, namely
a branch of the hepatic artery, a branch of the portal vein and a bile ducts (Fig 1.1).
The liver is supplied with oxygenated blood from the hepatic artery and venous
blood from the portal vein entering the periportal area of the lobule and via
branches of small interlobular vessels. Between all of the anastomosing plates of
hepatocytes of a hepatic lobule are important vascular sinusoids that emerge from
the peripheral branches of the portal vein and hepatic artery and converge on the
lobule’s central vein. The mixed blood flows through the sinusoids and leaves the
lobule via the hepatic central vein located in the center of the lobule. Bile is secreted
by the hepatocytes into bile canaliculi, flows in the opposite direction of the blood
and empties into the bile ducts that are lined by epithelial cells called
cholangiocytes (15). The bile is ultimately secreted into the duodenum where it
facilitates the digestion of lipids (14).

The lobule is divided in zones based on the metabolic functions that liver cells have
to perform. The concentration of oxygen, nutrients, insulin and glucagon is highest
in the periportal area and decreases towards the central vein. As a result of the
concentration gradient, hepatocytes in the different zones have different
morphology and functions (16). For example, hepatocytes around the central vein
have higher density of endoplasmic reticulum and possess the highest levels of
enzymes involved in detoxification and biotransformation (17, 18). Substances
from orally consumed food and drugs reach the liver via the venous blood from the
intestine, which is filtered through the liver before entering the systemic blood
circulation. This makes the liver a central organ in metabolism of both endogenous
substances, such as bilirubin and ammonia, as well as exogenous substances, like
bacterial toxins and alcohol (14). Most pharmaceutical drugs available on the
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market today are administered orally which makes the liver a highly-exposed organ
for drug toxicity. Due to its central position in the body, the liver also functions as
an important immune organ harboring many cells involved in both the innate and
the adaptive immune response (19).
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Hepatocytes 4t o7

Bile canaliculi

Reticuloendothelial
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Fig. 1.1. The liver, a large organ in the upper right quadrant of the abdomen, immediately below
the diaphragm, is composed of thousands of polygonal structures called hepatic lobules, which
are the basic functional units of the organ. (a) Diagram showing a small central vein in the center
of a hepatic lobule and several sets of blood vessels at its periphery. The peripheral vessels are
grouped in connective tissue of the portal tracts and include a branch of the portal vein, a branch
of the hepatic artery, and a branch of the bile duct (the portal triad). (b) Both blood vessels in this
triad branch as sinusoids, which run between plates of hepatocytes and drain into the central
vein. (c) Micrograph of a lobule shows the central vein (C), plates of hepatocytes (H), and in an
adjacent portal area a small lymphatic (L) and components of the portal triad: a portal venule
(PV), hepatic arteriole (HA), and bile ductule (B). (X220; H&E). Image taken from (15).

Zonated hepatic functions include glucose metabolism, ammonia detoxification,
and the metabolism of drugs and xenobiotics (Fig. 1.2). Glucose metabolism was
the first such function to be reported, already in 1977, where gluconeogenesis was
found to be mainly periportal; whereas glycolysis was mainly perivenous (20). One
of the major roles of the liver is the removal of harmful ammonia arriving from the
intestine via the portal vein. Ammonia is first metabolized by periportal hepatocytes,
to generate urea. Residual ammonia is then converted by perivenous hepatocytes
into glutamine (21). Other zonated processes include: lipid metabolism, with
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lipogenesis occurring perivenously and fatty-acid degradation periportally (22, 23).
Perivenous hepatocytes are predominantly responsible for drug metabolic activities
exhibited by the liver through monooxygenation followed by glucuronidation of the

drugs converting them into excretable products (22).
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Fig. 1.2 Structure and functions of the zonated liver lobule (a) The liver cell plate, with blood
circulation indicated in red. Bile is shown in green and circulates in the opposite direction to blood.
The concentration of oxygen and hormones decreases along a continuous gradient from the PP
area to the PV area. (b) Zonal functions. The proliferation of hepatocytes is achieved mostly by
division of the mature hepatocytes themselves (circled arrow), which do not migrate along the
portocentral axis, with proliferation from oval cells observed only rarely (dotted circled arrow). The
zonated metabolic systems include the ammonia detoxification system, glucose and energy
metabolism, and xenobiotic metabolism. The proteins involved in each type of zonal metabolism
are indicated.(24).

Not all hepatic processes are zonal. Some functions, such as serum-protein
synthesis, appears to occur in all hepatocytes. Albumin is also synthesized in all
hepatocytes, with a higher concentration in the periportal area.

Liver disease usually leads to a variety of life-threatening metabolic and physiologic
abnormalities. For example, the absence of these functions leads to bleeding
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abnormalities, accumulation of neurotoxins causing hepatic encephalopathy,
accumulation of serum ammonia, and jaundice from elevation of serum bilirubin. It
IS possible to medically support liver disease patients through therapies targeted at
features such as portal hypertension and coagulopathy. However, there are no
therapeutic strategies effectively replacing the range of affected functions. Thus,
an organ transplant has been the only permanently successful therapy to date. This
is different compared to other organs, such as the heart and kidneys, in which
patients with failing tissues can be supported by pharmaceuticals and machines,
without the need for immediate transplantation.

Consequently, efforts have been focused toward the development of liver support
systems that could provide temporary support for patients with liver failure. These
measures include extracorporeal support devices analogous to kidney dialysis
systems, processing the blood or plasma of liver failure patients (25, 26). They
range from non-biological-based systems to cell-based therapies, such as BALSs.
In vivo, the liver exhibits a unique capacity for regeneration, with the potential for
full restoration of liver mass and function even after massive damage (27).

However, a major hurdle to the advancement of cell-based therapeutic strategies
is the loss of the proliferative capacity and of the liver-specific functions exhibited
by hepatocytes once isolated from the in vivo microenvironment (28). Another
obstacle is the limited availability of human hepatocytes. Only a limited supply of
primary human hepatocytes is currently available from organs deemed
inappropriate for transplantation. Thus, significant research efforts are focused on
the potential of alternative cell sources, most notably those based on stem cell
differentiation and reprogramming.

1.2 Cellular components of the human liver

The hepatocellular parenchyma accounts for 60% of the total cell population and
80% of the total volume of the organ, with the lobular parenchyma representing
approximately 93%, the hepatic veins 4%, and the portal triads 3% of the hepatic
parenchyma. Non-parenchymal cells comprise 30—35% of the total number of liver
cells, but only 6% of the total liver volume. Almost half (40%) of the non-
parenchymal cells are fenestrated endothelial cells. The remainder consists of
phagocytic Kupffer cells (33%), extraluminal stellate cells (22%), biliary epithelial
cells (4%), natural killer cells (1%) (29).
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1.2.1 Hepatocytes

The hepatocytes are rich in cellular organelles such as mitochondria, endoplasmic
reticulum and Golgi apparatus, a sign of active protein synthesis and secretion from
these cells (30). Hepatocytes have a large nucleus and about 25% of the cells are
binucleated which often results in polyploidy, suggested to be an important
mechanism to restrict liver growth and prolong cell survival (31). The hepatocellular
membranes have a complex structure with different membrane sections with
different biochemical composition and functional properties: the basolateral section
(facing the sinusoids), the lateral (inter-cellular) section, and the apical section
facing the bile canaliculi (14). The hepatocytes perform a variety of different
functions. They produce bile that is vital for the digestion of lipids. Many serum
proteins i.e. albumin and blood clotting factors are synthesized by the hepatocytes
and they also regulate the glucose homeostasis in the blood in response to
glucagon and insulin signalling. The hepatocytes are also essential for the
biotransformation of many endogenous substances, like different serum proteins,
lipids and steroids. They also metabolize many exogenous substances, such as
alcohol, chemicals and pharmaceuticals. Hepatocytes also play an important role
in the hepatic immune response via the production of complement factors and
acute phase proteins as a response to cytokine stimuli, like IL-6 (interleukin-6), IL-
18 and TNFa, produced by Kupffer cells and endothelial cells (14). Hepatocytes
have also been reported to acquire antigen presenting skills (32) and are generally
considered to be both the target and inducer of the innate immune response (33).
The liver has a remarkable regenerating capacity both via proliferation of
hepatocytes (34) and via activation and differentiation of oval cells (27, 35). Growth
factors and cytokines, such as HGF (hepatocyte growth factor), TGF-B, FGF1, IL-
6 and TNFa, released by Stellate cells and Kupffer cells, has shown to have
hepatoprotective effects and to stimulate liver regeneration (35-37). Additionally,
TGFB signaling, which under normal conditions keeps the hepatocytes in a
quiescent state, is suppressed during injury (27).

1.2.2 Sinusoidal endothelial cells

The hepatic sinusoids are lined by fenestrated endothelial cells. The basolateral
surface of the hepatocyte is separated from endothelial cells by the space of Disse.
The fenestration (0.1-0.3 pum) allows efficient transfer of proteins and other
macromolecules between the blood and the hepatocytes. The fenestration also
facilitates the communication between cells in the sinusoidal lumen and the
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hepatocytes as well as other cells in the space of Disse (33). The sinusoidal
endothelial cells play an important role in the hepatic immune response as they
participate in the clearance of antigens from the circulation by receptor mediated
endocytosis, cytokine secretion and by antigen presenting capacities (38). They
also collect and present antigens originating from hepatocytes (33). The regulation
of endothelial antigen presentation and their role in induction of apoptosis of
activated T cells play an important role for the immunologic tolerance in the liver
(39).

1.2.3 Stellate cells

The hepatic stellate cells, or fat storing cells, are spindle-shaped cells located in
the space of Disse, with extensions into the inter-hepatocellular space. They have
an important role in storage and transportation of retinoids (vitamin A compounds)
(40) and the have the ability to secret different components of the extracellular
matrix (ECM), like collagen, proteoglycans and laminin, all essential for many
hepatocellular functions (41). Stellate cells also play a role in hepatic
immunoregulation as they are known to express Toll-like receptors for LPS stimuli
(42). Activated stellate cells can amplify an inflammatory response in the liver by
secretion of cytokines and chemokines (36) as well as by antigen presentation (43,
44). When activated, the stellate cells become depleted of vitamin A and via
fibrogenic activities they start synthesizing large amount of ECM components,
including collagen and adhesive glycoproteins (36, 45). Chronic liver injury may
lead to overproduction of ECM by the stellate cells which ultimately results in liver
cirrhosis (27).

1.2.4 Kupffer cells

Kupffer cells together with lymphocytes constitute the major part of the hepatic
immune cells. Kupffer cells are resident liver macrophages with migratory,
phagocytic, inflammatory and antigen presenting capabilities, believed to be
derived from circulating monocytes (33). The major part of the Kupffer cells are
found around the periportal veins where the cells are larger and more active in
phagocytosis compared to those found around the central veins (46). Kupffer cells
reside in the sinusoids where they are in close contact with passing lymphocytes
as well as with the hepatocytes via the space of Disse (33). They constitute the first
line of defense and their location provides effective clearance of endotoxins like
LPS and other infectious agents (47). Thus, Kupffer cells have important regulatory
function in the pathophysiological state of the liver.

19



1.2.5 Cholangiocytes

Cholangiocytes, or biliary epithelial cells, line a complex tree-like network of
conduits that form the biliary tract. Bile acids and organic solutes secreted by
hepatocytes into the canalicular spaces between hepatocytes, form the so-called
primary bile. This is then transported via cholangiocyte-lined channels to the gall
bladder where it is stored. Cholangiocytes modify pH, fluidity and composition of
the bile through various secretory and absorptive processes (48). Moreover, they
actively participate in reactive and reparative responses to various pathological
stimuli during disease states (49). Many drugs that induce a hepatic toxic response
or chronic inflammation, result in dysfunction of the bile formation and bile flow,
ultimately leading to cholestasis (50).

1.3 Liver support systems

Over the last three decades, liver support systems have been developed to replace
orthotopic liver transplantation, or to complement patient care by promoting liver
tissue regeneration, or to provide a bridge to liver transplantation. A successful liver
support system should provide sufficient detoxification, synthesis, excretion and
biotransformation functionality as performed by the liver. They are commonly
divided into two main categories: biological and non-biological systems.

1.3.1 Atrtificial liver support systems

Accumulation of endogenous hepatotoxic substances is conjectured to induce loss
of liver function, which in turn gives rise to accumulation of toxins, production of
cytokines, and further damage of the liver (25). Artificial liver (AL) devices are
typically designed to emulate detoxification functions of the liver through filtration
and adsorption mechanisms only, without employing living components.

Two of the most prominent and most used AL devices are Molecular Adsorbent
Recirculating System (MARS®; Gambro, Stockholm, Sweden) and Prometheus®
(Fresenius Medical Care, Bad Homburg, Germany). The MARS® uses a high-flux
hollow-fiber dialysis module made up of albumin impregnated polysulfone
membranes. The cut-off of the membranes is limited to 50 KDa to prevent the
passage of the proteins and albumin in the patient’s blood through the membrane,
while membrane-bound albumin act as the acceptor molecule for albumin-bound
toxins within the extracorporeal circuit. The toxins are then passed to the 600ml
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recirculating 20% albumin solution flowing at constant rate in counter-current flow.
The dialysate is sequentially cleansed by a haemodialysis/haemofiltration module
(removing water soluble substances) and adsorber columns containing activated
charcoal and anion exchange resin (removing most of the albumin bound
substances). The regenerated dialysate is recirculated to take up more toxins from
the blood (51) (Fig. 1.3a).

On the other hand, Prometheus® is based on fractionated plasma separation and
adsorption, in which the patient’s plasma is passed through an albumin-permeable
polysulfone membrane, which enables the patient’s albumin fraction to pass into a
secondary circuit in which the direct removal of albumin-bound toxins by different
adsorbers (that is, anion exchanger and neutral resin) takes place (Fig. 1.3b). In
addition, conventional, high-flux dialysis is performed within the primary (blood)
circuit (52).

a Molecular Adsorbent Recirculating b Fractionated plasma separation
System (MARS)® and adsorption (Prometheus)®

Adsorption .
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Fig. 1.3. Artificial liver support systems. The hypothesis that the hepatocellular dysfunction present
in the clinical syndrome of liver failure is primarily caused by the accumulation of toxins not cleared
by the failing liver is addressed by filtration and adsorption devices. a) Molecular Adsorbent
Recirculating System (MARS®; Gambro, Stockholm, Sweden). b) Fractionated plasma separation
and adsorption (Prometheus®, Fresenius Medical Care, Bad Homburg, Germany). Adapted from
(52).

ALs are merely based on physico-chemical mechanisms and thus lack synthetic
and biochemical functions of the liver. Additionally, hepatic detoxification inside the
body is not limited to elimination of albumin-bound toxins. Moreover, Recent clinical
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trials showed no survival benefit of extracorporeal liver support therapy compared
with standard therapy (26).

In search for a device that provides a larger complement of important liver
functions, including synthetic and metabolic processes, biohybrid support devices
incorporating living hepatic cells have been developed (53).

1.3.2 Bioatrtificial liver support systems

Cell-based therapies have been extensively studied to overcome the limitations of
the ALs and expand the spectrum of hepatic functions available. Among these
therapies are isolated cell infusion via the hepatic portal vein for the transplantation
of hepatocytes derived from primary or stem cells, extracorporeal bioartificial liver
(BAL) devices integrating liver cell culture in a bioreactor, and tissue-engineered
graft implantation. It is a significant challenge to sustain and extend hepatocyte
function in vitro. Liver functionality is regulated by soluble mediators, interactions
between cells and extracellular matrix (ECM), and interactions between cells, which
all represent types of microenvironmental signals. Therefore, to gain a
comprehensive understanding of these regulating processes, different in vitro
hepatic culture models have been created, such as perfused whole-organ and
wedge biopsies, precision-cut liver slices, isolated primary hepatocytes,
immortalised liver cell lines, and isolated organelles (54).

The BALs have great potential for the creation of a short-term support and
framework for drug assessment and in vitro research on hepatic cultures. Various
different hepatic functions, including detoxification, metabolism and synthesis,
could be undertaken by BALs owing to the fact that they integrate functional
hepatocytes.

To preserve the phenotypic functions of cells, it is expected that the in vivo
microenvironment will be replicated by in vitro cell cultures. External cues inserted
in the microenvironment of isolated hepatocytes with regard to time as well as
space determine how viable and functional those hepatocytes are (55). The clinical
success of a BAL device depends on its ability to provide suitable mass transport,
lengthen cell viability and functionality, and be amenable to scaling-up to a size of
clinical relevance.

A number of limitations are presented by the basic static monolayer (2D) cultures
based on petri dish: (i) nutrient depletion and aggregation of cellular metabolic
products cause ongoing temporal transformations in the cellular microenvironment;
(if) oxygen is poorly soluble and has long diffusion length, which is why it occurs in
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restricted supply; (iii) unstable interactions between cells and between cells and
the ECM; (iv) lack of comparison between the smooth, 2D substrate and the in vivo
settings; and (v) the lack of permeability of the substrate causing unidirectional
mass exchange.

The various BAL designs that have been proposed to address these limitations can
be categorised into four major groups, namely, flat plate systems, hollow fibre
membrane bioreactors (HFMBR), perfused packed bed/scaffold systems and
suspension/encapsulation-based reactors (Figure 1.4). Furthermore, research has
also been conducted recently on microfluidic systems and microfabricated reactor
systems for in vitro applications (56).

Hollow Fiber Flat Plate and Monolayer Perfused Beds/Scaffolds Encapsulation and Suspension

Pros: attachment surface, potential for Pros: uniform cell distribution Pros: ease of scale-up, Pros: ease of scale-up, uniform
immunoisolation, well characterized, and microenvironment promotes 3-dimensional microenvironment
cells protected from shear architecture, minimal
transport barrier
Cons: nonuniform cell distribution, Cons: complex scale-up, Cons: nonuniform perfusion, Cons: poor cell stability in suspension,
transport barrier with membranes or potential large dead volume, clogging, cells exposed to transport barrier due to
gels cells exposed to shear, low shear forces encapsulation, degradation of
SurfaLE a]’ea*[(”\'l\llume ratio miErl)CE‘pSl\les over Ijme‘ CEI]S
exposed to shear forces

Fig. 1.4. Schematics of cell-based bioreactor designs. The majority of liver cell-based bioreactor
designs fall into these four general categories, each with inherent advantages and disadvantages.
Adapted from (57).

1.3.2.1 Flat-Plate System

An additional approach towards overcoming the above-mentioned limitations has
taken the form of various strategies explored in relation to bioreactors. Although
considerable improvement in mass transfer can be achieved with perfusion, a
considerable obstacle is posed by the shear stress imposed on the cells, which has
to be kept within a range that is acceptable to the hepatocytes. Membrane
bioreactors include flat-plate as well as hollow-fibre systems (Figure 1.5).

