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Abstract: As an alternative to liver transplantation, nu-
merous researchers have been working toward the goal
of development of a fully functional artificial liver. In
recent years, artificial liver support systems have been
advocated as interim treatments for patients awaiting
hepatocyte replacement therapy or liver transplanta-
tion; so-called “bridging” treatments. It is recognized
that an effective artificial liver system requires: (1) a
viable and highly functional hepatocyte cell line, (2) a
suitable bioreactor environment and peripheral control
systems, and (3) an effective extracorporeal circulatory
system to incorporate an artificial liver system. Conven-
tional systems have, however, suffered from various
drawbacks, including incompatibility of cell cultures
derived from non-human cells, insufficient cell prolif-
eration, rapid deterioration of cellular function due to
an impoverished cellular environment, and lack of
system scalability. A newly established artificial liver
system overcomes many of these problems and demon-
strates a long-term capacity to maintain multiple liver-
specific functions, such as protein synthesis, enzyme
activity, and drug metabolism, both quantitatively and
qualitatively. The present review provides an overview
of the concepts underpinning artificial liver systems, the
performance of presently available systems and the
practical applications of available systems and those in
development.
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Introduction

Conventional wisdom holds that severe liver failure is
most effectively treated using the established techni-
ques of whole- and partial-liver transplantation. A
viable bioartificial liver (BAL), on the other hand,
would offer superior efficacy while overcoming the
practical and ethical issues posed by liver transplan-
tation. The tremendous functional complexity of human
liver tissue, however, presents a formidable challenge
to the creation of an effective artificial liver: the liver
cannot be replicated simply by mechanical devices.!
Researchers are therefore concentrating their efforts on
hybrid systems incorporating human- or animal-derived
cells or tissue.? Recent advances in the development of
inorganic materials having both biocompatibility and
high performance have, in fact, made it possible to
create such hybrid systems, thus facilitating further
research in this area.

While research on BAL systems is still in its infancy,>*
the urgent goal is to develop a sophisticated BAL sui-
table for clinical applications. Researchers in this area,
however, have yet to demonstrate sufficient functions of
hepatocyte cell lines in culture. Accordingly, we must
first ensure that a BAL and its constituent cell culture
can be developed and improved to incorporate the
multiple functions of normal liver cells. In addition, an
advanced BAL should be applicable to areas other than
the treatment of severe liver failure, including: the
assessment of drug efficacy, analysis of drug metabolism
and toxicity, studies of environmental toxins, ex-vivo
gene therapy,” in-vitro viral research and vaccine
development, and the commercial production of many
types of liver-specific proteins and physiologically active
substances.®

While the present review will focus on BAL systems,
it should be noted that cell transplantation has shown
promising results in animal models of liver failure.>”8
Investigators have successfully overcome immunosup-
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pression and tissue rejection through the use of micro-
encapsulation techniques,”'® but problems concerning
cell viability and regulation of cellular function within
the recipient’s body remain to be resolved. We believe,
however, that sophisticated BAL systems can overcome
such problems. The present review will thus attempt to
provide an overview of BAL research and development
and the status of various systems presently available.

Types of bioartificial liver (BAL) systems

Development of a hybrid BAL

Hybrid systems refer to devices which incorporate
living cells or tissues in an inorganic bioreactor vessel.?
The important point in developing such a system
for liver tissue is to ensure that cultured hepatocytes
are provided with an environment permitting the
expression of the full range of liver functions, including
protein synthesis, enzyme activity, bilirubin conju-
gation, and drug metabolism.!"'? To reach the desired
goal of a fully functional artificial liver system, however,
researchers must first succeed in achieving long-term
viable culture of human liver-derived cells, as well
as succeeding in the development of extracorporeal
circulatory systems and highly sensitive control systems.

