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Gene therapy of hepatic diseases: prospects for the new
millennium

As we stand on the cusp of the 21st century, the prospect
of treating liver diseases by the manipulation of genetic
material seems to be not merely a remote possibility, but a
tangible reality. The rapid advances in biotechnology over
the past few decades have aVorded a unique understanding
of the molecular mechanisms underlying various hepatic
disorders. As a result, novel and exciting techniques have
been developed for the genetic modification of hepato-
cytes. In this article, we will highlight advances in particu-
lar areas, and lend perspective as to their future prospects.

Strategies for hepatic gene therapy
GENE AUGMENTATION THERAPY

This strategy involves administration of a normal gene to
replace a missing or dysfunctional gene product resulting
from a defective gene, as has been illustrated by studies on
the hereditary disorder familial hypercholesterolaemia. In
this disease, a defect in the low density lipoprotein (LDL)
receptor gene results in abnormal expression of the LDL
receptor and consequent failure of clearance of LDL
cholesterol.1 Using an animal model of familial hypercholes-
terolaemia, the Watanabe heritable hyperlipidaemic
(WHHL) rabbit, investigators have been able to show the
successful transduction of a functional rabbit LDL gene into
target hepatocytes. This resulted in a 30–40% reduction in
serum cholesterol, with the recombinant LDL receptor
being detectable for up to six months.2 In clinical trials, five
patients homozygous for familial hypercholesterolaemia
underwent ex vivo replacement of the faulty gene.3 This was
achieved by segmental hepatic resection, preparation of
hepatocyte cultures, and transduction of these cultures with
a recombinant retrovirus encoding the gene for the human
LDL receptor. The genetically modified cells were then
transplanted into the liver using portal venous cannulation.
Prolonged reductions in LDL cholesterol were seen in three
of the five patients, and this procedure was remarkably free
of any major side eVects. This study served to demonstrate
the feasibility of ex vivo therapy, although concerns remain
regarding the long term eYcacy of this approach. Another
disadvantage is the limited availability of autologous hepato-
cytes. However, recent advances in the propagation of liver
cells such as the introduction of temperature sensitive
mutant Simian virus 40 (SV-40) T antigen mutants4 may
obviate the need for harvests of large numbers of host cells
for genetic manipulation.

In vivo approaches to genetic manipulation involve the
transfer of genes to target tissue by either systemic admin-
istration or direct injection. The paradigm for in vivo
therapy has been the approach to ornithine transcarbamy-
lase (OTC) deficiency. Using the sparse-fur mouse model
of OTC deficiency, an intravenous injection of an adenovi-
ral vector has been shown to produce a high level gene
transfer, leading to expression of the functional enzyme.5

Based on these experiments, a human clinical trial has
recently been approved for the genetic treatment of adults
with partial OTC deficiency. When available, the results of
this study will provide further valuable insights into the
clinical applications of this technology.*

Another recent in vivo experiment demonstrated the use
of retroviral vectors to produce sustained expression of
therapeutic levels of factor VIII in a neonatal mouse model
of haemophilia A.6 As it is desirable to institute gene
therapy early in life, the propagation of neonatal hepato-
cytes represents a promising approach with clinical
relevance.

REPAIR OF ABNORMAL GENES

An ideal approach to gene therapy would be to repair the
defective gene. This is particularly true for dominant nega-
tive mutations where simple introduction of a normal gene
product may not overcome the dysfunction caused by the
continued production of an abnormal product. Such repair
processes do occur naturally, but at very low frequency.
Recently, a novel technique has been devised to correct a
faulty gene by harnessing the repair mechanisms of the
host. In this approach, a molecule is prepared composed of
both DNA and RNA domains forming a chimeric
RNA/DNA oligonucleotide.7 The RNA domain of the oli-
gonucleotide is designed to be perfectly complementary to
the targeted gene except for a single base mismatch. The
mismatch seems to trigger the cell’s DNA repair
mechanism, and induces a nucleotide substitution at the
target site. In an in vitro application of this technique, chi-
meric RNA/DNA oligonucleotides were used to introduce
successfully a point mutation into the chromosomal
alkaline phosphatase gene in a human hepatoma cell line.8

The base conversion eYciency was calculated to be
approximately 40% based on amplification and cloning.
This approach was extended to an in vivo setting, targeted
against the rat factor IX gene.9 The desired mutation was
noted in up to 40% of target sites. However, a similar
degree of success has not been duplicated outside of that
laboratory. It is possible that the methods used to assess
eYciency overestimate the actual figure. Nevertheless, the
studies represent an important landmark in the field of
genetic research.