Dynamic culture systems gain numerous advantageous features as a result of
membrane integration in flat-plate bioreactors. Membranes enable system
arrangement into clear-cut sections and mediate the passage of nutrients and
oxygen to the cellular part whilst at the same time preventing fluid shear.
Furthermore, membranes permit selective mass transfer of molecules to and from
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cells in every direction by supporting one or both cellular layer surfaces. Moreover,
separate application of oxygen gradient from the fluid flow is made possible by
membranes with oxygen permeability. Unlike smooth solid plastic, a 3D substrate
closely resembling the in vivo one is provided by porous membranes, which is
helpful for research on cellular interaction (58).

Among the additional improvements that have been considered are monolayer-
based systems with applicability to flat-membrane bioreactors as well, including co-
cultures (59) and sandwich cultures (60) for enhancing cell-cell and cell-ECM
interactions, and substrate micropatterning (61) for cell morphogenesis studies. A
radial-flow bioreactor consists of a stacked microfabricated grooved substratum,
with hepatocytes being protected against flow shear stress by the grooved glass
plate (62). Meanwhile, among the various existing in vitro hepatocyte culture
models, sandwich culture is believed to be one of the ideal ones. However, the
application of sandwich culture in BAL bioreactor design is hampered due to
several technical difficulties, such as cell housing capacity that is not as high as
other configurations and arduous bioreactor construction process, that need to be
addressed in future bioreactor design.

1.3.2.2 Hollow-Fiber System

The main type of bioreactor configuration is the hollow-fibre system. Tissue
engineering applications for cell-based treatments (63) including BAL devices (64)
and large scale cell cultures (65) widely employ hollow-fibre membrane bioreactors
(HFMBR).

An HFMBR is made up of a cluster of hollow fibres (HF) with partial permeability
put in an external housing, like ultrafiltration or dialysis applications. Each
configuration can fulfil a distinct function, according to the application and type of
cell employed. In general, the cells are bound to the HF external wall, with flow of
medium within the lumen of the fibres that exchange nutrients and other elements,
comparable to a network of blood capillaries. Conversely, it is possible to seed the
cells into the HF lumen with module operation under various patterns of flow (66).
In addition, multibore system (67) alginate immobilization (68) and three-
compartment multi-coaxial system (69) are among the other configurations of
greater complexity that have been proposed.

In terms of the restrictions related to diffusion length, mass transfer rates for
nutrient supply as well as for waste elimination can likely be enhanced by HFMBRS.
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Cell protection against shear and air-liquid interfacial stresses is ensured by
compartmentalisation, which keeps the cells apart from the direct fluid flow.

(a) 05/CO+/H>0 vapour (b)

Gas permeable
membrane

- = — — Hollow fiber
Blood/Plasma _ = —

Medium flow
— .
. Medium
=

Hepatocytes

4 Collagen G i o=y

P prm
2 Blood/Plasma  ~
Gas permeable

membrane 02/CO2/H>0 vapour

= Hepatocytes

(©) Hepatocytes Hollow fiber

Blood/Plasma

Blood/Plasma

Hepatocyteorganoids

Microcarrier-attached
hepatocytes

(e)

O Q Q Hollm\' fibers

j200])

Blood/Plasma

Hepatocytes Plasma out

(2) Non-woven polyester (h)
Membrane for oxygenation matrix

Hepatocytes

Multibore fiber

(O]

Membrane Hepatocyte spheroids

(i)

Blood/Plasma =

Hepatocytes
microencapsulated

Fluorocarbon membrane

0, / CO; / H0 vapour

Fig. 1.5 Configuration of membrane bioreactors using hepatocytes cultured (a) between flat-sheet
membranes; (b) entrapped in a three-dimensional contracted gel matrix inside of hollow fibre
membranes; (c) outside of hollow fibore membranes in monolayer; (d) outside of hollow fibre
membranes organised in organoids; (e) outside of hollow fibre membranes attached to
microcarriers; (f) in a network formed by four capillary membranes with different functions; (g) in a
spirally wound non-woven polyester matrix inside of hollow fibres; (h) in the intraluminal
compartment of a multibore fibre bioreactor; (i) in microcapsules and (j) in a rotating-wall gas-
permeable membrane system. Image taken from (70).
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Furthermore, metabolite transport is enhanced and dead volume is reduced by HF
designs because, by comparison to flat-plate designs, they offer a greater ratio of
surface area to volume. On the downside, the use of closely packed HFs makes it
difficult to seed cells into the bioreactor homogeneously (57).

1.3.2.3 Perfused Bed System

Packed bed refers to a hollow vessel that is filled with packing materials. In
application of EBAL, this configuration can be used to fill matrix for hepatocyte
attachment and perfused with medium or patient’s blood/plasma. Various packing
materials for hepatocyte entrapment, such as micro-channeled polyurethane foam
(71), polyvinyl resin cubes (72), alginate beads (73), porous hydroxyapatite beads
(74), and polyester fabric cell scaffold (75) were explored. Packed bed reactors
offer improved mass transfer by allowing direct contact of cells on microcarriers or
packing material with the perfusing media (76, 77). A single monolayer culture is
easily perfused, but a series of stacked plates may introduce shunting through
regions of low resistance. Uniform perfusion of packed bed reactors is a classic
engineering problem. Distribution of fluid flow is greatly dependent on the
characteristic of the packing material. Larger, rigid particles will yield well
distributed flow but a decreased surface area for cells, whereas smaller, porous
packing will result in clogging and fluid channeling (78). A packed bed reactor built
around a micro-channeled scaffold is an example of one designed explicitly to
reduce heterogeneous perfusion and improve the transport characteristics of the
devices (79).

1.3.2.4 Encapsulation System

Some designs use encapsulated cells in perfusion systems, which provide
immunoisolation, but also increases diffusion resistance (80, 81). Encapsulation-
based bioreactors are fairly easy to scale-up and provide a uniform
microenvironment for the cells; however, encapsulation presents a diffusion barrier
that can lead to cell death in the middle of the beads as well as the degradation of
the microparticles over time resulting in exposure of cells to shear stress. Various
materials have been used for hepatocyte encapsulation, including hydrogels (80),
alginate (81), and copolymer such as hydroxyethyl methacrylate-methyl
methacrylate (HEMA-MMA) (82). In some systems, hepatocytes form spheroids
before entrapped into a capsule (83, 84), because there are evidences showing
that spheroid enhances cell-cell interaction (85), and facilitates the formation of
bile-duct structure between cells to improve cell functions.
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1.3.2.5 Microfluidic Chip Based System

Microfabrication based microfluidic systems for hepatocyte culture has emerged as
a promising area for various hepatocyte in vitro applications including BAL. The
fine control of hepatocyte microenvironment, which is essential to maintain
hepatocyte differentiated functions, is made possible at microscales in microfluidic
system. The small fluid volume in microfluidic perfusion allows more efficient mass
transfer in terms of delivery and removal of soluble substance (86). Lee et al. (87)
created an artificial liver sinusoid with a microfluidic endothelial-like barrier and rat
or human hepatocytes can be cultured within the barrier. Hepatocyte viability and
drug metabolism functions can be maintained for 7 days in the system. The first
attempt to design a microfluidic system based bioreactor for BAL was by Leclerc et
al. (88). Ten microfabricated polydimethylsiloxane PDMS chips were stacked to
constitute four interconnected cell culture chambers and one oxygen supply
compartment. The microfluidic bioreactor can achieve high cell seeding density of
30—40 million cells/cm® with efficient mass transfer, which demonstrated its
potential of scalability for BAL application. Recently, Pang et al. managed to design
a 3D scaffold comprised of 43 culture chambers assembled in a symmetrical
pattern on 3 layers. The seeding density was further increased to reach 90 million
cells/cm3 (89).

1.3.3 Hepatocyte transplantation

It involves the infusion of donor hepatocytes into the liver of the patient or even into
ectopic sites such as the spleen. In principle, the injected cells should be engrafted
and proliferate to repopulate the recipient liver restoring its functions (52). This
technique was used to temporarily support patients with inborn metabolic liver
diseases, such as Crigler—Najjar syndrome type | (90) and urea cycle disorders
(91). However, with respect to acute liver failure, currently reported clinical trials
have shown inferior results (92). The limited supply of viable hepatocytes,
insufficient integration and survival of transplanted hepatocytes, and inadequate
immunosuppressive therapy for hepatocyte transplantation patients need to be
addressed before establishing this technique as a routine clinical treatment (93).
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1.3.4 Repopulation of decellularized liver

One approach to engineer a vascularized, functional tissue is the
decellularization and recellularization of livers. During decellularization, cells and
other immunogenic molecules are removed from tissue or organs to leave the
extracellular matrix. Resident cells generate the extracellular matrix which
preserves the complex 3D microanatomy of the liver, including its vascular and
biliary system frameworks. Furthermore, the extracellular matrix is ideally suited for
repopulation with cells, their subsequent engraftment and migration to their specific
niches (94). The recellularized grafts are then perfused at 37°C in bioreactors,
using either culture media or heparinized blood. In vivo implantations of engineered
hepatic tissue have been thus far limited to animal studies, with the first study
reported in 2010 (95) in which rat livers were decellularized then recellularized with
rat hepatocytes. The grafts were then implanted in rats with arterial blood flow from
the renal artery for up to 8 h. Later, segments of decellularized porcine livers were
‘humanized’ via infusions of human fetal hepatocytes with co-cultured human fetal
stellate cells followed by perfusion in vitro for up to 13 days (96). Inside the
extracellular matrix, the human fetal hepatocytes differentiated into hepatocyte-like
cells with some mature hepatocyte properties and bipotential progenitor cells.
Although in general implantations of recellularized livers in humans seem possible,
various issues need to be addressed. One of the major obstacles is the
reconstruction of vascular network via re-epithelialization. This is considered the
limiting step since contact between the extracellular matrix proteins and blood
components leads to the formation of blood clots. Thus, implantations of
recellularized grafts will not be possible until the vasculature is completely re-
epithelialized or thrombogenesis within the graft is prevented in a different manner
without deleterious systemic effects on the host (52). However, the fact that the
vascular extracellular matrix frame is conserved during decellularization is possibly
the biggest advantage of this technique in comparison to the other approaches.
Preclinical experiments and clinical trials are needed to define relevant quality
standards to predict the in vivo behaviour of decellularized tissue of different
species in humans.

1.3.5 Organ printing

3D bioprinting is a cutting-edge technique that allows for precise engineering of
complex parenchymal organ constructs. 3D organ printing can be defined as layer-

by-layer additive biofabrication using liquid bioink (cell suspensions) or self-
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assembling cellular building blocks (spheroids) (52). 3D spheroid printing
represents scaffold-free tissue engineering which enables the precise arrangement
of different cell types and other biologic materials (such as extracellular matrix
components and growth factors) within organ constructs (97). The spheroid printing
technique is based on tissue fusion, a process driven by tension forces between
fluids that is observed during embryonic development (98). Tissue fusion means
that spheroid blocks of different living cell types that have been placed closely
together by a bioprinter melt together to finally represent one entity. Although no
reports on printed perfusable hepatic constructs have been published so far, some
interesting experimental results demonstrate the potential of 3D printing
techniques. The NovoGen MMX Bioprinter™ (Organovo Holdings, Inc., San Diego,
CA, USA) was used to print metabolically active 3D hepatic tissue that were stable
for over 40 days in vitro (99). Furthermore, compartment-specific organization in a
rudimentary microanatomy was shown for hepatocytes, hepatic stellate cells and
endothelial cells.

Despite the promising prospect of this technique, these hepatic micro-organs
are not designed as organ supportive therapy options. Several hurdles need to be
overcome before such a technique can be used to print clinical-scale functional
livers. Detailed knowledge of the liver's micro-anatomy, and software to convert
this information into reasonable blueprints are crucial. Furthermore, complex bio-
mathematical models to predict the behaviour of biological materials during and
after printing are needed. Currently available printing hardware can print a tissue
of 1 cm3in 27 h (100). Thus, enhancement of available printing hardware to quickly
process living cells is a determining step, as the printing process affects the viability
of cells. Moreover, maturation processes further limit the scalability of printed
tissue, as it can take months until engineered tubules of printed spheroids are
functional and perfusable (101). Thus, sustaining the viability of parenchymal cells
during maturation and essentially accelerating maturation are fields of particular
interest, especially as most experiments so far have been performed with young
animal cells—human primary cells are even more complex to handle in vitro (102).

1.3.6 Induced organogenesis

Induced organogenesis is a completely new approach that focuses on the
generation of functional, implantable organs using stem cells (alone or with primary
cells). These cells are induced in vitro to initiate differentiation towards a certain
fate through manipulating extracellular matrix and growth factors, followed by in
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vivo implantation to allow for maturation of the differentiated cells (103). Recently,
human induced pluripotent stem cells were differentiated into endodermal cells and
co-cultured with human mesenchymal stem cells and hUVECS in vitro (104). After
self-organization of these cells into a kind of vascularized liver bud, they were
implanted into immune-deficient mice. Interestingly, the in-vitro generated liver bud
was shown to integrate into the vascular system of the recipient only 48 h after
implantation. Furthermore, the liver bud matured to functional tissue, resembling
adult liver tissue and was able to rescue mice in a drug-induced lethal liver failure
model. These encouraging results open up a new field for further research and
demonstrate that experimental mimicking of organogenesis might lead to liver
support therapies in the future.

1.4 Cell source as critical issue for BAL devices

1.4.1 Primary hepatocytes

Primary human hepatocytes are ultimately the preferred cell type for cell-based
therapies, and the development of primary hepatocyte-based approaches is the
focus of substantial ongoing research. Within their in vivo microenvironment,
hepatocytes have high proliferative capabilities. Following partial hepatectomy of
two-thirds of the human liver, the residual mature hepatocytes are able to
proliferate and restore the lost liver mass (105). However, primary hepatocytes are
phenotypically instable and when they are isolated from their in vivo
microenvironment and put in 2D cultures they rapidly de-differentiate into a
population of adult liver progenitors (106), losing many of their liver specific
functions, in particular CYP enzyme levels (107). In addition, 2D culture limits the
survival of the cells to only 1-2 weeks (108). Various attempts have been made to
prolong the hepatocyte survival in vitro, for example by culturing primary
hepatocytes in a sandwich culture of collagen or matrigel, the hepatocyte life span,
morphology and specific hepatic functions can be preserved for longer period of
time (108, 109). Unfortunately, the low availability of fresh human liver samples
compromise the use of primary hepatocytes in routine testing. Moreover, the
resected livers most often originate from medicated patients that may severely
affect cell viability and specific functions. Regarding donated livers, the patients
have often been subjected to various pharmaceuticals, e.g. for the treatment of
brain injury, again potentially affecting the expression of various drug metabolizing
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enzymes (110). Cryopreserved hepatocytes are often used as they are available
and phenotypically characterized which facilitates their use in routine
research(111). Moreover, pooled cells from several donors are available which
reduce inter-donor variability. However, these cells are expensive and share the
same limitations as freshly isolated hepatocytes regarding loss of liver specific
functions in culture.

Primary porcine hepatocytes, have been widely used as the cell source for hybrid
artificial livers. Porcine hepatocytes exhibit liver-specific functions including
biotransformation functions, ammonia detoxification, and synthesis of urea and
albumin (112). Although these cells can be readily obtained in large quantities and
demonstrate similar functions and therapeutic effects to human hepatocytes, their
major drawbacks are the risk of xenogeneic infections such as porcine endogenous
retrovirus and the lack of metabolic compatibility (113).

1.4.2 Cell lines

Immortalized hepatocyte cell lines, such as HepG2 (human hepatoblastoma) (114),
the HepG2-derived line C3A (115) HepLiu (SV40 immortalized) (116), immortalized
fetal human hepatocytes (117) and HepaRG (human hepatoma) (118) have been
utilized as readily available alternative to primary hepatocytes. The advantages of
using established cell lines include the ability to culture large quantities of cells for
an extended period of time and the ability to control the degree of hepatocyte
functions that are displayed (119). However, due to lack of the full functional
capacity of primary adult hepatocytes, and the risk of transmittance of oncogenic
factors to the patient, the use of these cell lines in a clinical setup remains a concern
(57). Thus, as a potential precautionary measure, the use of conditionally
immortalized lines and the incorporation of inducible suicide genes have been
considered (54).

1.4.3 Stem cells

An independent approach to generate hepatocytes for therapeutics is to use stem
and/or progenitor cells, which may be sourced from various tissues and have a high
proliferative capacity. In principle, such cells could be amplified, differentiated into
various cell types, and used in diverse applications (120). Recently, researchers
have been attempting to identify small molecules that can potentially induce the
maturation of hepatocyte-like cells to enhance the chance for using these cells in
a clinically relevant setup (121).
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1.4.3.1 Embryonic stem cells

The breakthrough for stem cell research came about 30 years ago with the first
successful isolation of an embryonic stem cell line from a mouse embryo (122,
123). In 1998, the first generation of an in vitro, multi-passaged, culture of human
embryonic stem cells (hESC) was reported (124) and since then many different
protocols have been developed for the establishment, propagation and
characterization of hESC. These cells are pluripotent and can generate all three
germ layers, thus capable of differentiating into any kind of cell in the human body
(124, 125). With these unique properties, these cells provide a highly interesting
model system for basic research on embryonic and organ development, as well as
a hepatic cell source for drug discovery and toxicology studies (126, 127). In the
future, these cells might also be used in clinical therapies (128). During the recent
years, much effort has been put into the development of effective protocols for
hepatic differentiation of hESCs, largely based on what is known about the
embryogenesis (129-131). Various directed differentiation strategies have been
applied to hESC and iPSC cultures, and have yielded populations that exhibit some
functional and phenotypic characteristics of mature hepatocytes, thus termed
“hepatocyte-like cells” (130, 132, 133). Yet, hepatocyte-like cells resemble foetal
hepatocytes rather than mature adult cells as evident by their characteristics, such
as distinctive cytochrome P450 activities as well as expression of foetal genes such
as a-fetoprotein (134). Moreover, all differentiation protocols result in highly
variable functionality within the cell population and cells begin to lose hepatic
characteristics after a few days much like standard culture conditions. Researchers
are developing methods to overcome these disadvantages of functional variability,
low expression levels, and loss of functionality over time, however embryonic stem
cells are a controversial source of cells for scientific research and this is not likely
to change in the near future. A different source of stem cells could eliminate this
ethical controversy.

1.4.3.2 Hepatic somatic stem cells

Somatic stem cells have a more limited differentiation potential compared to
hESCs but have an important role in tissue homeostasis and injury repair in the
multicellular organism (135). The presence of hepatic stem cells (oval cells) were
first discovered in fetal mice livers (136) and was later also isolated from human
adult livers (137). Oval cells are multipotent stem cells that can give rise to both
hepatocytes and biliary cells (35). Hepatic oval cell lines have been generated that
retain the progenitor cell features expressing markers for both cholangiocytes and
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hepatic progenitors after long term cultivation and serial passages (138). These
cells might thus serve as an expandable hepatic cell source for research and for
cell-based therapy (139, 140). Recently, progress has been made in identifying
tissue-resident mesenchymal stem cell-like populations that reside in human liver
(141, 142), further investigation into the role of these cells in normal liver physiology
and repair is needed to determine whether these cell populations represent a
clinically relevant source of hepatocytes.