Ideally, cell cultures exhibiting advanced cellular
functions while maintaining long-term viability with
consistent proliferation should be derived from freshly
isolated human liver parenchymal cells. To this end,
parenchymal cells must first be immortalized and
allowed to proliferate into stable cell cultures.!* Unfor-
tunately, while some research teams have prepared
cultures based on normal liver parenchymal cells, viable
cell cultures displaying proliferative capacity and
advanced performance have yet to be achieved. In
practice, viable cell cultures have best been obtained by
employing human liver cell strains derived and cloned
from human hepatoma cells. It is hoped, however, that
methods will be developed to allow the use of normal
human hepatocytes in long-term, highly functional
cultures. The bioreactor vessel is a critical component of
any BAL system. Bioreactors can be broadly grouped
into two categories:'*? (1) stacked hollow fibers
wherein cells adhere to the fiber walls in essentially two-
dimensional layers; and (2) three-dimensional bioreac-
tors which incorporate suitable substrates enabling
cellular adhesion in true three-dimensional clusters.
Here, we focus on our development of a compact
“radial flow” three-dimensional bioreactor which
supports massive, high-density cultures showing long-
term viability and superior liver-specific performance.

As mentioned above, the essential requirements for
an effective BAL include:
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(1) Establishment of a viable and highly functional
hepatocyte cell line***

(2) Development of a suitable bioreactor environment
and peripheral control systems

(3) Incorporation within an effective extracorporeal
circulatory system.?6?’

These three aspects of BAL development are combined
to create a viable BAL system. Fig. 1 (A-D) illustrates
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Fig. 1. Bioartificial liver (BAL) development process from
the establishment of cell lines to comprehensive treatment of
liver failure
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the processes leading to the successful implementation
of a BAL system in the treatment of a patient with
liver failure. It is important to examine each of these
processes in more detail.

Hepatocytes suitable for BAL systems

The type of hepatocyte upon which a bioreactor culture
is developed is a fundamental step with significant
implications for the effectiveness of the resulting BAL
system. Cell lines can be derived from human or animal
liver, or other cells manipulated through genetic modi-
fication (Fig. 14, B).

Although optimal for BAL applications, the use of
human cells is restricted and impeded by complex legal
rules which vary by country. Despite these legal
obstacles, however, several viable sources can be
considered.

(1) Freshly isolated hepatocytes can be obtained from
fetal tissue, surgically removed liver, or liver tissue
obtained from the bodies of people with brain
death. Hepatocytes taken from these sources,
however, are very vulnerable to contamination,
technically difficult to preserve in a fresh state, and
show a sharp decrease in cellular functions after
a single culture passage. Although investigators
have yet to demonstrate consistent proliferation of
human hepatocytes in vitro, the advantages of
homology and human-specific functions demand
that resources continue to be directed toward the
elucidation of the conditions necessary for
maintaining viable human hepatocyte cultures.

(2) Cell strains established from human liver cancer
cells can be derived from primary hepatocellular
carcinoma or hepatoblastoma cells.? For example,
the well known HepG2 line was derived from
hepatoblastoma cells,?® and 7 cell lines?>77 were
derived in our own laboratory from primary hepa-
tocellular carcinoma. Such cells can be employed
effectively if the function of normal liver cells
has been highly preserved. In practice, however,
such cells contain a high proportion of abnormal
genetic component, which inhibits their ability
to express normal protein synthesis and enzyme
activity. Although strenuous efforts are required
to establish a stable cell strain using carcinoma
cells, such work is rewarded by the ease with
which large-scale cell cultures can be generated.
Once a strain is established, however, strict vigi-
lance must be applied to prevent viral or substance
contamination.

(3) Artificially immortalized human liver cells would be
an ideal source if genetic engineering or other
methods could be used to imbue the cells with the
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highly differentiated functions and proliferative
capacity observed in normal cells.!® At present,
cultures of such immortalized cells have not de-
monstrated long-term viability, and the hepatocyte-
specific characteristics, such as albumin secretion,
disappear relatively quickly. In addition, these cells
suffer from a high incidence of malignant change
and dedifferentiation. Research continues to be
carried out in this field, however, and promising
results can be expected in the future.

Animal cells are a more common source. Clinically,
BAL systems using such cells have been widely re-
ported in recent years. While the cells are less expensive
and readily available in large quantities, the drawbacks
include the potential for viral contamination, as well as
the physiological dangers and ethical problems posed
by xenotransplantation.?* Furthermore, it has been
shown that animal cells undergo malignant transfor-
mation relatively easily in vitro, while human cells are
more stable.? Animal cell cultures generally fall into
three categories:

(1) Porcine hepatocytes can easily be preserved in large
quantities,>*3! but they present problems of
heteroimmunity when used over long periods.!42032

(2) Simian hepatocytes may be considered favorable
as a close proximation of human liver cells, but
their use is bound to become more difficult with
increasing public awareness of and demand for the
protection of animal rights.

