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General introduction

Acute liver failure 

Acute liver failure (ALF; fulminant hepatic failure, FHF)1-4 is a dramatic and life-threatening 
condition in which severe hepatocyte injury or massive necrosis causes substantial loss of 
liver function. Since the liver carries out many crucial metabolic functions and is essential 
for homeostasis of lipids, proteins and carbohydrates, substantial failure leads to severe 
illness, frequently leading to multiorgan failure and eventually death. By definition, ALF 
is potentially reversible and is accompanied by coagulopathy and the development of an 
altered mental status (hepatic encephalopathy; HE) within 8 weeks of the appearance of 
the first symptoms in a patient with a previously healthy liver. Numerous causes of ALF 
exist as are determined geographically. In the US and UK, acetaminophen intoxication 
and other drug induced liver injuries are the most common causes. In the rest of the 
world, infection with hepatitis viruses (A and B) is thought to be the most frequent cause. 
Other less frequent causes of ALF are metabolic liver diseases (e.g. Wilson’s disease, 
alpha-1 antitrypsin deficiency, fructose intolerance), autoimmune hepatitis, hepatitis 
(C-D), hepatic malignancies, vascular-related origins (e.g. Budd-Chiari syndrome), 
organic toxins (e.g. Amanita phalloides mushroom toxin) and causes (like primary graft 
non-function after liver transplantation). The pathophysiology and outcome of ALF are 
strongly related to the wide variety of potential causes. In general, cerebral edema and 
infections remain the leading causes of death in ALF. 

Without liver transplantation, mortality rates of ALF vary between 50 to 90% despite 
maximal intensive care treatment. Orthotopic liver transplantation (OLT), however, 
drastically improves outcome of ALF patients. One-year survival rates after OLT are as 
high as 90%, demonstrating the superiority of OLT to maximal intensive care treatment. 
However, in Europe and in the US waiting lists for OLT are still increasing, whereas the 
number of available donor livers remain relatively constant.5,6 To prevent ALF patients 
from dying on the waiting list, alternative techniques for providing temporary liver 
support have been developed. These therapies are intended to tide ALF patients over until 
a donor liver becomes available or regeneration of the own liver occurs. 

Liver support therapies 

Liver support therapies are divided into biological and non-biological liver support 
therapies.7,8 Non-biological liver support therapies rely on non-specific removal of 
water-soluble and protein-bound toxins from ALF patient’s plasma by dialysis, filtration, 
absorption or a combination of these options. Biological liver support therapy, however, 
relies on the intrinsic biological capacity of viable hepatocytes to perform the specific 
detoxification and synthesis functions of the normal liver. The current status of OLT 
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as the only curative option for ALF has clearly demonstrated the value of biologically 
active hepatocytes. Bioartificial liver (BAL) support systems are extracorporeal devices 
(bioreactors) filled with viable hepatocytes. A large variety of bioreactor designs has 
been developed over the last two decades, of which only eight systems have found 
application in a clinical setting.7 Comparison between these devices with regard to overall 
hepatocyte-specific function and clinical outcome is nevertheless difficult. In particular, 
large variations in cell types used, preservation methods, isolation techniques, test set-
ups, patient populations, biochemical parameters, additional non-biological therapies and 
data presentation hamper straightforward comparison of devices. 

The main objective in BAL research is to maintain hepatic function of mature 
hepatocytes or to induce hepatic differentiation of less differentiated cells inside an 
extracorporeal device to obtain an optimally functional BAL for clinical application. 
To fulfill this objective, progress in BAL research is dependent on several engineering 
fields, e.g. genetic, biomaterial, tissue, mathematical, and metabolic engineering. 
As a consequence, a large variation of research topics can be defined, e.g. related to: 
1. improving oxygen availability to hepatocytes; 2. enhancing bi-directional mass transfer 
of metabolites between plasma and hepatocytes; 3. improving cell preservation methods; 
4. investigating the effects of ALF plasma on hepatocytes; 5. improving culture conditions 
and culture medium composition; 6. developing new and improved biocompatible 
materials, 7. simplifying complex logistics of clinical BAL treatment, etc. This ongoing 
research continues to offer new insights and, as a consequence, new bioreactor concepts 
are still being developed and improved to this day. The success of BAL support systems 
is, however, strongly dependent on the selected cell source employed.