1.4.3.3 Induced pluripotent stem cells

In 2006, a Japanese research group successfully reprogramed adult mouse
fibroblasts into induced pluripotent stem cells (iPSC) by introducing four
transcription factors: cMyc, Oct3/4, Sox2 and Klf4, by retroviral transduction (143).
A similar approach was also successfully performed with human fibroblasts (144)
and later using other cell types from both human and mouse (145). The iPSC are
stem cell-like regarding morphology and characteristics, such as pluripotency and
genetics, expressing a number of stem cell biomarkers (145). Several groups have
subsequently been able to successfully generate hepatocyte-like cells from iPSC
(133, 146, 147). The iPSC technology is promising with a future potential in patient-
and disease-specific therapy (145). However, in order for these cells to be used in
a clinical application several important issues have to be addressed, such as
somatic origin memory, donor dependent variations, low reprogramming efficiency,
risk of potential teratoma formation, safety concerns regarding transduction
delivery methods and the presence of transgenes, like oncogenes (148).

In light of this progress, the strategy of using stem cells as a source for generating
hepatocytes as a cellular component in BAL devices holds great promise.

1.5 Oxygen supply

Owing to their various metabolic, synthetic and regulatory activities, hepatocytes
have an oxygen consumption rate more than ten-fold higher compared to the
majority of other cells, triggering an oxygen concentration gradient along the
sinusoids (149). It is believed that metabolic function distribution along the
sinusoids influences the concentration distribution of oxygen, hormones, nutrients
and ECM molecules (54). There are three metabolic areas along lobule hepatic
sinusoids that have been distinguished, namely, the periportal zone surrounding
the portal vein and hepatic arteriole (zone 1), an intermediate zone 2, and the
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perivenous/pericentral/centrilobular zone surrounding the central vein (zone 3).
Hepatic metabolism in each zone can be discerned based on the fact that, along
the sinusoids, there is a reduction by about half in partial oxygen pressure, which
declines from around 60 to 65 mmHg (84-91 pmol/L) and from 30 to 35 mmHg (42-
49 ymol/L) in zones 1 and 3, respectively (150, 151).

It is extremely difficult to replicate in vitro the delicate in vivo oxygen conditions. To
prevent hypoxia, hepatic cultures must have enough oxygen supplies; ensuring
these supplies is a problem because oxygen is poorly soluble in culture medium
and does not diffuse deep enough in hepatic tissues. By contrast, cells may suffer
oxidative effects due to hyperoxic oxygen tensions, which may affect the viability
and functionality of hepatocytes. Moreover, it would be useful to induce a
concentration gradient compatible with the physiological range in the bioreactor’s
hepatic mass.

There is a lack of consensus regarding the ideal oxygen partial pressure range for
in vitro applications. The contradictory results obtained by different studies
regarding oxygen tension and uptake rate were reviewed by Wang et. al. (152),
concluding that the in vivo conditions instead of intracellular values should be
replicated by hepatocytes’ pericellular oxygen partial pressure.

There are two major approaches to enhance oxygen supply and prevent
hypoxic/hyperoxic conditions: (i) membranes with oxygen permeability commonly
used in AMC-BAL and MELS devices to improve oxygen supply and achieve local
induction of oxygen concentration gradient, and (ii) addition of advection to improve
mass transfer.

There are currently no devices suitable for use in regular clinical practice for
treating hepatic failure cases, even though significant endeavours have been made
to create a BAL capable of replicating the in vivo liver function. Absence of an
optimal source of cells, restrictions on oxygen supply, and creation of a cellular
environment resembling the in vivo one are among major obstacles that are yet to
be overcome. Designing a functionally active BAL system based on development
of highly differentiated hepatocytes from progenitor or stem cells should be a
priority for future research. An additional line of inquiry worth pursuing is use of
hepatocyte co-culture with other types of hepatic cells by applying strategies
conducive to the formation of microvessels and bile canaliculi. Moreover, greater
attention should also be paid to the design of membrane devices capable of
supporting hepatic functions by supplying the required biological, chemical and
mechanical demands or stimuli.
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1.7 Bioreactor configurations in bioartificial liver designs

So far, only few BAL systems have reached clinical trials, while various designs are
explored in vitro as dynamic hepatic culture systems. The majority of BALS in
clinical trial (Table 1) as well as many in vitro systems are based on hollow fiber
bioreactors, further demonstrating their significance in these applications.

1.5.1 Bioartificial liver systems in clinical trial

The HepatAssist™ Device is among the popular BAL systems that have made it to
the stage of clinical trials. This device involves use of HF membrane-based
modified dialysis cartridge for preservation of porcine hepatocyte cells. After
separation, the patient’s plasma passes sequentially through an activated charcoal
adsorber, oxygenator and bioreactor (153). The results of a randomised controlled
trial (RCT) on 171 patients with acute liver failure revealed that the HepatAssist
device increased survival at 30 days by 71% compared to 62% by conventional
medical treatment. Additionally, the HepatAssist group also increased survival of
patients with fulminant or sub-fulminant liver failure. However, no other RCTs have
so far been conducted on BAL support systems, with only small-scale studies
investigating other types of BAL systems (25).

The Extracorporeal Liver Assist Device (ELAD®) (Vital Therapies Inc., San Diego,
CA, USA) devised by Sussman et. al. was among the first clinical devices to employ
HF membranes. The concept behind the flow circuit of this device is similar to
HepatAssist, with the exception that it uses C3A human hepatoblastoma cell lines
(115, 154).

A different approach was adopted by Chamuleau et. al. in the creation of the
Academisch Medisch Centrum Bioartificial Liver (AMC-BAL), a device made up of
non-woven polyester matrix and HFs placed in a housing. Oxygen is supplied and
carbon dioxide eliminated by the HFs dispersed in the matrix and the culturing of
cells on the matrix is supported by a three-dimensional framework. Although
porcine hepatocytes were employed at first, the device was altered to permit the
use of immortalised foetal liver cell lines. What makes AMC-BAL different is that
there is direct contact between the patient's plasma and the cells following
plasmapheresis, which improves cell-plasma mass transfer (155).

Meanwhile, a hemofilter consisting of newly isolated porcine cells forms the basis
of the Bioartificial Liver Support System (BLSS) (156), which stands out from other
devices in that it involves perfusion of the whole blood, not just plasma, and cells
are in suspension and move in the extra-capillary space (ECS) (157).

Among the HF bioreactor models of the greatest complexity but also greatest
appeal is the Modular Extracorporeal Liver Support (MELS) created by Gerlach et.
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al. It is made up of three distinct but interwoven HF clusters, namely, two clusters
of hydrophilic polyethersulfone HFs for plasma perfusion, with semi-interstitial flow
of culture medium between them, and a cluster of hydrophobic multilayer HFs for
local oxygen supply. Primary porcine or primary human liver cells that can form
structures resembling tissues between HFs are present in the bioreactor into which
the plasma is perfused (158).

In Radial-flow bioreactor RFB, 250-300 g of 90% viable porcine hepatocytes were
seeded on woven-nonwoven polyester fabrics sandwiched between 2 polyester
screens (159). Culture medium was perfused radially from the center to the
periphery while passing through the cells entrapped within the microfibers.
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Table 1.1. Bioartificial Liver systems currently in clinical trials

BAL system BR type Culture Technique Cell type Cell Cell Perfusion medium BR flow rate oxygenation
source amount (ml/min)
HepatAssist HF Microcarrier- attached Porcine Cryopreserved 5-7 x 10° Plasma 400 Before bioreactor
aggregates
ELAD HF Hollow fiber attached Human, C3A 200-400 g Blood / plasma ultrafiltrat 15-200 Before bioreactor
aggregates cell line
AMC HF Polymeric matrix Porcine Freshly isolated 1010 Plasma 150 Inside bioreactor
attached aggregates
BLSS HF Collagen gel Porcine Freshly isolated  70-120 g Blood 100-250 Before bioreactor
entrapped
MELS HF Tissue-like organoid Porcine Freshly isolated <600g Plasma 100-200 Inside bioreactor
/human
TECA- HF Cells in outer space Porcine Freshly isolated ~ 1-2x 10° Plasma Not Reported Before bioreactor
HALSS of hollow fiber
HEBAL HF Cells in outer space Porcine Freshly isolated 1x 10%0 Plasma Not Reported Not Reported
of hollow fiber
RFB PB Microfiber entrapped Porcine Freshly isolated  250-300 g Plasma 200-300 Before bioreactor

aggregates

*HF= Hollow Fiber

*PB= Packed Bed



1.5.2 Bioreactor designs for in vitro hepatic culture studies

Research has assessed the potential of different bioreactor designs for in vitro
dynamic hepatic cultures for use as BAL devices or drug testing platforms in the
pharmaceutical field. To shed more light on bioreactor design and different related
design features, several such designs of varying configuration are discussed in the
following part.

An oxygen-permeable, flat-membrane bioreactor was developed by De Bartolo et
al. (160) (Fig. 1.6a). The culturing of human hepatocytes was undertaken between
two semi-permeable fluorocarbon flat membranes. The cells attached to the bottom
membrane and received oxygen through both surfaces. To assess hepatic
functionality, urea and albumin were synthesised and diclofenac biotransformation
was undertaken, with preservation for 32 days.
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Fig.1.6. Examples of bioreactors used for in vitro studies. (a) Oxygen-permeable flat-membrane
bioreactor (160), (b) Crossed hollow fiber membrane bioreactor (161).

Another bioreactor developed by De Bartolo et al. (161), is a HFMBR which
consists of two different types of HFs arranged in a crossed configuration,
mimicking the blood capillary network. Each type of HF is employed to serve a
distinguished function: modified polyetheretherketone (PEEK-WC) for supplying
the cells with nutrients and metabolites, and polyethersulfone (PES) for removing
the catabolites. Urea, albumin and diazepam transport was mathematically
modelled and experimentally evaluated. Primary human hepatocytes maintained
their functionality (urea and albumin synthesis, diazepam biotransformation) for 18
days.
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A different study undertook a comparative analysis of a rotating-wall gas permeable
membrane system (RWMS) and a rotating-wall gas-impermeable polystyrene
system (RWPS) in terms of development and cultivation of hepatocyte spheroids.
Additionally, mathematical modelling permitted assessment of the oxygen, glucose
and lactate transfer in these systems. Empirical work validated the mathematical
prediction that RWMS made cells more viable (162).

Other researchers studied the possibility of cultivating hepatocytes into the lumen
of the HF. An example of such research is the LIVER X 2000, which entrapped
dispersed hepatocytes in collagen gel inoculated in the luminal compartment in
their HFMBR (163). Although the system sustained hepatic functionality, it could
only accommodate a limited number of hepatocytes in order to avoid nutrient
limitation. The multi-bore fibre membrane bioreactor is also an instance of
intraluminal cell seeding. The modified polyethersulfone fibres include seven
luminal compartments displaying appropriate mechanical strength and elevated
hydraulic permeance. It is possible that various cell types could be
compartmentalised in every fibre with this system, enabling investigation of
interaction between cells via paracrine signalling (67).

Nagaki et. al. proposed an HF module consisting of porcine hepatocytes embedded
in a basement membrane matrix, Engelbreth-Holm-Swarm (EHS) gel (164). This
system was reported to elevate blood bicarbonate levels, enhance hemodynamic
stability and reduce levels of ammonia and lactate in trials conducted on pigs with
ischaemic liver failure. Meanwhile, HFs intended for oxygenation and internal heat
exchange are the basis of the OXY-HFB bioreactor. The seeding of primary porcine
liver cells on the HF walls occurred within the ECS with culture medium circulation.
Over a period of 3 weeks, there was preservation of hepatic functionality as regards
production of urea, albumin and lactate, glucose consumption, level of oxygen and
diazepam metabolism (165).

Research has also addressed improvement of cellular adhesion and functionality
through the introduction of adhesive substrates in bioreactors. For example, rat
hepatocytes cultured in a galactosylated polyvinylidene difluoride HF bioreactor
were found to have increased albumin production (166). Similarly, a galactosylated
polyethersulfone flat membrane bioreactor used in a different study maintained the
functionality of human hepatocytes (167).

One commercially available device for toxicological studies is HUREL® Biochip,
which is a microfluidic device made up of four biochips. Evaluation of the system
using primary human hepatocytes indicated the system preserved cell viability and
metabolic competency at least as high as, and sometimes higher than, the
traditional static culture conditions (168). Studies into the in vitro in vivo correlation
(IVIVC) provided by this model system have shown that this system provides better
IVIVC compared to the static hepatocyte cultures specially when the hepatocytes
were seeded in co-culture with non-parenchymal cells (169). The model is severely
limited, however, by the fact that sample removal is difficult without disturbing the
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system dynamics. Furthermore, the recirculation of the medium involves a complex
set of tubing lines and reservoirs, and cells on chips form monolayers and not
physiological tissue constructs (170).

A closer look at the bioreactor configurations introduced above, reveals three main

challenges in development of BAL devices: (i) membranes as artificial support, (ii)
cell sources, (iii) mass transfer considerations.
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CHAPTER 2
Long-term Maintenance of Human Hepatocyte
Microtissue Spheroids in a crossed hollow fiber
membrane bioreactor

2.1 Introduction

BAL devices for supporting acute liver failure patients and drug development
assays require the availability of cells capable of expressing liver-specific
functions for prolonged periods of time. Since the expression of several drug
metabolizing isozymes cytochrome P450 (CYP450), as well as nitrogen
excretion and albumin synthesis, is usually downregulated in hepatoma or
immortalized cell lines (171, 172), primary hepatocytes are the main choice for
BAL devices and drug development tests. Hepatocytes from animal have an
inherent limitation due to the differences in metabolic pathway between species
as well as the risk of xenogenic infections. Primary hepatocytes are known to
maintain most of their liver-specific functions immediately after isolation (173),
but lose them throughout culture time (174). Thus, a large body of work has been
devoted to maintaining viable and functional hepatocytes over longer periods of
time. The current standard for long-term human hepatocyte cultures is the
collagen sandwich in vitro model. This model increases the interaction between
cells and the matrix, providing a 3D-like architecture (60). Even though cells in
this model were reported to maintain some functional and structural polarity
(175), they don’t faithfully recapitulate the in vivo environment in which
hepatocytes are found in multi-layered microenvironment.

An alternative approach has been proposed, namely culturing hepatocytes as
spheroids, in which interactions between cells can mimic the in vivo physiological
structure of the cells, including phases | and Il xenobiotic metabolizing activities
(176, 177). Hepatocytes spheroids obtained by self-assembly of cells have the
potential to be employed for the fabrication of in vitro liver tissue through fusion
process with the single spheroids acting as building blocks. Using hepatocyte
spheroids, have also been shown to increase liver-specific functions in cells
owing to the high degree of intercellular contacts that are crucial for
communication of signals and integration of gene and metabolic patterns (178).
In particular, hepatocytes grown as spheroids were shown to maintain alboumin
production, urea synthesis, biotransformation activity for longer times than
monolayer and collagen sandwich cultures (179, 180). This is likely due to the
3D cytoarchitecture, and more realistic interactions between cells and the matrix.
Methods for generating 3D aggregates include the hanging drop method (181),
rotational bioreactors (182), microfabricated microwells (183), selectively-

41



adhesive patterned structures (184), and liquid overlay method (185).The
spheroid architecture, however, represents a barrier for diffusing nutrients,
oxygen, drugs, and metabolic waste, especially when they reach their critical size
limit. Indeed, Curcio et al. (162) reported that spheroids, with size exceeding 200
Mm, in gas-impermeable systems suffer severe oxygen limitation in the most part
of its size, attaining the lowest partial pressure of 12mmHg in the core. Therefore,
in many bioatrtificial liver device the absence of a vascular network in large
spheroids may cause eventually mass transfer limitations of oxygen that lead to
an impairment of cell viability and functions. Indeed, a reduced cell survival (60%)
due to the insufficient oxygen supply remains an issue for spheroids even when
hepatocytes establish direct cell-cell interactions in coculture with human
umbilical vein endothelial cells (HUVECSs), which should ensure an optimal
tissue-like reorganization (186).

Scaffolds such as polyurethane foams (187) and inverted colloidal crystal
scaffolds have been used to limit the size of the spheroids, but their applicability
is limited by potential drug absorption onto their surface. Microfabricated
substrates like microwells (183) minimize the adsorption problem, but spheroids
cultured on them detach easily during routine medium changes. Thus, various
methods aimed to promote spheroid adhesion, including the conjugation of
integrin-binding moieties, have been studies (188, 189). However, they typically
result on cell spreading and diminished hepatocyte functions (190).

To accomplish the goal of providing hepatocyte spheroids with sufficient
nutrients, including oxygen, perfusion systems were employed. These systems
can effectively contribute to prolonged maintenance of 3-D liver microtissue
through improved mass transfer due to fluid flow. However, spheroids grown on
low-adhesion or selectively-adhesive patterned substrates in perfusion culture in
which they are exposed to the momentum generated by Stokes force from fluid
flow, tend to ultimately detach. Moreover, shear stress generated by fluid flow
negatively impacts the hepatocyte functions (191). To protect hepatocytes from
shear stress, the use of microspheres and scaffolds have been proposed.
However, these systems don’t address the issues of spheroid loss and drug
adsorption minimization (192).

Perfused microbioreactors with increased throughput have been recently
developed for hepatocyte cultures (193-195). These also have inherent mass
transfer limitations regarding physiologically relevant 3D structures. To
overcome this limitation, higher perfusion rates are needed, which increases also
the shear stress. These systems make it also hard to control essential
parameters, like the dissolved oxygen or pH (196). Among those
microbioreactors are microfluidic devices. The downscaling enabled by these
devices yields harder to control environments, and limits their application for long
term culturing. The most useful applications of micro-technologies for such
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cultures couple either microfluidic perfusion or coculture micropatterning to 12-
or 24-well culture plates, respectively (197, 198). Yet, they do not allow for a
physiologically relevant long-term culture of hepatocytes.

When defining a culture strategy for primary hepatocyte cultures, it does not
suffice to simply provide access to different nutrients based on their consumption
rates. Indeed, it is crucial to maintain their physiological concentrations stable
during the culture period. Several bioreactor configurations have been developed
attempting to obtain a BAL device. BAL devices that use human hepatocytes are
often built on hollow fiber formats. This configuration is arguably among the best-
known options for maintaining large cell populations for prolonged culture
periods. The configuration of these bioreactors yields a liver-like hepatic mass
through the whole culture time, providing long-term endpoint assays. The
bioreactors, however, do not allow high-throughput screening nor sampling the
cellular mass during the culture interval (199).