(3) Implantation of human hepatic genes into animal
cells offers another source for cell cultures. An
experiment was conducted in which human hepatic
genes were inserted into porcine hepatocytes.
Promising results were obtained, giving great
expectations for future research in this area.

Another promising line of research has focussed on
the coculture of nonparenchymal cells (NPC) with
parenchymal cells in a three-dimensional system.®
Recent work indicates that the differentiation of
primary hepatocytes is maintained by coculture with
NPC.335 Although the precise roles played by NPC are
yet to be determined, it is expected that successful
replication of human liver functions will require
cocultures of parenchymal and nonparenchymal
cells.*

BA L-related materials and devices

Advances in the development of BAL systems have
largely followed breakthroughs in related technologies.
Historically, liver treatment systems proceeded from
dialysis membranes, to activated carbon filters, and then
to synthetic-resin adsorbents for purifying body fluids.
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While detoxification has been a central motivation for
these developments,2®373 it is increasingly clear that
liver-specific proteins, enzymes, and other factors are
necessary for the normal function of the body as a
whole. In recurrent hepatic encephalopathy, for
example, recovery from coma may be accompanied by
the release of a liver-specific substance, which may
stimulate relevant neural circuits in the central nervous
system. Such a stimulatory substance or factor has not
yet been identified, but recent clinical reports note
that patients recover from coma after treatment with
artificial liver systems.!>* Thus, the elucidation of not
only detoxification mechanisms but also of synthetic
and secretory functions is essential in order to realize
the full potential promised by a comprehensive BAL
system.?+37

The majority of studies of BAL systems have been
conducted using two-dimensional culture systems
incorporating freshly isolated hepatocytes® or cell
strains imparted with liver functions. If such cells could
be cultured in a three-dimensional environment, the
resulting BAL should have higher performance, while
achieving very high cell density within a much more
compact scale. Ideally, such a device would enable long-
term culture of cells expressing features of enhanced
hepatic function, including liver-specific protein syn-
thesis, enzyme activity, ammonia metabolism, gluco-
neogenesis,”? and activation of drug metabolism.” It is
useful to compare the differences in such parameters
between the two major types of bioreactor in use today.

Most of the reported BAL systems are based on
hollow fiber,2#4 polyvinyl matrix,”> packed beds,* or
other systems.*
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The hollow fiber system, in particular, has enjoyed
considerable attention as the most commonly used
BAL for clinical application.?*# In one study, a patient
with hepatic coma was reported to have recovered
consciousness after treatment with a hollow fiber
system incorporating porcine hepatocytes. Human liver
cells cultured in a hollow fiber BAL have also been used
clinically to improve the liver functions of a patient
with fulminant hepatitis.’’# Despite these well reported
successes, such systems have several problems in
common. Cells affix to the surface of the fibers or beads
and aggregate in layers,* resulting in severe shear
stresses and disruption of the equal distribution of
oxygen and nutrients to all cell layers.?#14-4 Moreover,
the lack of efficient distribution flow leads to the build-
up of waste products and debilitating fluctuations in pH
levels and gas concentrations. Accordingly, productivity
and function are reduced, and the life span of the cell
culture is shortened. These issues all present major
obstacles to the successful implementation of such
systems for comprehensive, long-term treatment.