Cell sources for BAL devices

Primary human hepatocytes are principally the ideal cells for BAL application, but the 
limited source, difficult quality control, heterogeneity of donors and low residual function 
after (cryo)preservation are important limitations for general use. The most widely used 
cells are primary porcine hepatocytes, since these cells are readily available in large 
amounts and have excellent function.7 The exploitation of porcine hepatocytes for BAL 
treatment is, however, nowadays prohibited in most Western countries because of laws 
against xenotransplantation.9,10 Therefore, increasing attention is given to the development 
of human hepatic cell lines.11 Since cell lines have excellent growth characteristics, 
availability of adequate cell mass will not be the limiting factor. Sufficient hepatic 
functionality of human liver cell lines, on the other hand, constitute a major obstacle for 
the application in BAL systems. 
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AMC-BAL

One of the clinically applied BAL devices has been developed in the Academic Medical 
Center in Amsterdam, entitled the AMC-BAL.12 This liver support system is characterized 
by direct plasma cell contact, an integrated oxygenation system and a spirally wound 
polyester matrix, to which small aggregates of hepatocytes are attached.13 By using 
porcine hepatocytes, the AMC-BAL has shown liver specific detoxification and synthesis 
capacity in vitro13,14, significantly improved survival time in small and large animal 
models of ALF15-18, and safety in a phase I clinical study.19 Eversince the first model 
of the AMC-BAL was developed, modifications have been introduced to improve the 
device. However, as generated from earlier in vitro studies, several incentives emerged 
directing recent research to investigate cellular processes inside the bioreactor and to 
apply mathematical modeling for further optimization of the AMC-BAL configuration. 
Furthermore, the development of a novel human hepatic cell line (cBAL111) has urged 
present and future research into more a genetic, metabolic as well as tissue engineering 
based field.

This thesis

This thesis is divided into four parts. Part 1 provides an overview of the AMC-BAL 
research performed between 1995 and 2004 and describes the optimization of the AMC-
BAL from the first generation to an improved second generation device. Furthermore, a 
comparison between the second generation AMC-BAL and another European BAL device 
(MELS CellModule) is presented, whereas the effect of mild hypothermic preservation 
for transport purposes of the AMC-BAL is discussed. In Part 2, mathematical modeling 
and computational fluid simulations were used to analyze the AMC-BAL on a micro- 
and full-scale level in silico. Resulting recommendations for further improvements of 
the AMC-BAL were validated in an in vitro study. Part 3 describes the research process 
of advanced in-depth analysis of cultured hepatocytes inside the AMC-BAL at three 
basic bioengineering levels, i.e. at the level of gene expression, liver metabolical, and 
histological level. Furthermore, a comparative study between three primary cell types, 
i.e. mature porcine hepatocytes, mature human hepatocytes and fetal human hepatocytes, 
herald the transition towards the use of human hepatic cell lines. Part 4 evaluates the 
potential of a newly developed, human hepatic cell line (cBAL111) for application in the 
AMC-BAL in the setting of an in vitro and an ex vivo study in an animal model of ALF.
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Outline of the Thesis

—  Part 1  — 

Introduction to the AMC-BAL

An overview of the AMC-BAL research is given in Chapter 2. This chapter describes the 
development of the AMC-BAL from a laboratory-size bioreactor towards a large-scale 
bioreactor suitable to treat patients. Pre-clinical studies in rats and pigs are discussed 
as well as a phase I clinical study conducted in Italy. Finally, an introduction to the 
development of a human hepatic cell line for BAL application is presented.

Chapter 3 describes the evolution of the first generation AMC-BAL into an improved 
second generation AMC-BAL. Data of in vitro experiments of both types of bioreactors 
are compared. Optimization of the porcine hepatocyte isolation procedure, standardization 
of biomass calculation and function parameter correlations issuing from in vitro function 
tests are also discussed.

Two European BAL systems, the MELS CellModule and the second generation AMC-
BAL, are compared in Chapter 4. Both systems were tested in an in vitro test setup under 
identical conditions.