In this work a crossed hollow-fiber membrane bioreactor (HFMBR) was used.
The main distinguishing feature of this bioreactor, which is based on a concept
developed previously (161), is the use of two bundles of hollow fiber (HF)
membranes in polyethersulfone (PES): one bundle of feeding fibers to provide
oxygen, nutrients and metabolites to the cells and one bundle of removing fibers
to eliminate catabolites and specific products from cell compartment. The fibers
are cross-assembled in alternating manner at distance each other of 250 um in
order to establish two intraluminal compartments in which medium flows and an
extraluminal compartment in which microtissue spheroids are cultured and
protected from shear stress. The bioreactor chamber creates a homogeneous
microenvironment in which the continuous exchange of fresh and depleted
media ensures the proper balance between the amount of oxygen supply and
the consumption by cells, thus preventing spheroid’s hypoxia and necrosis.

The underlying hypothesis guiding this work is that perfusion cultures preserve
their levels of nutrients, hormones, and endogenously secreted regulators more
uniformly throughout culture time. This enables a long-term maintenance of liver-
specific activities in primary human hepatocyte cultures. By producing a shear
stress free microenvironment with continuous feeding, no mass transfer
limitations, three-dimensional cell interactions, and fully controlled culture
properties, this novel system provides a robust tool for screening tests that
require long-term culturing of hepatocytes, which passed the currently available
high-throughput short-term screening systems.
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2.2 Materials and methods

2.2.1 Mold fabrication

The MicroTissues® 3D Petri Dish® micro-mold has 256 circular recesses (16 x
16 array) and is used to self-assemble 3D microtissues in the shape of a spheroid
(Fig 2.1). The nominal dimensions of one of these recesses are; diameter:
400um and depth: 800um. 500 ul of 2% molten agarose was added in each of
the micro-molds and left for 10 minutes to set then the agarose molds were
removed and placed in 12-well plates as illustrated in Fig 2.1.

Fig. 2.1. An illustration of the various steps of agarose mold fabrication showing 1) the silicone
12-256 3D Petri Dish® cast, 2) filling the cast with molten agarose, 3) after 10 minutes the
agarose mold is set and ready to be released, 4) the mold is released from the cast and is
equilibrated with medium. Images taken from www.microtissues.com.

2.2.2 Bioreactor

The bioreactor consists of 180 crossed polyethersulfone (PES) HF membranes
used for the medium inflow and outflow. The two fiber systems were assembled
in alternating manner and potted with polyurethane adhesive (Polaris Polymers,
OH, USA) within glass housing (Fig. 2.2). The fibers were potted at each end in
order to establish three separate compartments: two intraluminal compartments
within the inlet and outlet PES fibers, and an extraluminal compartment or shell
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outside of the fibers. The intraluminal and extraluminal compartments
communicate through the pores in the fiber wall.

Fig. 2.2. The crossed hollow-fiber membrane bioreactor glass housing with PES hollow-fiber
membranes cross assembled into a tight mesh.

Fig. 2.3 shows the bioreactor (volume: 30 ml) that is connected to the perfusion
circuit consisting of micro-peristaltic pump, gas-permeable silicone tubing and
reservoir of medium. The oxygen sensor can be seen connected via an optic
fiber to the data recording unit.

The oxygenated medium enters from the reservoir to the membrane bioreactor
with a flow rate Qf of 0.8 ml/min that was set on the basis of average retention
time. Fresh medium was perfused in single-pass and the stream leaving the
bioreactor. Qout was collected as waste until approaching the steady state.
When the system reached the steady state, the stream leaving the bioreactor
was recycled (Qr) in order to obtain the accumulation of products.
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Fig.2.3. An image of the whole system showing crossed HFMBR connected to the peristaltic
pump via silicone tubing and ultimately connected to the medium reservoir. The flow-through
oxygen sensor is connected to the Fibox 4 meter via an optical fiber.

2.2.3 Cell Culture

Cryopreserved primary human hepatocytes (Life Technologies, California, US),
isolated from human tissue were thawed in a 37° C water bath with gentle
shaking. Cell suspension was slowly transferred into pre-heated 25 ml of
Williams’ medium E supplemented with dexamethasone 1 uM, HEPES 15 mM,
recombinant human insulin 4 pg/ml, GlutaMAX™ 2 mM and penicillin/
streptomycin (10,000 U/mL/10,000 pg/mL) and 10% fetal bovine serum (FBS),
and centrifuged at 50g at room temperature for 5 min. The viability of the
hepatocytes (assessed by Trypan blue exclusion) ranged between 75 and 85%.
The human hepatocytes were then seeded in 256-well agarose molds at a
density of 3*10° cell/mold. To promote cell aggregation into spheroids, thawing
medium was supplemented with 10% FBS; cells were cultured in this medium
for 4-5 days.
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Spheroids were then seeded into the HFMBR on the outer surface of
polyethersulfone (PES) hollow fiber membranes previously sterilized and
conditioned with medium containing 10% FBS. Afterwards, the FBS content in
the medium was decreased gradually reaching a serum-free medium at day 17
and the experiments lasted for 25 days. The bioreactors were incubated at 37°
C in 5% CO2 with 95% relative humidity for the duration of the experiments.

2.2.4 Cell Morphology

Cell morphology in the HF membrane system was evaluated by light-inverted
microscopy, Scanning Electron Microscopy (SEM, Quanta 200F, FEI, USA) and
Laser Confocal Scanning Microscopy (LCSM, Fluoview FV300, Olympus Italia)
analyses. Samples were examined and representative images displaying the cell
features in 3D structures were obtained at different culture time.

2.2.4.1 Sample preparation for SEM

Specimens of cell cultures were prepared for (SEM) by fixation in 2.5%
glutaraldehyde, pH 7.4 phosphate buffer, for 30 minutes; followed by post-
fixation in 1% osmium tetroxide and by progressive dehydration in ethanol.

2.2.4.2 Staining for LCSM

Cells were fixed using 4% paraformaldehyde for 20 minutes. Afterwards, the cells
were permealized with 0.5% triton x-100 for further 20 minutes. Hepatocyte
spheroids were stained for the cytoskeleton protein actin, the tight-junction
protein Vinculin and the biliary marker cytokeratin 19 (CK19). Hepatocyte
spheroids were stained for the cytoskeleton protein actin, the tight-junction
protein vinculin and the biliary marker cytokeratin 19 (CK19). To visualize the
actin, the samples were incubated 30 min in phalloidin Alexa 488 conjugated
(Molecular Probes Inc, Eugene, OR). Vinculin was visualized by using a specific
mouse monoclonal antibody (Santa Cruz Biotechnology, Texas, USA) raised
against human vinculin and a CyTM3-conjugated AffiniPure donkey anti-mouse
IgG (Jackson ImmunoResearch Europe Ltd, Cambridge, UK). CK19 was
detected by using specific goat monoclonal antibodies (Santa Cruz
Biotechnology, Texas, USA) raised against human CK19 and a CyTM5-
conjugated AffiniPure donkey anti-goat IgG (Jackson ImmunoResearch Europe
Ltd, Cambridge, UK) were used. All primary and secondary antibodies were
incubated for 2 and 1.5 hours at room temperature, respectively. Counterstaining
for nuclei was performed via incubation with DAPI 0.2 pg/ml (Molecular Probes
Inc, Eugene, OR) for 30 min (Salerno et al.,, 2011). Finally, samples were
washed, mounted and viewed with CLSM (Fluoview FV300, Olympus Italia).
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2.2.5 Assay of metabolic functions

2.2.5.1 Biochemical and ELISA assays

Samples of the culture medium were collected in pre-chilled tubes and stored at
- 20° C until assayed. The urea concentration was assayed by the enzymatic
urease method (Sentinel, Milan, Italy).

Albumin production in the samples was measured by the immunoenzymatic
method (ELISA) using antibodies against human albumin. Ninety-six well plates
were coated with 50ug/ml monoclonal anti-albumin antibody (Bethyl laboratories,
Alabama, US) (diluted 1:100) and left at room temperature for one hour. This
was followed by blocking using 10% BSA solution overnight at 4°C. Afterwards,
100 pl of cell culture supernatant was added to the wells and incubated at room
temperature for one hour. Following this step, horseradish peroxidase-
conjugated secondary antibody against albumin (Bethyl laboratories, Alabama,
US) (diluted 1:10000) was added for one hour at room temperature. The
substrate buffer containing tetramethylbenzidine and H202 (Sigma, St. Louis,
MO, USA) was added for 10 min. The reaction was stopped with 0.18 N H2SOA4.
Absorbance was measured at 450 nm using a Multiskan Ex (Thermo Lab
Systems).

2.2.5.2 HPLC analysis of diazepam and metabolites

Diazepam is a benzodiazepine derivative drug registered for the treatment of
anxiety, insomnia, seizures, alcohol withdrawal, and muscle spasms. It is
metabolized by liver cytochrome P450s to three major active metabolites; N-
desmethyldiazepam or nordiazepam (NDZ), oxazepam (OX) and temazepam
(T2).

Diazepam elimination and its metabolite formation were assessed by incubating
hepatocytes with 10 pg/ml diazepam. HPLC was used to assess the diazepam
and metabolite concentrations in medium samples. The samples from the culture
medium were alkalinized with 20% of 4M NaOH, precipitated with isopropanol
(1:10) and extracted with ethyl acetate (5:1) by gentle rocking for 15 min and
subsequent centrifugation at 200g for 15 min at RT. Thereafter, the ethyl acetate
phase was evaporated and exsiccated under vacuum condition and the pellet
was dissolved in mobile phase consisting of acetonitrile /methanol
/0.04%triethylamine pH 7.04 at proportion of 25/35/40, respectively. Then,
samples were HPLC-analyzed using a C18-RP Purospher Star 5um, 250x4.6
mm column, equipped with a precolumn (Merck KGaA, Darmstadt, Germany).
The sample injection volume was 20ul. The mobile phase was delivered at 0.8
ml/min and the column was operated at ambient temperature. The effluents were
monitored with a UV detector at 236 nm. Besides diazepam its metabolites
temazepam, nordiazepam and oxazepam were detected. For all substances
calibration curves were run regularly between 10 ng/ml and 10 pg/ml.
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2.2.6 Dissolved oxygen concentration measurement

Dissolved oxygen concentration data was measured in HF membrane bioreactor
by using a flow-through oxygen cells (Presens, Regensburg, Germany). The
flow-through chemical optical oxygen sensors, based on the quenching of
luminescence by oxygen, were incorporated into the culturing perfusion loop at
the inlet and outlet of the bioreactor (Fig. 2.4). The sensors do not consume
oxygen, are independent of the flow rate and maintain long-term stability. A fiber
optic cable transmitted the optical signal between the sensor (Fig 2.5a) and the
Fibox 4 portable oxygen meter (Fig 2.5b) (PreSens GmbH, Germany); the latter
was connected to a PC at the end of the experiment to export the stored data in
excel files which were then elaborated. The oxygen probes detected oxygen
concentration with resolution of £0.4% O2 at 20.9% O2 and a response time <30s.
The membrane bioreactor containing cells was cultured in a CB 150 CO2/O2
incubator (BINDER, Germany). Oxygen consumption rate was estimated directly
from the oxygen concentration in the inlet and outlet streams according to the
steady state mass balance about the bioreactor, as follows:

Q(Cin - Cout)

Fig. 2.4. An image of the flow-through oxygen sensor at the outlet of the bioreactor connected
via optical fiber to the Fibox 4 oxygen meter.
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Fig. 2.5. Oxygen measurement system, a) Single-use Flow-through cell Oz, b) Fibox 4 portable
oxygen meter.

2.3 Results

Evaluation of culture conditions that better granted specific hepatocyte cellular
functions, using previously established biochemical assays, was carried out.
Albumin secretion and urea secretion by hepatocytes are indicators for long term
functional performance of hepatic cultures, whereas the activity of phase | (such
as CYP 450) mirrors the capacity of hepatocytes to metabolize xenobiotics.

To study the beneficial effect of perfusion on the viability and metabolic function
of hepatocyte spheroids, experiments were carried out in perfusion bioreactors
to examine the possibility of sustaining the hepatocyte spheroids functional and
viable for long term experiments. To this end, hepatocyte spheroids were
cultured in PES-PES HFMBR with 180 hollow fibers with a flow rate of 0.8 ml/min.
Samples were collected and metabolic functions, in terms of urea, albumin
synthesis and diazepam metabolism, were investigated. Moreover, the
morphological features of the spheroids were examined using light, scanning
electron and confocal laser microscopes.

2.3.1 Morphological evaluation

Light microscope images of hepatocyte spheroids prior to seeding into
bioreactors showed tightly packed cells that exhibit smooth undulating surfaces
in which individual cells are indistinguishable (Fig 2.6a). As shown in Fig. 2.6b,
the average diameter of the spheroids at the time of seeding is approximately
200 pm.
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Fig. 2.6. Light microscope images of human hepatocyte spheroids at day 5, a) showing spheroids
inside the agarose mold with an average diameter of 200 um, b) showing multiple spheroids once
released from the agarose molds.

After seeding in the extracapillary space of the bioreactor, spheroids barely
attached to the surface of the PES fibers without alterations of their defined
structure (Fig 2.7A). Spheroids tended to contract with culture time forming more
compact structures with a decreased diameter due to a more tightly cell-cell-
interaction. Additionally, adjacent multicellular spheroids fused giving rise to
larger microstructures around the fibers (Fig.2.7B).

HV WD Mag Sig| VacMode HFW 50.0pum 5
10.0 kV13.6 mm 1500; gh vacuum 0.18 mm HUMHEPSPER_CR_PES/PES

Fig. 2.7 Scanning electron microscope images of human hepatocyte spheroids cultured on
crossed PES/PES hollow-fiber membranes in batch bioreactor at day 16. A and B are different
magnifications of two different spheroids.
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Interestingly, the fused spheroids underwent to compaction process forming
liver-like tissue (Fig. 2.7C-D). Light microscope images clearly show this fusion
process as it occurs over time (Fig. 2.8).

Fig. 2.8. Light microscope images showing fusing human hepatocyte spheroids seeded on PES
hollow-fiber membranes a) at day 12, b) at day 15 and c) at day 22.

Immunohistochemical stainings showed multiple fused spheroids with an
increased diameter of 400 um as result of a self-organization process that makes
them more compact (Fig. 2.9a-b). They establish very tight intercellular contacts
originating a bigger structure with defined boundaries. Within the microtissue
spheroids structure, the maintenance of a defined liver like cytoarchitecture was
assessed by localization for actin (green) which was arranged according to a
distribution in microfilaments, while the wide staining for vinculin (red) showed
the expression of the protein at the sites of cell-cell contact as a proof of the tight
junction connections between cells (Fig 2.9c-d). Hepatic spheroids within the
bioreactor established and kept throughout the cultivation time high degree of
cell—cell interactions and therefore their integrity and defined structure was
maintained.
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Fig. 2.9. CLSM images of the microtissues formed by the fusion of multiple spheroids (a-b) at
day 18 of culture into the bioreactor. Hepatocytes were immunostained for actin (green), vinculin
(red) and nuclei (blue). Magnified images of the boundary (c) and section (d) of the fused
spheroids showing the distribution of actin, vinculin and nuclei.

To further investigate the creation of a liver-like structure in the new formed
microtissue was also assessed the staining for CK19 as marker for
cholangiocytes. CK19 positive immunolocalization indicates the presence of bile
epithelial cells and the formation of bile canaliculi (Fig.2.10).

A self-assembled multicellular hepatic organization is further demonstrated by
confocal images along the Z-stack. In Fig 2.11 it is possible to evaluate the
hepatocytes disposition from the inner part of the spheroids towards the external
one. As evidenced by the blue staining for nuclei in the core of the microtissue,
cell necrosis did not occur since any picnotic nuclei are visible.
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Fig. 2.10. Confocal Laser Scanning images of the human hepatocyte microtissue spheroids at
day 18 of culture into the bioreactor. Hepatocytes were immunostained for actin (green), vinculin
(red) CK19 (magenta) and nuclei (blue).

This result corroborated the maintenance of an adequate oxygen supply in the
constructs. Hepatocytes self-assembling according to bigger structure is
highlighted by the structural organization of actin. In the inner part of the
spheroids actin appears in a defined distribution along the cell boundaries;
moving from the inner to the outer region of the 3D construct, these boundaries
are lost and the actin has rearranged according to a fasciculate orientation due
to the cell spreading that occurs at the surface of the microtissues.
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Fig 2.11 Figure 5 CLSM’s images of human hepatocyte microtissue spheroids at day 18 of culture
into the bioreactor. Hepatocytes were immunostained for actin (green), vinculin (red) and nuclei
(blue). a-l) Progressive images of the distribution in the Z-axis of actin, vinculin and nuclei in
spheroids. Z-stacks were acquired from the inner part (a) of spheroid to the external one (I).
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2.3.2 Hepatocyte-specific functions

Due to the optimized culture conditions within the continuous bioreactor, the
metabolic functions represented by urea, albumin synthesis and diazepam
metabolism were maintained throughout the experiment lasting for up to 25 days
post-thawing. Values have been normalized to the number of seeded hepatocyte
cells at the beginning of the experiment.
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Fig. 2.12. Urea synthesis rate of human hepatocyte spheroids cultured in PES/PES crossed
HFMBR. The values are the mean of three experiments + standard deviation.

Urea synthesis rates were high at the beginning of the experiment reaching
values of approximately 4.38 ug/h*million cells. The synthesis rate then
decreased with the decrease of serum concentration in the medium. Upon
complete removal of serum from medium at day 17, urea synthesis rate dropped
to a value of approximately 0.5 ug/h*million cells at day 18. Interestingly, after a
period of cell’s adaptation to the new culture condition, urea synthesis rate
increased again up to value of approximately 1.6 pg/h*million cells (Fig. 2.12),
this new trend was observed from day 21 until the end of the experiment.

Albumin synthesis was detected for the entire cultivation period of 25 days,
indicating that, within the bioreactor the well-structured spheroid micro tissues
were retaining their specific function. Quite soon after the seeding in the
bioreactor the albumin was present in the samples at a very high value of around
49 ng/h*million cells owing to the presence of serum, which was gradually
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depleted in the culture time. Afterwards, the albumin synthesis rate was almost
stable until day 14 with values of approximately 27 ng/h*million cells. A new
steady state was then reached between day 15 and day 23, in which the albumin
synthesis rate was approximately 22 ng/h*million cells. Only at the end of the
culture was registered a slight decrease in the albumin secretion reaching a
value of approximately 13 ng/h*million cells (Fig. 2.13).
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Fig. 2.13. Albumin synthesis rates of human hepatocyte spheroids cultured in PES/PES crossed
HFMBR. The values are the mean of three experiments + standard deviation.