The three-dimensional bioreactor

Three-dimensional culture differs from other system
fundamentally. The representative structure comprises
a radial flow bioreactor (RFB) column, such as that
illustrated in Fig. 2.4%5! The RFB column consists of
a vertically extended cylindrical matrix comprised of
porous glass bead microcarriers, through which liquid
medium flows from the periphery toward the central
axis, generating a beneficial concentration gradient of
oxygen and nutrients, while preventing excessive shear

packed with microcarrier

Fig. 2. Radial flow bioreactor column. The medium
flows radially through a matrix bed packed with
microcarrier beads, resulting in an even distribution of
nutrients and elimination of waste without excessive
shear stress
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stresses or build-up of waste products.?* Sophisticated
peripheral devices supplying and monitoring nutrients,
oxygen and pH, among other parameters, are
automatically controlled by computer (Fig. 3). The
highly porous microcarrier bead structure provides a
vast surface area for the adhesion and proliferation of
cell colonies in three dimensions, and the system
supports high-density, large-scale cultures having long-
term viability.!6424652 Recent studies have revealed that
the cells’ natal morphology and function can be
maintained and conditions closely resembling the in-
vivo state can be achieved.”? A further research study
has demonstrated that the system supports high-
density, large-scale cell cultures having a long-term
capacity to maintain multiple liver-specific functions,
such as protein synthesis, enzyme activity, and drug
metabolism, both quantitatively and qualitatively.’

In summary, the RFB system has overcome the
following problems associated with conventional BAL
reactors: #5154

(1)
)
S)
(4)
)
(6)
™)

Employing this RFB system together with the FLC cell
lines% developed in our laboratory, we have confirmed
rapid and prolonged proliferation of FLC cell cultures
showing normal levels of oxygen and glucose con-
sumption, as well as albumin synthesis and ammonia
metabolism. Cellular consumption of oxygen and
glucose increases from the start of cultivation and has
repeatedly been maintained throughout cultivation
terms lasting more than 3 months (see Fig. 4).

Cellular secretion of the liver-specific proteins
albumin and alpha-fetoprotein (AFP) has also been
demonstrated in both monolayer and three-dimensional

Influence of shear stress

Uneven supply of oxygen and nutrients
Build-up of waste substances
Gravitational sedimentation of cells
Incomplete three-dimensional culture
Poor cost-to-performance ratio
Difficulty to scale up or scale down.
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Fig. 3. Radial flow bioreactor system.
The bioreactor system is placed in an
aseptic room maintained at 37°C. The
system is composed of a radial flow
bioreactor and a conditioning vessel,
which is connected to a circulation
system including a fresh medium
supply tank and recovery aliquot
tank. The system is automatically
controlled by a computer system
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Fig. 4. Glucose and oxygen consumption (consum.) rates.
FLC-4 cells cultured in a radial flow bioreactor show normal
levels of oxygen and glucose consumption throughout the 40-
day culture period

RFB cultures, but the relative quantities produced
showed dramatic differences depending on the culture
method. As illustrated in Fig. 5, monolayer cultures
produced greater quantities of AFP than albumin, while
RFB cultures showed the reverse results. In RFB
culture, albumin was synthesized in quantities of more
than 12 g per day, sevenfold greater than that observed
in monolayer cultures, while alpha-fetoprotein de-
creased to 1/400th of the monolayer levels. These
results indicate that the RFB system was conducive to
differentiation of function in the FLC cells.

As shown in Fig. 6, the addition of 1 mM ammonia to
an RFB culture led to a rise in ammonia level, but there
was no alteration in urea concentration. The subsequent
addition of 3mM ammonia induced an immediate and
prolonged rise in urea concentration, followed by a
corresponding drop in ammonia levels through to the
end of the 40-day cultivation term.
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Fig. 6. Urea synthesis and ammonia concentration. The
addition of 1mM ammonia to a bioreactor culture of FLC
cells leads to a rise in ammonia levels, but there is no altera-
tion in urea concentrations. The subsequent addition of
3mM ammonia leads to an immediate and prolonged rise in
urea concentrations, followed by a corresponding drop in
ammonia levels through to the end of the 40-day cultivation
term

As indicated by the above findings, we have been able
to confirm normal levels of liver-specific functions in a
series of experiments. Studies presently underway in
our laboratory have built on these data and the findings
are reported later in this review.

Fig. 5. Comparison of secreted albu-
min and alpha fetoprotein (AFP).
FLC cells secrete much greater quan-
tities of albumin than AFP when cul-
tured in a radial flow bioreactor, but

the opposite result is obtained in
monolayer culture

Extracorporeal BAL system??