Preservation conditions play a crucial role during transport of a BAL from the laboratory 
to the hospital, in the setting of clinical application. In Chapter 5, the possibility of 
preserving the AMC-BAL loaded with freshly isolated porcine hepatocytes at mild 
hypothermic temperatures was assessed.

—  Part 2  — 

Modeling of the AMC-BAL

For further improvement of the AMC-BAL, detailed information on oxygen availability 
and fluid flows inside the AMC-BAL is required. In Chapter 6, a three-dimensional 
micro-computer model of the AMC-BAL was developed. This micro-model was used to 
test different conditions and bioreactor configurations with computational fluid dynamics 
simulations in order to analyze and improve the oxygen availability to hepatocytes.

A new design of the AMC-BAL was developed according to the results of the computer 
model described in chapter 6. In Chapter 7, this new design of the AMC-BAL and a 



Introduction and Outline

15

different mode of oxygenation  was compared with the standard culture conditions of the  
second generation AMC-BAL in an in vitro study.

Chapter 8 describes the development of a three-dimensional full scale AMC-BAL 
macro-model. Cell distributions in two bioreactors were quantified and used to model the 
cell distribution of a realistic macro-model of the AMC-BAL. Computer fluid dynamics 
simulations were used relating to different bioreactor configurations and different 
conditions to assess and improve oxygen availability to hepatocytes inside the AMC-
BAL.

—  Part 3  — 

A view inside the AMC-BAL

Hepatocytes inside a BAL device are not easily accessible and, as a consequence, 
cannot be studied in detail other than via parameters assessable in the culture medium. 
A comprehensive understanding of the mechanisms that underlie hepatic functionality 
inside a bioartificial liver (BAL) device is obtained when liver metabolical, histological 
and gene expression analyses can be combined. In Chapter 9, a novel cell sampling 
technique is described enabling the analysis of adherent hepatocytes inside a BAL device 
without the necessity of terminating the culture.

Chapter 10 describes the changes in time-dependent cellular reorganization and 
morphology of hepatocytes inside the AMC-BAL during culturing. Special consideration 
has been given to two differentially expressed proteins in relation to hepatic zonation, i.e. 
glutamine synthetase and carbamoyl-phosphate synthetase.

Many liver cell types have been used for pre-clinical and clinical application of BAL 
devices. The choice of the optimal cell source for BAL support devices is, however, still 
a matter of debate. In Chapter 11, a functional and histological comparison was made 
between three primary liver cell types, i.e. 1. mature human hepatocytes, 2. fetal human 
hepatocytes and 3. mature porcine hepatocytes.

—  Part 4  — 

Human liver cell line and the AMC-BAL

In Chapter 12, the potential for in vitro cultivation of the novel human liver cell line 
cBAL111 inside small laboratory-size AMC-BAL bioreactors was evaluated. The hepatic 
functionality, gene expression, amino acid metabolism and cellular morphology were 
assessed.
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Hepatic encephalopathy develops during severe liver insufficiency and is a potentially 
lethal symptom in acute liver failure. The pathogenesis of hepatic encephalopathy is 
multifactorial and not at all fully elucidated. An overview of the most likely hypotheses of 
the pathogenesis of hepatic encephalopathy and the role of artificial liver support systems 
herein is given in Chapter 13. 

In Chapter 14, the potential of the novel human hepatic cell line cBAL111 for BAL 
application was assessed in a small animal, ex vivo model of ALF. Rats underwent  
complete liver ischemia and were treated with small laboratory-scale AMC-BAL 
bioreactors charged with 250 million cBAL111 cells. Primary outcome parameters were 
survival time, clinical grade of hepatic encephalopathy and blood ammonia concentration. 
The effect of ALF plasma on cBAL111 function in the AMC-BAL was also studied by 
testing the bioreactors prior and after the treatment in an in vitro setting.

— 

A summary of the different chapters of this thesis with concluding remarks is given in 
Chapter 15. 

— 

In Appendix 1, an overview of thoughts and recommendations on Chapter 14 “Evaluation 
of a novel human fetal liver cell line -cBAL111-in the AMC-BAL in rats with complete 
liver ischemia” is given. 
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