The assessment of the phase | enzymes’ functionality (such as CYP 450) mirrors
the capacity of hepatocytes to metabolize xenobiotics. CYP 450 activity of
hepatocytes spheroids was evaluated through the detection of diazepam
metabolites formed after the drug administration in the cell culture media. Drug
metabolism is an important function of hepatocytes that is usually lost after few
days in culture, since the involved enzymes are quite sensitive to the surrounding
microenvironment. Thanks to the optimal culture conditions within the bioreactor,
the diazepam was metabolized and the main metabolites of phase | were
detected throughout the experiment. For each analyzed time point, HPLC
investigation evidenced that diazepam was eliminated with an average rate of 4
ng/h/108 cell throughout the time (Fig. 14a). Accordingly, the metabolites of
diazepam were detected with nordiazepam (NDZ) and temazepam (TMZ) being
produced at the highest rate while oxazepam (OXZ) was detected at lower rate
compared to the other two metabolites (Fig. 14b). Noteworthy, biotrasformation
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capacity was retained even in serum free condition, highlighting the efficient
performance of the bioreactor to preserve very sensitive hepatic functions.
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Fig. 2.14 Biotransformation functions of microtissue spheroids expressed in terms of diazepam
metabolism. a) Diazepam elimination rate and b) nordiazepam (NDZ) and temazepam (TMZ)
and oxazepam (OXZ) formation rates. The values are the mean of three experiments + standard
deviation.
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2.3.3 Oxygen uptake

The ability of the membrane bioreactor to provide a suitable microenvironment,
in which oxygen diffusion limitation is avoided, was investigated by a constant
quantification of the cellular oxygen uptake and consumption. Indeed, the
presence of oxygen sensors at the inlet and outlet of the bioreactor allowed an
online monitoring of the oxygen measurements. The oxygen concentration was
stable at 210 umol/L in the inlet medium and fluctuated between 175 and 195
pmol/L in the outlet medium due to cell uptake (Fig. 2.15a). The oxygen
consumption was registered for 25 days with values ranging from 800 to 1500
nmol/h (Fig 2.15b) until the end of the culture. Hepatocytes have elevated oxygen
demands, the possibility to maintain a proper oxygen consumption within the
chamber device is fundamental to afford the highly energetic need of hepatic
cells, which in turn are able to keep their specific metabolic activities.
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Fig. 2.15. a) Oxygen concentration in the outlet stream of the bioreactor; b) oxygen consumption
rates of human hepatocytes microtissue spheroids cultured into the bioreactor. The values are
the mean of three experiments + standard deviation.
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2.4 Discussion

The aim of this work was to develop metabolically active human liver microtissue
spheroids by using an optimized crossed HF membrane bioreactor that was
optimized in order to ensure a uniform microenvironment and adequate
oxygenation. It is well known that the absence of a vascular network in large
spheroids may eventually cause oxygen transfer limitations leading to
impairment of cell viability and functions. In order to provide hepatocyte
spheroids with sufficient amount of oxygen and other nutrients, and to efficiently
remove catabolites and cellular products, we used a crossed hollow fiber
membrane bioreactor for the spheroid culture. The bioreactor thanks to the
selective mass transfer properties of the membranes and the fluid dynamics
conditions creates a well-controlled cellular environment at the molecular level
allowing the continuous feeding of nutrients and washing-out of catabolites and
cellular specific products, which are necessary for the homeostasis of the
system. Uniform levels of nutrients, hormones, and endogenously secreted
regulators throughout culture time are important for cells to perform their specific
functions.

An important scientific achievement in this study was the development of an
alternative in vitro human liver platform that can be used for both toxicological
and pharmacological studies. The choice of a 3D system was based on the fact
that hepatocytes retain both high viability and differentiated liver functions when
cultured as 3D aggregates. This was shown by Leite et al. (196) who successfully
cultured rat hepatocyte spheroids, embedded in alginate beads, in a stirred-tank
bioreactor for 3 weeks. Aggregates could be cultured for a prolonged period with
differentiated cell morphology and functions. For spheroids ranging between 65
and 81 microns this system offered a tight control of critical environmental
variable as the oxygen transport at physiological level. For a more realistic liver
tissue organoids, spheroids of bigger size are preferred. This aspect raises some
issues about nutrients and oxygen transport within the spheroid, which could lead
to cell death in the core of the spheroid. The problem is even more relevant if we
consider that within a bioreactor, spheroids are naturally led to form bigger
construct as the result of the fusion of different spheroids. The advantage of our
system over previously described in vitro models is that it conjugates several
characteristics that are important for functional hepatocytes culture and for
culture practicability in general. The cells were cultured in a fully controlled
environment bioreactor where sampling throughout the whole culture time was
made possible. In addition, primary human hepatocytes were used which better
reflects the in vivo situation in humans when compared to rat hepatocytes or cell
lines (200). One major advantage of the hollow-fiber membrane bioreactor used
in this study is that it allows spheroids to interact fusing into larger microtissues
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that better resembles the in vivo environment as confirmed by light microscope
and confocal laser microscope images.

Liver specific functions such as albumin and urea secretion are important
indicators when evaluating hepatocyte functionality. Albumin secretion is a
general marker of protein synthesis in hepatocytes as it is synthesized almost
entirely by the liver. It is a source of amino acids for various tissues. Decreased
albumin level usually indicates an impaired synthetic protein capacity by the liver
(201). Likewise, the conversion of ammonia to urea is a vital liver function. The
ammonia produced through amino acid deamination can be detoxified by the
combination of ammonia with COz2 to form urea in the liver (202).

Urea synthesis was maintained for the whole period of the experiment. The
decrease exhibited during the first 17 days can be explained by the fact that
serum concentration in the medium has been decreased from 10% at the
beginning of the experiment to reach 0% at day 17. Serum is a complex
component of blood that contains various amino acids and ammonia that can be
converted by hepatocytes into urea. A similar behavior was observed in albumin
synthesis, possibly due to the positive effect that hepatocyte growth factor (HGF),
found in the serum, on albumin synthesis as reported previously (203).
Biotransformation of xenobiotics by cultured hepatocytes can be assessed in
terms of activity using specific substrates. Diazepam, an anti-anxiety drug, was
used as a model drug in our studies. All 3 major metabolites, namely NDZ, TMZ
and OXZ, were detected to varying degrees during the experiment. One
parameter further controlled in the bioreactor is the dissolved oxygen, a key
factor on hepatocyte cell long-term cultures. Therefore, an oxygenated
environment may be the reason why better results are observed in the bioreactor.
It has been shown that the absence of oxygen in culture can lead to a cellular
metabolic state of sensitive or even rapid hypoxic injury, due to the depletion of
dissolved oxygen; regular culture conditions do not allow this control as a
bioreactor would (149).

Hepatocyte spheroids had a mean diameter of 200 um on seeding into the
bioreactor as shown in light microscope images. Spheroids shrink over time,
however, single spheroids fuse forming larger microtissues. In order to avoid any
possible oxygen limitation, the flow rate may be increased to allow for better
oxygenation of the medium; moreover, oxygen concentration in the incubator can
be increased.

The hollow fiber membranes played a key role in the mass transfer of nutrients
including oxygen to the microtissues being highly permeable (hydraulic
permeance of 15.2 L/m?h mbar). This property boosted the fusion of spheroids
in microtissue around and between the fibers, which served as capillary system.
Another important and encouraging aspect of our membrane bioreactors lies in
the physico-chemical properties of PES membrane surface that contribute to
keep defined construct boundaries with small point of adhesion. In the spheroids
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cells are approached each other closely and their interaction is stronger than that
with the membrane surface. Therefore, the spheroids maintained their
aggregation condition without any spreading phenomenon and subsequent
alteration of their shape as result of limited interaction with the membrane
surface.

By more closely resembling the in vivo environment, due to its three-
dimensionality and cell—cell interaction, this model supported long-term viability
and the maintenance of several differentiated hepatocytes properties, including
xenobiotic metabolism, for up to 25 days. In contrast, traditional monolayer
cultures lost these properties after 3—7 days in culture. Therefore, this system
offers a much-improved alternative culture system for predictive in vitro studies,
to study mechanisms of CYP isoforms and to perform metabolic stability studies.
It is also a new method for testing drug interaction under 3D conditions, because
it has the advantage of offering a better in vitro—in vivo correlation.

2.5 Conclusion

In this study, a 3D liver micro-tissue model was developed using human
hepatocyte spheroids that were realized by seeding single cells into agarose
molds of defined diameter achieving spheroids of homogenous sizes. The
spheroids were then seeded into the crossed hollow-fiber membrane bioreactor
(HFMBR) made up entirely of PES hollow fibers, where the spheroids were
successfully maintained viable and functional for 25 days, as shown through
urea, albumin synthesis and diazepam metabolism analyses. Furthermore, the
inertness of the PES hollow-fiber membranes allowed for weak adhesion of the
spheroids, which in turn allowed them to move and fuse together forming larger
microtissue-like structures that more closely resembles the in vivo environment.
The HFMBR provides a well-controlled microenvironment through continuously
feeding nutrients, most important of which is oxygen, and removing catabolites.
This was confirmed via dissolved-oxygen monitoring in both inlet and outlet of
the bioreactor. This lab-scale bioreactor employing human hepatocyte spheroids
thus can be used to study toxicity of pharmaceuticals that need long-term
cultures. Moreover, it can be scaled up to clinical scale to be used for liver-
patients support.
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CHAPTER 3
3D organotypic liver organoid formation in hollow
fiber membrane systems

3.1 Introduction

In vitro strategies to create a liver model closer to the in vivo situation are still
challenging and sought after for clinical application and pharmacological
research. Biofabrication approaches can recapitulate the three-dimensional
microenvironments of tissues promoting cell—-cell and cell-matrix interactions.
The liver tissue assumes structurally complex and well-organized architecture
where the parenchymal component, hepatocytes, performs a wide spectrum of
liver specific functions and is in tight contact with non-parenchymal cells. Drug-
induced liver injury, caused by chemicals and their metabolites, cannot be fully
predicted by current animal models which provide limited physiologically relevant
information due to the species-specific gene expression variation between
animal and humans: resulting in the introduction of many hepatotoxic drugs into
clinical trials (204). Human-based in vitro models comprising microsomes, cell
lines, primary hepatocytes, and liver slices (11, 13, 205) provide additional
information to the existing animal models. However, they can be limited by poor
stability, and, with the exception of precision-cut liver slices, lack the hierarchy
and structural components of liver. Even though monolayer cultures of primary
hepatocytes, which are the most commonly used in vitro format for toxicity
assessment, provide a suitable model for initial assessment, they cannot fully
predict hepatotoxicity of drugs because of the lack of a 3D organization,
organotypic cell—cell interactions via contact or paracrine effects. Furthermore,
primary hepatocytes are known to lose their differentiated phenotype and viability
rapidly in a traditional cell culture system because they are isolated from their
native microenvironment (206).

Recent investigations into the molecular pathology of liver injury reveal the
important role of non-parenchymal cells, such as resident liver immune cells,
stellate cells, and endothelial cells, in the pathologic lesion through their
interaction with the liver parenchyma (207). Clearly, there remains a need to
develop more physiologically-relevant, sophisticated long-term culture systems
for identifying pathways involved in drug-induced toxicity, allowing for in vitro-in
vivo extrapolation (208). An in vitro human liver model must address the
interactions between the major human liver cell types in order to be predictive of
in vivo condition.

While traditionally collectively referred to as “other cells” when discussing
hepatocytes, non-parenchymal cells actively contribute to the support of
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hepatocyte viability and functionality (209). Sinusoidal endothelial cells (SEC)
actively secrete cytokines and some extracellular matrix (ECM) components
(210, 211); furthermore, they also contribute to both phase | and phase Il
metabolism and are the target of some hepatotoxic chemicals (212, 213). Mature
hepatic stellate cells (HSCs) produce ECM components such as collagen, elastin
and proteoglycans (214, 215). HSCs also synthesize and release a number of
cytokines and growth factors vital for intercellular communication in normal and
injured livers. Several research groups have shown that the use of stellate and
sinusoidal cells is indeed useful for maintaining hepatocyte functionality in vitro
(216-218). Co-culture systems have been developed by using a mixture of
primary NPC or cell line in co-culture with hepatocytes for the improvement of
their in vitro functionality (207, 219, 220). Recent studies have shown that
biohybrid membrane systems provide an appropriate microenvironment for cell
adhesion, proliferation and differentiation. Indeed these advanced devices mimic
specific features of in vivo environment allowing the successful achievement of
in vitro engineered tissues (221, 222). Co-culture systems have been developed
by using PLGA e PDMS membranes with parenchymal and non-parenchymal
cells (223, 224). These studies have been performed in static conditions by using
cells isolated from rats.

For the first time, the current work utilizes a designed approach based on the
sequential seeding of primary human sinusoidal endothelial cells, stellate cells
and hepatocytes on hollow fiber (HF) membranes of polyethersulfone (PES) in
static and dynamic conditions for the development of a 3D liver system. The HF
membranes allow the compartmentalization of cells in a microenvironment
controlled at molecular level and the selective mass transfer of molecules to and
from the cell compartment without causing shear stress. Owing to its intrinsic
geometry they provide a wide surface area for the adhesion and growth of cells
in a small volume. Dynamic conditions were established by using a crossed
hollow fiber membrane bioreactor based on a concept developed previously [24].
This bioreactor consists of two bundles of HFs that are cross-assembled in
alternating manner at distance of 250 um each other in order to establish two
intraluminal compartments in which medium flows and an extraluminal
compartment in which cells are cultured in adhesion on the outer fiber surface.
The feeding fibers provide nutrients and metabolites to the cells and removing
fibers eliminate catabolites and specific products from cell compartment ensuring
the homeostasis of cellular microenvironment.
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3.2. Materials and Methods

3.2.1. Membrane systems

Polyethersulfone (PES) HF membranes (Membrana, GmBH) were used for the
creation of batch system and bioreactor. The HF membranes were modified with
fibronectin coating (2 pg/cm?). The membranes were characterized in order to
evaluate the wettability, MW cut-off and hydraulic permeance. The wettability of
the membranes was specified by water dynamic contact angle (DCA)
measurements, which were performed with a CAM 200 contact angle meter
(KSV Instruments, Ltd., Helsinki, Finland). The hydraulic permeance of the
membranes was evaluated by pure water flux measurements in the absence of
solutes and at different transmembrane pressure (APTM). The hydraulic
permeance Lp, was measured by the following equation:

J
L — Solvent
i ( APTM jAc—O

This equation assumes a linear correlation between water flux and the
convective driving force. The membrane bioreactor was realized according to a
previous concept (161) with some modification. The device consists of two
bundles of 100 PES HF membranes cross-assembled in alternating manner at
distance of 250 um and potted with polyurethane adhesive (Polaris Polymers,
Avon Lake, OH, USA) within glass housing. The two fiber systems are used for
the medium inflow and outflow, respectively. Two separate intraluminal
compartments within the PES fibers and an extraluminal compartment or shell
outside of the fibers are established. The lumen and extraluminal compartments
communicate through the pores of the fiber wall. The oxygenated medium enters
from the reservoir to the membrane bioreactor with a flow rate (Qr) of 1.0 mL/min
that was set on the basis of average retention time. Fresh medium was perfused
in single-pass and the stream leaving the bioreactor (Qout) Was collected as
waste until approaching the steady state. When the system reached the steady
state, the stream leaving the bioreactor was recycled (Qr) in order to obtain the
accumulation of products.

The fluid dynamics of the bioreactor were optimized and characterized in terms
of cumulative residence time distribution (RTD), which was investigated through
the introduction of tracer (step input) at the entrance of PES fibers and recording
it in time at the exit.
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3.2.2. Cell Culture

3.2.2.1. Homotypic culture

Cryopreserved primary human hepatocytes (Life Technologies, California, US),
isolated from human tissue were thawed in a 37° C water bath with gentle
shaking. Cell suspension was slowly transferred into pre-heated 25 ml of
Williams’ medium E supplemented with dexamethasone 1 uM, HEPES 15 mM,
recombinant human insulin 4 pg/ml, GlutaMAX™ 2 mM and
penicillin/streptomycin (10,000 U/mL/10,000 pg/mL) and 10% fetal bovine serum
(FBS), and centrifuged at 50g at room temperature for 5 min. The viability of the
hepatocytes (assessed by Trypan blue exclusion) ranged between 80 and 90%.
The human hepatocytes were then seeded at a density of 10° cells/cm? on the
outer surface of HF membranes previously sterilized and conditioned with
medium containing 5% fetal calf serum (FCS). After 24 hours, the medium was
removed and replaced with serum-free medium. Cells and controls were
incubated at 37° C in 5% CO2 with 95% relative humidity for the duration of the
experiments.

3.2.2.2. Organotypic culture

Human sinusoidal endothelial cells (Sciencell, California, United States) were
expanded in fibronectin-coated (2 pg/cm?) T-75 flasks in endothelial cell medium
(ECM) supplemented with FBS 5%, bovine serum albumin (BSA) 10ug/ml,
apotransferrin 10ug/ml, insulin 5ug/ml, endothelial growth factor (EGF) 10ng/ml,
basic fibroblast growth factor (FGF-2) 2ng/ml, vascular endothelial growth factor
(VEGF) 10ng/ml, insulin-like growth factor (IGF-1) 2ng/ml, hydrocortisone 1ug/ml
and retinoic acid 10 M. Upon reaching 70-80% confluence, cells were seeded
at a density of 4*10° cells/cm? on the outer surface of HF membranes at day -2,
using ECM supplemented with 5% FBS (Fig.1). After 24 hours, human stellate
liver cells (Sciencell, California, US), previously expanded in poly-I-lysine-coated
T-75 flasks (2 pg/cm?) in stellate cell medium (SteCM) supplemented with FBS
2%, BSA 10pg/ml, apotransferrin 10ug/ml, insulin 5ug/ml, EGF 2ng/ml, FGF-2
2ng/ml, IGF-1 2ng/ml and hydrocortisone 1ug/ml, were seeded at a density of
4*103 cells/cm? on the outer surface of HF membranes at day -1, using a mixture
of ECM and SteCM supplemented with 3.5 % FBS.

After 24 hours (day 0), human primary hepatocytes were over seeded at a
density of 10° cells/cm? into the co-culture membrane system (Fig. 3.1) in a
medium composed of a mixture of the 3 cell culture media. FBS was used at a
concentration of 5% for the first day of culture and then it was removed
afterwards. Co-culture batch systems were incubated at 37°C in 5% COg2; 20%
O2 atmosphere (v/v) with 95% relative humidity for the first 7 days and then O2
was increased to 25% until day 9 then further increased to 30% for the rest of
the experiment. Medium was changed daily and samples were taken for analysis.
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Fig. 3.1. Schematic representation of the organotypic HF membrane system. Bar scale in SEM image= 200 pm.



Long-term co-culture experiments were performed under dynamic conditions in
the HFMBR. Cells were incubated at 37° C in 5% CO2 with 95% relative humidity
for the duration of the experiments. Medium was changed every 3 days and
sample were collected for analysis.

3.2.3 Cell Morphology

Cell morphology in the HF membrane system was evaluated by light-inverted
microscopy, Scanning Electron Microscopy (SEM, Quanta 200F, FEI, USA) and
Laser Confocal Scanning Microscopy (LCSM, Fluoview FV300, Olympus Italia)
analyses. Samples were examined and representative images displaying the cell
features in 3D structures were obtained at different culture time.