In considering the development of BAL systems, we
must look at the incorporation of the BAL reactor
within a suitable extracorporeal circulation system (Fig.
1C and Fig. 7). Advanced computer-control systems
have greatly contributed to the improved performance
of BAL devices. In clinical extracorporeal applications,
the RFB is combined with a conventional plasma
separator® and other relevant devices.! A cell filter is
incorporated to prevent cultured cells from entering
the circulatory system. The anti-coagulant, nafamostat
mesilate, is employed to prevent blood coagulation.
To maintain the smooth operation of the combined
systems, computer controls are applied to precisely
monitor and regulate temperature, circulation flow rate,
cell density, pH, filter pressures, the concentration of
the nutrient medium, and oxygen supply on a
continuous basis.

Applications of BAL

Hepatic failure

Recently developed BAL systems have increasingly
found clinical applications.”” At present, systems have
primarily been applied as a “bridging” mechanism in
patients with hepatic failure (Fig. 1D). In the terminal
stages of hepatic failure, the management of cholesta-
sis is a critical problem. Conventional devices using
adsorbents such as charcoal can be attached to the BAL
to eliminate bilirubin!*!? and endotoxins, thus providing
the basic functions required for clinical applications.
Such methods can provide life-support for patients
with liver failure and can improve the patient’s general
condition while a suitable donor organ for liver
transplantation is found.
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In a recently reported clinical study carried out in the
United States, a hollow fiber bioreactor charged with
porcine hepatocytes was used to treat patients with
fulminant hepatitis or chronic liver disease. All patients
received treatments for plasma exchange, blood dialy-
sis, and filtration of adsorbed plasma.?*® The hollow
fiber bioreactor was reported to be effective in
providing a so-called “bridge”®> to ameliorate symp-
toms such as disturbance of consciousness or brain
edema in patients with fulminant hepatitis.?*3%06! Some
of the patients showed recovery after auxiliary BAL
treatment alone. Similarly, some patients with chronic
hepatitis also showed recovery during acute phases of
the disease.

These findings are indeed remarkable and point to an
optimistic future for further research, especially given
that the volume of porcine hepatocytes per charge was
only a small fraction of that found in a normal human
liver. It would, however, be beneficial to pursue studies

Fig. 7. Extracorporeal BAL device

based on a more rigorous and controlled evaluation
which includes objective diagnostic criteria in both
laboratory and clinical settings.62¢

In a separate study, patients with hepatic encephalo-
pathy were reported to have recovered from coma in
response to BAL treatment. Here, it is important to
stress that BAL treatment is markedly different from
conventional methods in that it not only eliminates
toxins but also produces many critical substances that,
would normally be synthesized by liver parenchymal,
endothelial, and other specialized cells.

Drug detection and toxicology

Animals such as the rat, dog, or pig have conventionally
been used to test the toxicity or carcinogenicity of
various chemicals, as well as their Kinetics in the
body.1#64+-6 Tt is well known, however, that marked
differences exist between humans and other animals in
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regard to drug metabolism and excretion. It is therefore
essential to consider such differences when experi-
mental data are being evaluated for clinical applica-
tions. Furthermore, increased awareness of and support
for animal welfare in the general population requires
investigators to rely less on animal subjects and instead
develop suitable experimental models using humans or
human tissue systems. Attention is thus being directed
to recent developments in the use of BAL systems
incorporating human hepatocyte-derived cells capable
of liver-specific functions, in combination with sui-
table culture environments that replicate the three-
dimensional, high-density tissue structures present in
normal human liver. Indeed, ongoing research appears
to indicate that suitable three-dimensional bioreactor
systems can provide meaningful data for drug meta-
bolism?” and toxicology.

As illustrated in Figs. 5 and 6, a high-density three-
dimensional RFB culture can synthesize normal levels
of albumin and can eliminate toxic substances such as
ammonia.?? Such findings are not readily observed in
two-dimensional culture systems. In our laboratory,
recent studies of cytochrome P450 (CYP;’%), an
oxidase which acts to regulate the metabolism of toxic
substances, have revealed that human liver-derived
cell strains display human-specific CYP isozyme and
carboxylesterase activity. Figure 8 shows the response
of FLC 4 cells to omeprazol challenge. The data indicate

EROD activity [pmol/dish/min]