3.2.3.1 Sample preparation for SEM

Specimens of cell cultures were prepared for (SEM) by fixation in 2.5%
glutaraldehyde, pH 7.4 phosphate buffer, for 30 minutes; followed by post-
fixation in 1% osmium tetroxide and by progressive dehydration in ethanol.

3.2.3.2 Staining for LCSM

Cells were fixed using 4% paraformaldehyde for 20 minutes. Afterwards, the cells
were permealized with 0.5% triton X-100 for further 20 minutes. Hepatocytes in
the 3D HF membrane system were visualized for the albumin while stellate and
sinusoidal endothelial cells were visualized for desmin and CD31, respectively.
Albumin was detected by using specific goat monoclonal antibodies (Bethyl
laboratories, Alabama, United States), diluted 1:200 in 2.5% normal donkey
serum (NDS) and a Cy™5-conjugated AffiniPure donkey anti-goat IgG (Jackson
ImmunoResearch Europe Ltd, Cambridge, UK) were used. CD31 was visualized
by using a specific mouse monoclonal antibody (BD Biosciences, Franklin Lakes,
NJ US) (diluted 1:200 in 2.5% NDS) raised against the glycoprotein CD31 of
human origin and a Cy™3-conjugated AffiniPure donkey anti-mouse IgG
(Jackson ImmunoResearch Europe Ltd, Cambridge, UK). Desmin was detected
by using specific polyclonal rabbit antibodies (Thermo Fischer Scientific, lllinois,
USA) diluted 1:25 in 2.5% NDS and a Cy™2-conjugated AffiniPure donkey anti-
rabbit IgG (Jackson ImmunoResearch Europe Ltd, Cambridge, UK). All primary
and secondary antibodies were incubated for 2 and 1.5 hours at room
temperature, respectively. Counterstaining for nuclei was performed via
incubation with DAPI 0.2 pg/ml (Molecular Probes Inc, Eugene, OR) for 30 min.
Finally, samples were washed, mounted and viewed with LCSM (Fluoview
FV300, Olympus ltalia).
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3.2.4 Assay of metabolic functions

3.2.4.1 Biochemical and ELISA assays

Samples of the culture medium were collected in pre-chilled tubes and stored at
- 20° C until assayed. The urea concentration was assayed by the enzymatic
urease method (Sentinel, Milan, Italy).

Albumin production in the samples was measured by the immunoenzymatic
method (ELISA) using antibodies against human albumin. Ninety-six well plates
were coated with 50 pg/ml monoclonal anti-alboumin antibody (Bethyl
laboratories, Alabama, US) (diluted 1:100) and left at room temperature for one
hour. This was followed by blocking using 10% BSA solution overnight at 4°C.
Afterwards, 100 ul of cell culture supernatant was added to the wells and
incubated at room temperature for one hour. Following this step, horseradish
peroxidase-conjugated secondary antibody against albumin (Bethyl laboratories,
Alabama, US) (diluted 1:10000) was added for one hour at room temperature.
The substrate buffer containing tetramethylbenzidine and H202 (Sigma, St. Louis,
MO, USA) was added for 10 min. The reaction was stopped with 0.18 N H2SOa.
Absorbance was measured at 450 nm using a Multiskan Ex (Thermo Lab
Systems).

3.2.4.2. HPLC analysis of diazepam and metabolites

Diazepam elimination and its metabolite formation were assessed by incubating
hepatocytes with 10 pg/ml diazepam. HPLC was used to assess the diazepam
and metabolite concentrations in medium samples. The samples from the culture
medium were alkalinized with 20% of 4M NaOH, precipitated with isopropanol
(1:10) and extracted with ethyl acetate (5:1) by gentle rocking for 15 min and
subsequent centrifugation at 200g for 15 min at RT. Thereafter, the ethyl acetate
phase was evaporated and exsiccated under vacuum condition and the pellet
was dissolved in mobile phase consisting of acetonitrile/methanol/0.04%
triethylamine pH 7.04 at proportion of 25/35/40, respectively. Then, samples
were HPLC-analysed using a C18-RP Purospher Star 5um, 250x4.6 mm column,
equipped with a precolumn (Merck KGaA, Darmstadt, Germany). The sample
injection volume was 20ul. The mobile phase was delivered at 0.8 ml/min and
the column was operated at ambient temperature. The effluents were monitored
with a UV detector at 236 nm. Besides diazepam its metabolites temazepam and
nordiazepam were detected. For all substances calibration curves were run
regularly between 10 ng/ml and 10 pg/ml.

3.2.4.3. Dissolved oxygen concentration measurement

Dissolved oxygen concentration data was measured in HF membrane
bioreactor by using a flow-through oxygen cells (Presens, Regensburg,
Germany). The flow-through chemical optical oxygen sensors, based on the
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guenching of luminescence by oxygen, were incorporated into the culturing
perfusion loop at the inlet and outlet of the bioreactor. The sensors do not
consume oxygen, are independent of the flow rate and maintain long-term
stability. A fiber optic cable transmitted the optical signal between the sensor
and the Fibox 4 portable oxygen meter (PreSens GmbH, Germany); The
transmitter was later connected to a PC and via the software the data collected
during the experiment was exported to excel sheets. The oxygen probes
detected oxygen concentration with resolution of £0.4% O:2 at 20.9% Oz and a
response time <30s. The membrane bioreactor containing cells was cultured in
a CB 150 CO2/0z incubator (BINDER, Germany).

3.2.5. Statistical analysis

The statistical significance of the experimental results was calculated using
Student’s t-test and ANOVA test followed by a Bonferroni t-test (p <0.05).

3.3. Results

3.3.1 Morphological evaluation of organotypic membrane
system

A sequentially-layered organotypic liver system was created on modified PES
hollow fiber membranes (Fig. 3.1). These membranes have an internal diameter
and wall thickness of 300+40um and 100+25um, respectively and mean pore
size of 0.2um. They have a hydrophilic character (WCA= 43+3.5°) and hydraulic
permeance of 15.2 L/m?h mbar. The hollow fiber membranes provided a wide
surface area for the adhesion of cells that assembled in a 3D structure.
Morphological analysis of the organotypic culture through light microscopy
showed the formation of tissue-like structures around and between fibers at day
13 of culture (Fig 3.2).

The progression of this organization process is shown by SEM micrographs.
Fibers appeared completely covered by cells that formed small aggregates
reaching 1 mm in size in some points as a result of cell self-assembling and the
growth process undertaken by cells starting from the initial cell suspension (Fig
3.3). Immunohistochemical staining of markers for different liver cell types was
performed to evaluate the cell arrangement and composition in the 3D liver cell
system. Hepatocytes and non-parenchymal cells formed tissue-like aggregates
between the capillary fibers. CD31 staining for endothelial cells showed the
formation of tube-like structures surrounding the hepatocytes, which were
recognized by albumin staining, as shown in Fig 3.4a. Actin was found in a
filament pattern that formed densely packed bundles along the edges of the
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plasma membrane. Hepatocytes appeared in a liver cord like organization.
Staining of desmin was used to detect stellate cells, which showed a myofibrous
structure typical of activated stellate cells (Fig. 3.4b). The expression of the
specific markers confirmed the presence of the different cell types that
reorganize themselves in the 3D liver system producing a complex
cytoarchitecture vascularized by the tube-like structure formed by sinusoidal
endothelial cells, which are visible in Fig. 3.4c.

3.3.2 Hepatocyte-specific functions

In order to verify the positive impact of non-parenchymal cells on the
maintenance of hepatocyte functions, homotypic and organotypic cultures on the
hollow fiber membranes were first investigated in batch system evaluating
hepatocyte specific functions in terms of albumin production and urea. Functional
analysis of liver specific metabolic activity showed that hepatocytes maintained
their functions investigated throughout 13 days of batch co-culture (Fig. 3.5).
Urea synthesis rate of the organotypic cultures was higher than that of the
homotypic cultures throughout the experiment as shown in Fig 3.5a.
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Fig. 3.2. Light Microscope images of the 3D structure formed by cells around (a,d) and between (b,c) the fibers in organotypic hollow
fiber membrane system at day 13 of culture.
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Fig. 3.3. Scanning Electron Microscope (SEM) micrographs of cells in organotypic culture on
PES hollow fiber membranes at different magnification. (a-c) Aggregates formed by stellate,
sinusoidal cells and hepatocytes around fibers at day 17.

The initial high rate of urea synthesis detected at day 2 in both systems is
probably due to the use of serum-containing medium on the first day of culture,
which may contain ammonia and amino acids that can be eventually converted
by hepatocytes into urea. Afterwards the cells were cultured in serum-free
medium. The organotypic cultures maintained an almost stable urea synthesis
rate from day 8 until the end of the experiment around values of 4.6 + 0.1 pug/h/10°
cells; whereas the homotypic cultures showed a progressive decline of urea
synthesis rate to values of 0.5 + 0.3 pug/h/10° cells at day 13.

Albumin synthesis rate, on the other hand, increased with time in both
organotypic and homotypic systems as shown in Fig 3.5b. However, hepatocytes
in the organotypic system synthesized albumin with rates significantly higher
than those of the homotypic one throughout the experiment. The average
albumin synthesis rate in case of organotypic culture from day 8 onwards was
260 * 25 ng/h/10° cells compared to an average of 116 + 17 ng/h/10° cells for
the homotypic culture over the same period.
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Fig. 3.4. LSCM images of human hepatocytes, sinusoidal and stellate cells in organotypic
cultures on PES hollow fiber membranes at day 13. A) Cells were stained for the actin (green),
albumin specific for hepatocytes (magenta) and for the cell adhesion receptor CD31 specific for
sinusoidal endothelial cells (red) and nuclei (blue). B) Cells were stained for intermediate filament
protein desmin (green) specific for stellate cells, for albumin (magenta), the cell adhesion
receptor CD31 (red) and nuclei (blue). C) Tube-like structures formed by sinusoidal endothelial
cells in the organotypic membrane system. Cells were stained for the cell adhesion receptor
CD31 (red).
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Fig. 3.5. Liver specific functions of primary human hepatocytes in homotypic and organotypic
batch HF membrane systems: (a) urea and (b) albumin synthesis. The values are the mean of
three experiments + standard deviation. Data statistically significant p<0.05: (*) vs homotypic at
the same day of culture according to student’s t-test; (1) vs day 5, 8, 11 and 13 for the same
membrane system; (f) vs day 11 and 13 for the same membrane system; (§)vs day 2 and 5 for
the same membrane system according ANOVA followed by Bonferroni t-test.

A different trend was observed for diazepam metabolism: hepatocytes in both
systems exhibited similar biotransformation activity for the first 8 days, after
which a strong increase of diazepam metabolism was measured with rate values
significantly higher than those of homotypic ones (Fig 3.6a). Nordiazepam (NDZ)
and Temazepam (TMZ) phase | metabolites were detected; with TMZ being the
major metabolite. DZP biotransformation enhanced over time for both cultures.
In the case of homotypic culture, the TMZ and NDZ formation rate reached
maximum values of 191+98 and 36+16 ng/h/108 cells at day 13, respectively (Fig.
3.6b). TMZ and NDZ were produced in the organotypic membrane system with
rates of 312+39 and 74+25 ng/h/108 cells, respectively at day 11 (Fig. 3.6a). This
system maintained the ability to metabolize diazepam through the production of
TMZ and NDZ with rates of 283+36 and 65+12 ng/h/10° cells, respectively at day
13.
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Fig. 3.6. Diazepam metabolite formation: nordiazepam (NDZ) and temazepam (TMZ) by primary
human hepatocytes in (a) organotypic hollow fiber membrane system and in (b) homotypic HF
membrane system. The values are the mean of three experiments + standard deviation. Data
statistically significant p<0.05: (*) vs homotypic at the same day of culture according to student’s
t-test; (0) vs day 2, (§) vs day 2 and 5, (3) vs day 2,5 and 8 for the same membrane system
according ANOVA followed by Bonferroni t-test.
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After the evaluation of batch cultures, the organotypic system was created in the
HF membrane bioreactor. In this device cells were co-cultured for 28 days and
guantitatively assessed the stability of their liver specific functions. Albumin
secretion increased during the first days of culture with time and then remained
at values of 5-6 pmol/h up to almost 1 month (Fig. 3.7a). Consistently also urea
synthesis was maintained for all culture time at a level of 80-90 nmol/h although
the highest metabolic rates were measured in the first days owing to the
presence of serum in the culture medium (Fig. 3.7b). To assess the
biotransformation functions of human organotypic system in the bioreactor
diazepam was administered in the time and evaluated the production of
metabolites formed by the phase | reactions catalyzed by P450 cytochrome.
Nordiazepam (NDZ), temazepam (TMZ) and oxazepam (OXZ) metabolites were
detected; with TMZ being the major metabolite. Diazepam biotransformation
enhanced over time reaching highest values of 1209+138 and 169+11.2 pmol/h
at day 24 for TMZ and OXZ, respectively, as highlighted by the time profiles of
the diazepam metabolite formation in the bioreactor (Fig. 3.8).
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Fig.3.7. Liver specific functions of primary human hepatocytes in organotypic HF membrane
bioreactor: (a) urea and (b) albumin synthesis. The values are the mean of three experiments
+ standard deviation.
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Fig. 3.8. Diazepam metabolite formation: nordiazepam (NDZ) and temazepam (TMZ) and
oxazepam (OXZ) by primary human hepatocytes in organotypic HF membrane bioreactor. The
values are the mean of three experiments + standard deviation.
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3.3.3 Oxygen uptake rate

Considering the importance of oxygen supply for cells and that hepatocytes are
particularly sensitive to the availability of oxygen, the concentration of this
nutrient dissolved in the culture medium was monitored throughout the
investigated time in both batch and bioreactor experiments. In batch
experiments, Hepatocytes displayed a relatively stable oxygen uptake rate
(OUR) and at levels that implied the maintenance of the oxygen concentration at
around 20% in the atmosphere. Indeed, the oxygen uptake rate in the homotypic
system was highest on the first 2 days, averaging around 664.8 = 15 nmol/h,
then it became almost stable for the rest of the experiment at values of 180 + 70
nmol/h, as shown in Fig. 3.9. Oxygen concentration in the case of organotypic
cultures decreased throughout the experiment as seen in Fig 3.10 leading to
reaching a critical oxygen concentration of 50 pumol/L which is considered the
threshold for cell survival. To circumvent this problem, the oxygen concentration
in the atmosphere of culture chamber was increased sequentially to account for
the increasing oxygen consumption by the cells. OUR clearly shows the
increasing oxygen consumption by the cells reaching a maximum of
approximately 3000 nmol/L at day 11 and the subsequent drop in oxygen
consumption that coincides with the increase of oxygen concentration in the
incubator (Fig. 3.9).
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Fig. 3.9 Oxygen consumption rates in organotypic (blue) and homotypic (orange) HF membrane
systems. The values are the mean of three experiments + standard deviation.
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Fig. 3.10. Oxygen concentration of human organotypic cultures, cultured on PES HF.

On the other hand, cells in bioreactors exhibited a steadier oxygen supply as
shown in Fig. 3.11, in which the oxygen concentration measured in the outlet
ranged between 150 and 190 nmol/L. Oxygen consumption rates fluctuated
between approximately 900 and 1900 nmol/L throughout the experiment
(fig.3.12). Cells displayed rates of oxygen consumptions at levels that implied the
maintenance of the oxygen concentration at around 20% in the atmosphere
without any oxygen limitation.
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Fig. 3.11. Oxygen concentration of human organotypic liver cultures, cultured in a PES/PES
crossed HFMBR, measured using a flow-through oxygen sensor placed at the outlet of the

bioreactor.
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Fig. 3.12. Oxygen consumption rates of human organotypic liver cultures, cultured in a
PES/PES crossed HFMBR.

3.4. Discussion

The development of an in vitro liver tissue with a complete ultra-architecture
remains a critical issue in tissue engineering. Several techniques and
methodologies have been extensively applied to liver tissue engineering to reach
this goal. Developing more in vivo-mimicking structures will ultimately require
chemical and mechanical cues including heterocellular interactions of
parenchymal and non-parenchymal cells, which play a pivotal role in tissue
morphogenesis and development. Recent studies have shown the beneficial
effect of heterotypic interactions on liver specific functions highlighting the role of
non-parenchymal cells in the maintenance of hepatocytes phenotype and
functions (59, 225, 226)

To engineer liver ultrastructure, it is important to consider the use of hepatocytes
together with non-parenchymal cells to create a structurally and functionally
active heterocellular construct. In this study, we explored a human organotypic
hollow fiber membrane system in batch and in dynamic conditions by using
primary human stellate cells, sinusoidal endothelial cells and hepatocytes, which
were sequentially seeded in order to mimic the liver layers. In this respect, the
use of human liver cells is very important because only these cells can respond
as would the human liver; cell lines and animal cells are ultimately poor
substitutes, exhibiting features that are often quite distinct from those of the
human cells. Our strategy was to develop a human liver membrane system and
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to evaluate the morphological, phenotypic and functional characteristics of cells
in comparison with homotypic cultures consisting only of hepatocytes. In this
context, hollow fiber membranes are particularly advantageous because they
provide a wide area for cell adhesion and a 3D structure on which to build a
tissue. Additionally, in the bioreactor they allowed the compartmentalization of
cells in a well-controlled microenvironment at molecular level thanks to their
selective permeability properties that govern mass transfer exchange.

The modified PES membrane surface acted as a support allowing cell adhesion
and subsequent formation of tissue-like structures ranging in size from 250 pm
to over 1 mm as the morphological analysis highlights. The immunohistochemical
studies confirmed the tissue-like arrangement of parenchymal and non-
parenchymal liver cell populations in the organotypic culture. Hepatocyte
aggregates contained tube-like structures that stained positive for the endothelial
cell marker CD31, and stellate cells as detected by the staining for desmin. Since
the inoculated cell suspension predominantly contained single cells and small
cell clusters, the finding of large tissue-like cell associations within the membrane
system indicates active reorganization of the cells in the culture system rather
than pure transfer of those structures from the cell suspension. The formation of
aggregates around the fibers is due to the contribution of stellate cells that
facilitate the aggregation (227). It is known that stellate cells both physically and
chemically interact with hepatocytes in vivo. They lie in the perisinusoidal space
in the liver and also produce hepatocyte growth factor (HGF), transforming
growth factor-a(TGF-a) and epidermal growth factor (EGF), three potent growth
factors for hepatocyte proliferation during liver regeneration (36). The potent
mitogens, Insulin-like growth factor and platelet-derived growth factor, are also
secreted by stellate cells (228). Collectively, these factors allow hepatic stellate
cells to influence their own gene expression and phenotype as well as that of
other cells of the liver.

In return, hepatocytes influence stellate cells by expressing insulin-like growth
factor | that activates stellate cell proliferation in vitro. In the organotypic system,
the formation of aggregates could be due to the physical contact between the
cell types but also to chemotaxis mechanism through the paracrine factors. In
the 3D multicellular construct sinusoidal endothelial cells developed around the
fibers tube-like structures, which resembled those found in human liver tissue.
These findings clearly indicate that a physiological cell reorganization process
occurred in vitro.

The co-culture of sinusoidal endothelial cells and hepatic stellate cells together
with hepatocytes preserved 3D structural architecture of the construct and
improved the liver-specific functions. Both albumin and urea synthesis rates were
significantly higher in the organotypic HF membrane system with respect to the
hepatocyte monoculture. These results are in line with the previous published
data, regarding human hepatocytes co-cultured with only endothelial cells (59,
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229) and are also consistent with many other published co-culture findings
regarding human and rat hepatocytes in co-culture with non-parenchymal cells
(225, 226). In this study, the designed approach of sequentially seeding the three
different human cell types on HF membranes, for the development of a 3D liver
layered system, improved the expression of metabolic functions due to the
crosstalk between hepatocytes, sinusoidal and stellate cells. The rates of
albumin and urea synthesis measured in the organotypic hollow fiber membrane
system were 2-fold and 6-fold (day 13), respectively, of the membrane system
containing only hepatocytes. Although the mechanisms by which co-culture of
hepatocytes with other cell types induce and stabilize liver-specific functions are
not completely defined; in the case of albumin, it was found to be regulated
transcriptionally and the level of transcription of the corresponding mRNA was
stabilized at higher rates in rat hepatocyte co-culture (230). Considering that liver
specific functions can be modulated through several potential mediators of cell
communication in co-cultures (receptors, gap junctions, cytokines and ECM),
many distinct mechanisms may operate in concert, each modulating a subset of
hepatospecific functions. Additionally, the establishment of an organotypic
culture in the crossed HF membrane is correlated with the maintenance of the
metabolic activity of cells over an extended period of time. The membrane
bioreactor created a physiologically relevant microenvironment for cells since it
ensures a continuous perfusion of nutrients and metabolites that permeate
through the porous wall of feeding fibers from the lumen to the extracapillary
space where cells are cultured. In the meantime, catabolites and specific cellular
products are removed from the extracapillary space through the removing fibers.
In addition, the crossed configuration allows a more efficient packing of hollow
fibers (231). Our data highlights that human liver cells have well preserved the
biotransformation activity in the 3D HF membrane bioreactor. The diazepam
metabolic activity achieved in the organotypic membrane bioreactor is a further
confirmation of the establishment of a more closely in vivo microenvironment that
results in an increase of CYP activity with time. In particular, the temazepam
formation is catalyzed by CYP2C19, 3A4 and 3A5 through 3-hydroxylation
reaction, and the nordiazepam is catalyzed by CYP2B6, 2C8, 2C9, 2C18, 2C19,
3A4 and 3A5 through N-demethylation reaction (232, 233). Both metabolites are
then N-demethylated and 3-hydroxylated respectively to the oxazepam. The
maintenance of diazepam biotransformation rates over an extended period of
almost 1 month has proved the stability of the specific CYP isoenzymes involved
in their formation in the dynamic organotypic membrane system.

In the tissue engineering constructs, oxygen is usually the limiting nutrient owing
to its weaker solubility in aqueous medium compared with, for example, glucose.
The oxygen uptake rate data of cells in the organotypic membrane bioreactor
underlines the viability of cells inside the construct. Oxygen uptake rate (OUR)
was constant in the time for hepatocyte monoculture system while increased in
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the case of organotypic system because of the presence of sinusoidal and
stellate cells, which are proliferating cells. The increase of OUR in the
organotypic membrane system involved a decrease of oxygen concentration into
the medium even though it was maintained well above the critical threshold value
of 5%, which is considered the minimum for cell survival (234). Since the average
physiological oxygen tensions in the liver lobule range from 9-11% oxygen in the
periportal zone to 4—-6% oxygen in the hepatovenous zone, the actual oxygen
concentration at the cellular level in the 3D organotypic system was maintained
at levels compatible with their metabolic functions.

Oxygen uptake rate (OUR) increased with time because of the presence of
sinusoidal and stellate cells, which show proliferation activity during the first days
of culture. The actual oxygen concentration at the cellular level in the 3D
organotypic bioreactor was maintained at levels compatible with their metabolic
functions. A rational design of 3D liver model oriented to in vitro and in vivo
applications must ensure an efficient mass transfer of nutrients, especially of
oxygen. The organotypic HF membrane bioreactor system containing the oxygen
sensors allowed accurate and extensive measurements of the cell oxygen
uptake rate throughout the culture time. This information is relevant for the
optimization of a 3D liver model and for the biofabrication of tissues and/or
organs in order to avoid oxygen limitations and to maximize metabolic functions.

3.5. Conclusions

In conclusion, a 3D human liver system was developed by using a designed
approach based on the sequential seeding of primary human sinusoidal
endothelial cells, stellate cells and hepatocytes on modified PES HF membranes
in static and dynamic conditions. Cells reorganize themselves in the 3D liver HF
membrane system producing a complex cytoarchitecture with the presence of
tube-like structure formed by sinusoidal endothelial cells. The organotypic
system was maintained functionally active in the HF membrane bioreactor, which
allowed a continuous perfusion of cells and the selective mass transfer of
molecules to and from cell compartment creating a physiologically relevant
microenvironment. Urea and albumin synthesis as well as the diazepam
biotransformation functions were performed at high levels up to 28 days. The
oxygen uptake rate data underlines the viability of cells inside the organotypic
membrane construct for an extended period of time and the efficiency of the
bioreactor to provide an adequate oxygen supply to the cells.
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CHAPTER 4
Expansion and differentiation of stem cells in the
hollow fiber membrane bioreactor

4.1 Introduction

Extracorporeal liver support systems artificial liver (BAL) bioreactors have been
proposed to replace some of the hepatic functions of the failed liver and support
patients to recovery or bridge them to orthotopic liver transplantation (235). Initial
clinical applications using either xenogeneic or allogeneic adult hepatocytes had
been reported (158, 236, 237). Although the concept is accepted and safety,
feasibility, and improvement of some clinical parameters have been
demonstrated, the technology is not a standard therapy yet in clinics (238).

One remaining key issue is identifying the right cell source to charge BALSs with.
There are several candidate cell types: adult human hepatocytes, xenogeneic
hepatocytes (mainly porcine) and human cell lines. Although porcine
hepatocytes are more readily available, the concerns for potential zoonotic
transmission, species differences, and immunological problems reduce
enthusiasm for their clinical application (239). Immortalized human hepatocyte
cell lines can provide an unlimited resource for BAL systems, (240) although
concerns exist about their metabolic function and the transmission of
immortalized cells or tumorigenic products to the patient’s circulation (241).
Human somatic stem cells are also considered as an alternative cells source, as
their intrinsic proliferative capacity and differentiation potential are attractive for
BAL applications. There is no risk of zoonotic transmission or immunological
problems such as those associated with xenogeneic hepatocytes. Since cells are
not genetically modified, there is reduced risk of tumorigenicity by contrast to
hepatoma cell lines or immortalized human cell lines. On the other hand,
functional maturity represents issues of concern for mesenchymal stem cells
(242).

Somatic stem cells for use in hepatogenic differentiation are categorized into
extrahepatic and intrahepatic stem cells with respect to their origin. It has been
reported that hematopoietic stem cells (243), umbilical cord blood mesenchymal
stem cells (244), adipose-derived mesenchymal stem cells (245) and bone
marrow mesenchymal stem cells (246) as extrahepatic stem cells can
differentiate in vitro into hepatocyte-like cells. On the other hand, there are
intrahepatic stem cells, which are thought to have a higher hepatogenic
differentiation potential than extrahepatic stem cells due to their pre-existence in
the liver microenvironment. These intrahepatic stem cells include oval cells,
clonogenic epithelial cells, and mesenchymal stem-like cells.
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Beside oval or clonogenic epithelial cells, recently hepatic stem cells with
mesenchymal characteristics have been isolated (hHMSC). They differ from
other resident hepatic stem/progenitor cells in appearance as well as marker
expression. hHHMSCs are spindle-shaped, whereas liver progenitor cells are oval.
They express mesenchymal stem cell markers CD44, CD90 and CD105, and
lack markers for hematopoietic stem and oval cells (142). Like other stem cells,
hHMSC proliferate in vitro in the presence of serum allowing for expansion of
these cells prior to their differentiation.

Traditionally, conventional cell culturing is performed on two-dimensional
surfaces and with discontinuous medium exchange under static conditions. The
static culture conditions are characterized by an unstirred medium layer overlying
cells attached to a gas impermeable substratum and are exposed to changes of
nutrient concentration and catabolite accumulation on time. This type of culture
is often used to address basic scientific questions. However, it appears
inadequate for research in regenerative medicine and clinical translation. Two
major components are lacking in conventional culture that are required to provide
a tissue-like environment: perfusion and three-dimensionality (247).

Therefore, a multicompartment crossed hollow fiber membrane bioreactor was
used, which provides dynamic medium and gas supply within a three-
dimensional (3D) perfusion environment.

Our goal was to investigate for the first time the expansion and differentiation of
hHMSCs in a 3D perfusion bioreactor, which was developed previously for the
long-term maintenance of human hepatocytes. To this end, 22-week-gestational-
age hHMSCs were used. The hepatogenic differentiation of cells was first
explored by using different culture conditions in batch system with Collagen-I and
fibronectin coating in comparison with the uncoated plates. Moreover, two
differentiation protocols were examined. The first was described by Lee et. al. in
2004 (246), it described a 2-step differentiation protocol for hepatogenic
differentiation of bone marrow-derived mesenchymal stem cells.

The second protocol was recently published for the hepatogenic differentiation
of hHMSCs using a shorter 2 step-protocol that reportedly lead to liver-specific
functions being observed after two weeks, as compared to 4 weeks in the first
protocol (248). The optimized conditions were then used in the 3D perfusion
bioreactor in order to establish uniform culture conditions that ensure continuous
feeding of nutrients and growth factors and removal of catabolites. The
expansion and differentiation depends on controlling key process variables:
nutrient and metabolite concentrations, growth factor compositions, and
physiological parameters (e.g., temperature, pH, and oxygen). The crossed HF
membrane bioreactor creates a homogeneous environment for cell culture in
which the concentrations of nutrients and metabolites are monitored and
controlled and differentiation signals are provided to the cells. Selective
exchange of gases and metabolites through the selective HF membranes
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ensured a microenvironment adequate for the induction and maintenance of the
liver-specific functions exhibited by hepatocytes.

4.2 Materials and Methods

4.2.1 Hollow-fiber membrane bioreactor

For the culture and differentiation of hHMSCs, the crossed HFMBR described
earlier in chapters 2 and 3 was used.

The oxygenated medium enters from the reservoir to the membrane bioreactor
with a flow rate Qf of 0.6 ml/min that was set on the basis of average retention
time. Fresh medium was perfused in single-pass and the stream leaving the
bioreactor Qout was collected as waste until approaching the steady state. When
the system reached the steady state, the stream leaving the bioreactor was
recycled (Qr) in order to obtain the accumulation of products. In order to favor
the adhesion, the HF membranes were modified by coating with poly-I-lysine
(2ug/ cm?) followed by either rat-tail collagen-I (lifetechnologies UK) (5 pg/cm?)
or fibronectin (2 pg/cm?).

4.2.2 Cell Culture

Human hepatic mesenchymal stem cells (Sciencell, California, US) were
expanded in poly-I-lysine-coated (2 pg/cm?) T-75 flasks in mesenchymal stem
cell medium supplemented with FBS 5 % and mesenchymal stem cell growth
supplement (Sciencell, California, US) for 5 passages. Cells were incubated at
37°C in a 5% COz2; 20% O2 atmosphere (v/v) with 95% relative humidity for the
whole experiment.

4.2.3 Hepatogenic Differentiation

To determine the conditions that result in a good hepatogenic differentiation,
various coatings and differentiation protocols were investigated. In batch
conditions, collagen-1 and fibronectin coatings as well as no coating were studied
to determine the effect of coating on cell differentiation. One protocol for
hepatogenic differentiation (Protocol 1) was carried out as described by Lee et
al (246). Briefly, cells at 5th passage, at 1.0*10%/cm?, were serum deprived for 2
days, in Iscove’s Modified Dulbecco's Medium (IMDM) Sigma-Aldrich, Milan,
Italy) supplemented with 20 ng/mL epidermal growth factor (EGF) and 10 ng/mL
basic fibroblast growth factor (bFGF), prior to induction by a 2-step protocol.

Differentiation was induced by treating hHMSCs with Step-1 differentiation
medium, consisting of IMDM supplemented with 20 ng/mL hepatocyte growth
factor (HGF) and 10 ng/mL bFGF, nicotinamide 0.61 g/L, for 7 days, followed by
treatment with step-2 maturation medium, consisting of IMDM supplemented
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with 20 ng/mL oncostatin M (OSM), 1 umol/L dexamethasone, and 50 mg/mL
insulin-transferrin-selenium (ITS+) premix (Sigma-Aldrich). Medium changes
were performed twice weekly. All growth factors were purchased from Peprotech
(London, UK).

On the other hand, the differentiation protocol (Protocol 2) specifically designed
for the hHMSCs involved the seeding of cells at fifth passage at a density of
1*104 cells/cm?. The two-step protocol was tested only in batch system. First,
the cells were treated with Dulbecco’s Modified Eagle Medium (DMEM; low
glucose) containing 1% insulin-transferrin-selenium (ITS), 10 ng/mL fibroblast
growth factor-1 (FGF-1), 10 ng/mL FGF-4, and 20 ng/mL HGF for 5 days. Then
they were sequentially treated with the same basal medium containing 100 nM
dexamethasone (Sigma-Aldrich, St. Louis, Mo), 10 ng/ mL FGF-4, 20 ng/mL
HGF, 10 ng/mL OSM, and 0.5% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St.
Louis, Mo) for 20 days.

4.2.4 Cell Morphology

Cell morphology in the HF membrane system was evaluated by light-inverted
microscopy, and Confocal Laser Scanning Microscopy (CLSM) analyses.
Samples were examined and representative images displaying the cell features
were obtained at different culture time.

Cells were fixed with 4% formaldehyde for 20 minutes, followed by
permealization and blocking in 0.3% Triton-X and 10% fetal bovine serum (FBS)
for 1 hour at room temperature. HMSCs were stained for the stem cell markers
CD90 and CD44; whereas differentiated cells were stained for both stem cell
marker CD90 and hepatic markers a-feto protein (AFP) and albumin (Alb). AFP
was detected by using specific goat monoclonal antibodies (Bethyl laboratories),
diluted 1:200 in 1% FBS and a Cy™5-conjugated AffiniPure donkey anti-goat
IgG (Jackson ImmunoResearch Europe Ltd) were used. Alb and CD44 was
visualized by using a specific mouse monoclonal antibody (BD Biosciences)
(diluted 1:200 in 1% FBS) raised against the glycoprotein CD31 of human origin
and a Cy™3-conjugated AffiniPure donkey anti-mouse IgG (Jackson
ImmunoResearch Europe Ltd). CD90 was detected by using specific polyclonal
rabbit antibodies (Thermo Fischer) diluted 1:200 in 1% FBS and a Cy™2-
conjugated AffiniPure donkey anti-rabbit IgG (Jackson ImmunoResearch Europe
Ltd). All primary antibodies were incubated overnight at 4° C; while secondary
antibodies were incubated for 1 hours at room temperature. Counterstaining for
nuclei was performed with DAPI 0.2 pg/ml incubated for 20 min. Finally, samples
were washed, mounted and viewed with CLSM.
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4.2.5 Assay of metabolic functions

Samples of the culture medium were collected and assayed for urea and albumin
concentration. The urea concentration was assayed by the enzymatic urease
method.

Albumin production in the samples was measured by the immunoenzymatic
method (ELISA) using antibodies against human albumin. Ninety-six well plates
were coated with 50ug/ml monoclonal anti-albumin antibody (diluted 1:100) and
left at room temperature for one hour. This was followed by blocking using 10%
BSA solution overnight at 4°C. Afterwards, 100 ul of cell culture supernatant was
added to the wells and incubated at room temperature for one hour. Following
this step, horseradish peroxidase-conjugated secondary antibodies against
albumin (diluted 1:10000) were added for one hour at room temperature. The
substrate buffer containing tetramethylbenzidine and H202 was added for 10 min.
The reaction was stopped with 0.18 N H2SO4. Absorbance was measured at 450
nm using a Multiskan Ex (Thermo Lab Systems).

4.2.6 Periodic Acid-Schiff (PAS) Stain for Glycogen

Culture dishes containing cells were fixed in 4% formaldehyde, permeabilized
with 0.1% Triton X-100 for 10 minutes and were then oxidized in 1% periodic
acid (Sigma-Aldrich, Milan, Italy) for 5 minutes, rinsed 3 times in deionized
(d)H20, treated with Schiff’'s reagent (Sigma-Aldrich, Milan, Italy) for 15 minutes,
and rinsed in dH20 for 5 to 10 minutes. Samples were counterstained with
Mayer’s hematoxylin (Sigma-Aldrich, Milan, Italy) for 1 minute and rinsed in dH20
and assessed under light microscope.

4.2.7 Total RNA Isolation and Reverse-Transcription
Polymerase Chain Reaction

RNA was extracted from differentiating cells using Aurum™ Total RNA Mini Kit
(Biorad, California, USA) per the manufacturer’s instructions. DNase | (Biorad,
California, USA) digestion was performed to minimize the possibility of genomic
DNA contamination. 150 ng of total RNA was used to synthesize complementary
DNA via reverse transcription using iScript™ Reverse Transcription Supermix
(Biorad, California, USA) per the manufacturer’s instructions. Complementary
DNA was amplified using SsoAdvanced™ Universal SYBR® Green Supermix
(Biorad, California, USA) at 95°C for 30 seconds for polymerase activation,
followed by 40 cycles of 95°C for 15 seconds, and 60°C for 30 seconds for
amplification. Real-Time PCR machine Miniopticon™ (Biorad, California, USA)
was utilized. Primers used were bought from Biorad and are listed in Table 4.1.
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The 2-AACq (Livak) Method was used to relatively quantify the gene expression
of the early (AFP) and late (HNF-4a and ALB) hepatic genes.
AACq = ACq(test) - ACq(calibrator)

ACq(test) = Cq(target, test) - Cq(ref, test)

ACq(calibrator) = Cq(target, calibrator) - Cq(ref, calibrator)

Where Cq is the quantification cycle, ref is the reference gene [B-actin and
hHMSCs on Collagen-I-coated plates were used as a calibrator since Collagen-
| is the standard coating used in most differentiation studies as well as in
hepatocyte cultures.