O o T : r -
FLC4 FLCS FLC7 HepG2
Fig. 8. Effect of omeprazol on 7-ethoxyresorfin o-deethylase
(EROD) activity in FLC and HepG2 cell lines. The fig. shows
EROD activity of FLC cells in response to omeprazol, a
known inducer of cytochrome isozyme CYP1A. CYP1A
activity in both the FLC 4 and FLC 5 cell lines was found to be
robust, and was significantly greater than that in HepG2 cell
lines (data obtained from studies conducted in collaboration

with Professor K. Chiba of Chiba University, Japan)
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that the FLC cells are capable of metabolizing drugs via
human-specific metabolic enzymes in vitro.®

Ongoing research in our group suggests that the RFB
system could be used in place of animals as a drug-
detection and toxicology model which more closely
replicates human liver functions. This type of in-vitro
system is expected to facilitate future research in terms
of the following applications:

(1) Analysis of drug metabolism in the liver

(2) Studies of drug interaction

(3) Detection of drug-derived mutagens in the liver
(4) Toxicology of environmental pollutants.

Drug production and synthesis

An important area of study that has both commercial
and medical implications concerns the application of
BAL systems to drug production and protein synthesis.
As we showed in Fig. 5, the RFB system demonstrated
robust synthesis of albumin protein at normal levels.
Furthermore, recent unpublished results from our
laboratory reveal that the same system can produce
human thrombopoietin (TPO) at normal levels, and
others have shown that cultured cells release several
prostaglandin species in response to acute cellular
inflammation.” It is important to realize that the RFB is
made up of small, repeatable components that can be
expanded or contracted in size to rapidly scale the
system up or down. We could thus scale up a human-
hepatocyte bioreactor culture to obtain large-volume
production of useful physiological substances. Drugs,
proteins, or other agents produced in this way will be
less infiltrated by foreign contaminants than these items
produced by genetic engineering, or by using yeast,
Escherichia coli, or cloned animals, and can be easily
separated from other components to obtain the target
substance.

Human hepatitis infection model

It is acknowledged that the recent explosion of mole-
cular and genetic based research on viral agents and
therapies is impeded by the lack of suitable experi-
mental models of in-vitro cellular infection. Specifically,
while knowledge of the hepatitis C virus (HCV) is
rapidly expanding, it is largely confined to studies at the
genetic level, while confirmation of the virus itself in
living tissue has been elusive, because in-vitro culture of
hepatocytes has yet to be established.” This lack of a
suitable HCV infection model is not only holding back
basic studies on viral biology and carcinogenicity, as
well as viral particulate formation and mutation, but
is inhibiting the development of preventive vaccines
and drugs such as protease inhibitors and antisense
blockers.
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At present, there is no alternative to the chimpanzee
model. It is an expensive animal, and differs from
humans in subtle but possibly crucial respects. Studies
based on chimpanzee models commonly suffer from
great variance in experimental data. Furthermore, the
influence of animal rights movements is restricting the
availability of such animals for use in research. Num-
erous investigators are thus calling for the establi-
shment of an experimental model based on suitable
in-vitro cell culture systems, independent of clinical
studies or animal research.”t727374

In a groundbreaking series of studies, our group”™’®
has succeeded in identifying HCV RNA protein,”
replication, and core viral proteins at the picogram level
in a long-term RFB culture. Further work is presently
being conducted in an effort to establish an experi-
mental system for the in-vivo inoculation and detection
of HCV infection, as well as for the clarification of
infection mechanisms and viral proliferation, and the
testing of potential therapies and preventive measures.

Conclusion

Developments in BAL technologies and their applica-
tions in clinical settings suggest that fully functional
BALs could be an essential part of liver therapy in the
near future. In particular, the new findings obtained in
the-three dimensional RFB system support the view that
the system has great potential as an effective artificial
liver support system, and as a vehicle for research on
drug metabolism and environmental toxicity, ex-vivo
gene therapy, and for the commercial production of
many types of liver-specific proteins and cytokines™
for therapeutic use. Perhaps most importantly, such a
system, in combination with appropriate cell cocultures,
offers us the ability to investigate the factors that pro-
mote the recovery and regeneration of native liver and
contribute to toward a comprehensive understanding of
the human liver and its maintenance and treatment.
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