Table 4.1. Primers Used for Reverse-Transcription Polymerase Chain Reaction

Primer

Amplicon Context Sequence

Unique Assay ID

Amplicon
Length
(bp)

ACTB

GTGCTCGATGGGGTACTTCAGGGTGAGGATGCCTC
TCTTGCTCTGGGCCTCGTCGCCCACATAGGAATCCT
TCTGACCCATGCCCACCATCA

gHsaCED0036269

62

AFP

GGAACAACTTGAGGCTGTCATTGCAGATTTCTCAGG
CCTGTTGGAGAAATGCTGCCAAGGCCAGGAACAGG
AAGTCTGCTTTGCTGAAGAGGGACAAAAACTGATTT
CAAAAACTCGTGCTGCTTTGGGAGTTTAAATTACTTC
AGGGGAAGAGAAGACAAAACGAGTCTTT

gHsaCID0017919

141

ALB

AGCTGCTGATTTTGTTGAAAGTAAGGATGTTTGCAA
AAACTATGCTGAGGCAAAGGATGTCTTCCTGGGCAT
GTTTTTGTATGAATATGCAAGAAGGCATCCTGATTA
CTCTGTCGTGCTGCTGCTGAGACTTGCCAAGACA

gqHsaClD0017798

112

HNF-
4a

CAATGAGTATGCCTACCTCAAAGCCATCATCTTCTT
TGACCCAGATGCCAAGGGGCTGAGCGATCCAGGG
AAGATCAAGCGGCTGCGTTCCCAGGTGCAGGTGA
GCTTGGAGGACTACATCAACGACCGCCAGTATGA

gqHsaClD0015879

108

Abbreviations: ACTB, actin beta ; AFP, alpha-fetoprotein ; ALB, albumin ; HNF-
4qa, hepatocyte nuclear factor 4 alpha.

4.2.8 Statistical analysis

The statistical significance of the experimental results was calculated using
ANOVA test (p <0.05).
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4.3 Results

4.3.1 Morphological evaluation of differentiating cells on
various coatings

Cells were cultured in batch system on uncoated and coated plates with
fibronectin and collagen in order to evaluate the effect of ECM proteins on the
hepatogenic differentiation.

Cells cultured using the differentiation (Protocol 2) didn’t show signs of
morphological differentiation and most of the cultured cells died after 21 days
possibly due to DMSO toxicity. Thus, no further analysis was carried out for these
cells.

Morphological analysis of the undifferentiated and differentiating human hepatic

mesenchymal stem cells (Protocol 1) on various coated and uncoated plates
through light microscopy showed morphological changes from an elongated,
spindle morphology to a hepatocyte-like highly round or polygonal shape at day
24 of culture (Fig 4.1). In all conditions, the cell number decreased at day 24
compared to the starting undifferentiated seeded hHMSCs, with fibronectin-
coated plates showing the lowest cell density. This might be due to the
degradation of the fibronectin by enzymes released by the cells.

Fig. 4.1 Light Microscope images of A) hHMSCs before differentiation; differentiating cells on
B) Collagen-I coated, C) Fibronectin-coated, D) uncoated plates at day 24 of culture. Red
arrows point at cells that changed their morphology to adapt a hepatocyte-like morphology.
Pictures taken at Ob 10X.
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Immunohistochemical staining of mesenchymal, early and late hepatic markers
was performed to evaluate the cell differentiation in batch cultures. hHMSCs
stained strongly for the mesenchymal marker CD90 and to a lesser extent to
CD44, as shown in Fig 4.2. However, they stained negative for hepatic markers
AFP and Alb.

Merge 50.0pm

Fig.4.2. LCSM images of human hepatic mesenchymal stem cells in batch culture on poly-I-lysine
coated slides prior to differentiation. Cells were stained for the mesenchymal cell markers CD90
(green), CD44 (red) and nuclei (blue).

Differentiating cells in batch systems at day 24 of culture on all coatings
displayed a similar trend, as shown in Fig. 4.3. The cells stained very weakly for
the mesenchymal cell marker CD90, suggesting that these cells are losing or lost
their stemness. On the other hand, the cells stained faintly for early and late
hepatic markers, AFP and Alb, respectively.
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Fig.4.4. LCCM images of differentiating human hepatic mesenchymal stem cells in batch
culture on A) Fibronectin-coated, B) Uncoated and C) Collagen-| coated slides at day 24 of
culture. Cells were stained for the mesenchymal cell markers CD90 (green), early hepatic
marker AFP (red), late hepatic marker Alb (Magenta) and nuclei (blue).
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4.3.2 Gene expression profile of treated cells

To determine whether morphologic changes were sustained and associated with
the induction of hepatocyte-specific genes, the total RNA was isolated at day 24.
Quantitative RT-PCR was used to analyze the expression of early (AFP) and late
(ALB and HNF-4a) genes. Total RNA extracted per million seeded cells was 10
times higher in the case of the bioreactor culture compared to collagen and
fibronectin-coated batch cultures; whereas it was 6 time higher than that
extracted in the case of uncoated batch cultures.

M Bioreactor M Fibronectin No Coat hHMSC
4.5

3.5

2.5

Relative expression

1.5

0.5

AFP ALB HNF-4a

Fig. 4.5. Quantitative RT-PCR analysis of mRNA levels for early (AFP) and late (ALB and HNF-
4q) liver specific markers relative to expression in batch cultures on collagen-I-coated plates.

In all experimental conditions, AFP, ALB and HNF-4a were expressed at day 24
of culture. However, the levels of expression were different, as shown in fig 4.5.
Undifferentiated hHMSCs expressed low levels of AFP and ALB, but no HNF-
4aq.

We found highest expression of AFP in case of cell cultured on fibronectin-coated
plates; whereas that of HNF-4a was highest in cells cultured in the bioreactor
with respect to the other culture conditions. For albumin gene expression, both
cells cultured in the bioreactor and on fibronectin-coated plates expressed ALB
at similar levels. However, in both the bioreactor and fibronectin-coated batch
cultures, expressed all 3 genes at higher levels compared to that of the Collagen-
I-coated batch cultures. On the other hand, hHMSCs in uncoated batch cultures
expressed all 3 genes at a lower level relative to their expression in Collagen-I-
coated batch cultures.
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4.3.3 Hepatocyte specific functions

Three different assays to determine whether these hepatocyte-like cells also had
functional features related to hepatocyte attributes were used; namely urea
synthesis, albumin production and glycogen storage.
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Fig. 4.6. Urea synthesis rate of differentiated hHMSCs in hollow fiber membrane bioreactor and
batch cultures on collagen-I coated, fibronectin-coated and uncoated plates. The values are the
mean of three experiments + standard deviation. Data statistically significant p<0.05: (*) vs. batch
system at same day.

Differentiated hHMSCs synthesized urea after 19 days in culture under all
experimental conditions, with the bioreactor culture showing significantly higher
synthesis rates compared to the batch cultures, as shown in Fig 4.6.

All batch cultures showed almost similar urea synthesis rates ranging from
approximately 1.7 £ 0.3 to 6.1 + 2.9 pg/d*million cells, while the urea synthesis
rates for bioreactor culture ranged from approximately 14.7 + 7 to 45.7 + 10
pg/d*million cells.

As shown in Fig. 4.7, differentiated hHMSCs on uncoated plates synthesized the
highest amount of albumin among the various batch cultures with rates ranging
from 1.6 £ 0.4 ng/d*million cells to 4 + 0.4 ng/d*million cells. On the other hand,
cells on fibronectin-coated and collagen-coated plates synthesized albumin at
similar rates. Albumin synthesis rates of the bioreactor were much higher than
those of the batch cultures with an average of 59.1 + 7.7 ng/d*million cells.
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Fig. 4.7. Albumin synthesis rate of differentiated hHMSCs in hollow fiber membrane bioreactor
and batch cultures on collagen-I coated, fibronectin-coated and uncoated plates. The values are
the mean of three experiments + standard deviation. Data statistically significant p<0.05: (*) vs.
batch system at same day.

Fig. 4.8. Glycogen storage depicted by periodic acid-Schiff (PAS) staining showed few positive
cells after 24 days on A) Collagen-I-coated, B) Fibronectin-coated, C) Uncoated plates as
indicated by the red arrows. Pictures taken at Ob 20X.
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The presence of stored glycogen, as determined by PAS staining, was observed
in few cells at day 24 in batch cultures, as shown in fig 4.8.

4.4 Discussion

The regenerative capacity of the liver after partial hepatectomy or chemical injury
is well known (249). However, the cell types involved in hepatic regeneration are
still undefined, and a contribution of both mature hepatocytes and resident stem
cells has been suggested. Evidence from several studies indicates the presence
of resident stem cells in the adult liver (250). In this work, the recently discovered
mesenchymal stem cell population residing in the human liver (hHMSC) were
used. Differentiation conditions by using different protocol and different coatings
were studied in batch systems to determine the optimal conditions to employ in
the bioreactor.

Using the protocol described for bone marrow-derived stem cell differentiation
(protocol 1), cells cultured on both coated and uncoated plates underwent
differentiation. In the initial induction step, MSCs are induced into endodermal
cells by epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF).
Both bFGF and EGF stimulates proliferation of MSCs (251, 252). bFGF plays a
pivotal role during the initial stage of endodermal patterning (253). FGF, HGF,
nicotinamide (NTA) and insulin-transferrin-selenium (ITS) are commonly added
to cultures to trigger cell differentiation. HGF is a pleiotropic cytokine of
mesenchymal origin involved in the regulation of proliferation, differentiation, and
chemotactic migration of MSCs (244). Adipose stem cells cultured on
HGF/collagen | spots for 2 weeks were found to exhibit an increased expression
of hepatocyte-specific genes, indicating induction of hepatic differentiation by
HGF (254). Interestingly, Forte et al. (255) showed that long-term exposure of
MSCs to HGF resulted in cytoskeletal rearrangement, cell migration, and marked
inhibition of proliferation. The differentiation efficacy of various cytokines,
including HGF, ITS, dexamethasone and NTA, was studied, and HGF and NTA
were reported to be the most potent inducers (256). HGF was shown to promote
a mid/late hepatic phenotype but failed to induce functional hepatocyte
maturation (257). To induce further maturation, oncostatin M (OSM) and
dexamethasone are required, together with the addition of FGF, ITS, and HGF.
OSM is a member of the IL-6 subfamily that plays an important role in
progression from hepatocyte development to liver maturation (258).
Dexamethasone induces the expression of HNF-4a, which is essential for
hepatocyte differentiation (259).
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Regarding the effect of coating on the differentiation potential, liver-specific
functions, namely urea and albumin synthesis, were not significantly different for
cell on coated and uncoated plates. However, fibronectin-coated plates showed
fewer number of cells and signs of coating degradation which would lead to cell
loss if used in the bioreactor. Also, the PES fibers used in the bioreactor are not
cell adhesive and hence can’t be left uncoated; otherwise cells would not attach
to the fibers and die. Conversely, collagen coating retained its integrity till the
end of the experiment.

On the other hand, the protocol described for the differentiation of hHMSCs
(protocol 2) did not lead to cell differentiation; rather, cells died in culture probably
due to the use of DMSO. Even though DMSO was described in literature to
enhance maturation of hepatocyte-like cells, it was used in a lower concentration
of only 0.1% instead of 0.5% in the aforementioned protocol (260).

Based on these findings, protocol 1 and collagen coating were utilized for the
HFMBR culture. The constant perfusion of medium in the bioreactor ensures not
only a constant supply of nutrients and growth factors to the cells, but also the
removal of metabolic products. This allows for a uniform microenvironment
leading to a better hepatogenic differentiation of hHMSCs in the bioreactor
compared to the batch cultures as shown by the higher gene expression of adult
hepatocyte marker HNF-4a as well as the significantly higher liver-specific
functions, namely urea and albumin synthesis rates. Albumin is the major serum
protein produced by mature hepatocytes thus its expression is a sign of hepatic
maturation. In the present study, cells cultured in bioreactors under perfusion
conditions exhibited 15-fold higher albumin secretion than cells grown under
conventional static culture conditions. Since albumin secretion of the liver is
regulated by an intrinsic feed-back mechanism (261), a permanent removal of
albumin by perfusion with constant feed is likely to induce increased albumin
production and consequently contributes to hepatic maturation.

4.5 Conclusions

In conclusion, culture conditions of human hepatic mesenchymal stem cells were
established in batch system regarding the coating and the differentiation
protocols. Thereafter, the optimized conditions were utilized for the bioreactor
culture. The gene expression of AFP, Alb and HFN-4a demonstrated higher
hepatic commitment of the cells cultured into the bioreactor in comparison with
other batch culture conditions. This was corroborated by the performance of urea
synthesis and albumin secretion after 24 days of culture. The cell differentiation
depends on controlling key process variables: nutrient and metabolite
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concentrations, growth factor compositions, and physiological parameters. The
crossed HF membrane bioreactor creates a homogeneous environment for cell
culture in which the concentrations of nutrients metabolites and growth factors
are monitored and controlled and differentiation signals are provided to the cells.
Selective exchange of gases and metabolites through the selective HF
membranes ensured a microenvironment adequate for the hepatogenic
differentiation and the performance of liver specific functions. These promising
results pave the way for further studies that might one day result in fully
differentiated functional hepatocytes, which in turn would solve the problem of
insufficiency of primary human hepatocytes for use in BAL devices.
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General Conclusion and Future Perspectives

In this work, lab-scale bioreactor cultures were established for the long-term
maintenance of hepatocyte viability and functionality in vitro in various setups
(microtissue spheroids and organotypic cultures). In addition, hepatogenic
mesenchymal stem cell differentiation was established and optimized. The
resulting conclusions and perspectives are detailed below:

1- An important aspect of this work is using human primary hepatocytes rather
than animal hepatocytes or cell lines. Even though human hepatocytes pose a
financial hurdle, they are the only cell type that recapitulates the in vivo behavior
inside the human body and thus is the optimal cell source for a bio-artificial liver
device for use as temporary support for liver failure patients or for drug screening.
Various cultures using primary human hepatocytes were described in literature,
the most famous of which and considered the gold standard is collagen
sandwich, in which hepatocytes are cultured as single layers of cells between
two layers of collagen. However, this and other models lack key aspects for a
model that closely recapitulates the in vivo situation which are a) 3D cultures in
which cells are surrounded with other cells from all directions which is crucial for
the cell polarity, which in turn affects cell function and viability, b) co-culture of
hepatocytes with other non-parenchymal cells of the liver that have been
reported to play an important role in hepatocyte survival and enhanced functions.
Thus, in this work human hepatocytes were cultured both alone in spheroidal
configuration and as single cells in co-culture with sinusoidal endothelial and
stellate cells.

2- Another important aspect of the work is using a crossed hollow-fiber
membrane bioreactor (HFMBR), which, unlike other bioreactor types, protects
cells from shear stress while allowing for unrestricted flow (depending on the
properties of the used fibers) of nutrients into and catabolites out of the
bioreactor. Moreover, the hollow- fiber membranes allow cell anchorage, their
proliferation, migration and reassembly. Furthermore, this bioreactor can be
easily scaled-up from lab to clinical-scale. However, upon scaling-up issues such
as adequate oxygenation of the cultured cells might arise, requiring certain
modifications of the setup by adding an oxygenator to the medium prior to the
inlet or adding oxygenating tubes inside the bioreactor.

3- 3D cultures of human hepatocytes spheroids cultured into the HFMBR were
maintained functional (assessed in terms of urea and albumin synthesis, and
diazepam metabolism) and viable for almost a month. 2D cell cultures allow cell
maintenance for approximately 3-7 days. The 3D architecture supports the
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functional cell polarization mimicking, to an extent, the in vivo situation in which
hepatocytes are surrounded by other cells. The cultured spheroids were found
to “move” on the fibers to fuse with other spheroids forming larger microtissue-
like structures that shrink with time due to the formation of tight junctions between
the cells. The liver microtissue spheroids acquire the cytoarchitecture of the in
vivo tissue. Additionally, they maintained their liver-specific functions and
biotransformation for extended periods.

4- Even though 3D cultures represent an important improvement over the
conventional 2D cultures, they lack on important key component that is deemed
vital for hepatocyte functionality and viability, which is the cell-cell interaction with
the other liver non-parenchymal cells. Thus, organotypic liver cultures were
developed via a novel designed approach that mimics the in vivo cell layers. In
this work, human sinusoidal endothelial cells were seeded first followed by
stellate cells and finally, human hepatocytes were seeded to obtain a layered
culture with sinusoidal endothelial cells in contact with the hollow fibers (that
represent the blood vessels in the body) followed by stellate then hepatocytes.
As the culture progressed, cell aggregates formed that increased in size reaching
1mm organoids at the end of the culture. Upon examination of the organoids,
they were found to contain capillary-like structures at the periphery and
hepatocytes in the middle surrounded by stellate cells; suggesting a re-
arrangement of the cultured cells with time. Thus, unlike other bioreactors in
which cells are encapsulated and can’t re-arrange or fuse, the HFMBR allows for
cell attachment and rearrangement in a way similar to that in vivo. Cultures lasted
for 28 days through which constant monitoring of the liver-specific functions,
namely urea, albumin synthesis and diazepam metabolism, was carried out in
addition to the dissolved oxygen concentration measurements to ensure the
adequacy of the oxygen supply to the cells in order to avoid oxygen limitation
and subsequent cell death. The HFMBR was found to maintain a stable and
sufficient oxygen supply to the cells, unlike the batch system in which the
organotypic cultures suffered significant oxygen limitation.

5- Primary human hepatocytes represent the best cell source for a BAL device;
however, due to their scarcity and expensive price an alternative cell source has
to be considered for a BAL device to be applicable in a clinical setting or even
for use in pharmaceuticals toxicity testing. In this work, mesenchymal stem cells
of liver origin have been chosen due to their prior commitment to hepatogenic
differentiation in contrast to those from other sources (eg. Fat, Bone Marrow or
umbilical cord- derived stem cells). Various conditions (differentiation protocols
and coating) were tested into batch cultures, in order to choose the conditions
that result in best results. Afterwards, the optimized conditions were used in
HFMBR to study the effect of having a homogenous microenvironment on the
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hepatogenic differentiation of cells. Indeed, the controlled homogenous
microenvironment resulted in better differentiation of the cells compared to the
batch cultures. Albeit promising, these results are not yet optimal. Improvements
regarding the differentiation protocol including the use of different growth factors
are required to achieve enhanced differentiated functions to enable its use as an
alternative cell source in a BAL device.

To sum up, in this work culture conditions for 3D cultures (microtissue spheroids)
and organotypic cultures (co-culture of hepatocytes and non-parenchymal cells)
were optimized allowing for maintenance of functional human primary
hepatocytes for 24 and 28 days, respectively. Further optimization is needed to
allow for even longer culture. In addition, liver-derived mesenchymal stem cells
were successfully differentiated into hepatocyte-like cells after 24 days in culture.
This prototype lab-scale bioreactor has many possible applications ranging from
basic studies of liver diseases to long-term toxicity studies. Moreover, it can be
scaled-up to a clinical scale to be used as BAL device for liver failure patients.
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