INHIBITION OF ENDOGENOUS GENE EXPRESSION

Acquired liver disorders represent a more heterogeneous
array of conditions, some of which may be amenable to
genetic therapy by inhibiting the expression of various
genes. Examples include infections with the hepatitis
viruses where viral gene products can be blocked, and
malignancies in which an oncogene or other growth regu-
latory genes can be inhibited. Several types of molecular
agents have been developed.

Abbreviations used in this review: AAV, adeno-associated virus;
AsGPr, asialoglycoprotein receptor; BUGT, bilirubin-UDP-
glucuronyltransferase; GSD, glycogen storage disease; HCV,
hepatitis C virus; HSV-tk, herpes simplex virus thymidine kinase;
hGAA, human acid á-glucosidase; IL, interleukin; LDL, low density
lipoprotein; OTC, ornithine transcarbamylase; SV-40, Simian virus 40.

*Note added in proof: A troubling development has occurred in a clinical trial
of adenoviral gene therapy for ornithine transcarbamylase deficiency. The unex-
plained death of one of the trial patients has resulted in the indefinite suspension
of the trial.
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Ribozymes
Ribozymes are single stranded RNA molecules that
contain a cleavage domain flanked by target binding
domains on each side. These molecules can destroy target
messenger RNA sequences in a catalytic manner. However,
their use is limited by the susceptibility of RNA to nuclease
degradation. Recently, ribozyme analogues composed of
DNA (DNA ribonucleases) which are less sensitive to deg-
radation have been developed.10 The latter have been dem-
onstrated in vitro to inhibit hepatitis B viral gene
expression substantially.11

Antisense oligonucleotides
Antisense oligonucleotides have also been successfully
used to block endogenous gene expression in the Peking
duck and woodchuck animal models of chronic hepatitis
B.12 13 This involves preparing a short single stranded DNA
segment, or a gene which will generate RNA, which is
complementary to a target messenger RNA. Within the
cell, the antisense nucleic acid hybridises with and specifi-
cally inhibits translation of the particular gene product.
There have been reports of systemic infusion of antisense
oligonucleotides resulting in substantial liver uptake.14 In
addition, targeted delivery of inhibitory oligonucleotides
has been demonstrated in vitro raising the possibility of
decreasing potential side eVects at other non-hepatic sites.
Such targeted antisense nucleotides directed against the
5'-non-translated region of hepatitis C virus (HCV) were
shown to inhibit HCV protein synthesis eVectively.15

Targeted inhibition of hepatitis B viral gene expression has
also been demonstrated in vitro and in vivo. However, the
low eYciency and possible immune response to the carri-
ers are potential drawbacks.

VIRAL ENZYME PRODRUG THERAPY

A gene therapy strategy for the treatment of primary and
metastatic liver cancer has been developed in which tumour
cells are transduced with a non-mammalian “suicide” gene
which can convert a non-toxic prodrug into a chemothera-
peutic agent exclusively within the target malignant cells.16

As a result, the systemic toxicity often associated with
chemotherapy may be avoided. For example, the herpes
simplex virus thymidine kinase (HSV-tk) gene which
phosphorylates the synthetic guanine analogue, ganciclovir,
into a toxic metabolite17 and cytosine deaminase which con-
verts 5-fluorocytosine into the chemotherapeutic agent
5-fluorouracil16 have been adapted for this purpose. The
genes for these enzymes when introduced into malignant
cells have been shown to generate suYcient toxin to destroy
those cells selectively. In addition, a bystander eVect has
been shown to occur in which surrounding tumour cells are
also aVected. In this way, even cells not transfected with the
gene can be destroyed. Nevertheless, the prospect of
eliminating every malignant cell will depend on high
eYciency of transfection.

Co-delivery of genes encoding antitumour cytokines
(e.g. interleukin-2 (IL-2) and granulocyte–macrophage
colony stimulating factor) in an attempt to stimulate anti-
tumour immunity18 has also been developed. One recent
study using this so-called “cancer vaccine” approach used
a murine model transfected by both HSV-tk and IL-2.
Major tumour regression was noted and was associated
with the apparent development of systemic antitumoral
immunity. Further studies will be required to determine
whether this approach will have clinical applications.

Methods of gene delivery to the liver
The importance to successful gene therapy of developing
eVective gene delivery systems cannot be overstated. An
ideal vector would be able to deliver genetic material

eYciently and specifically, and would result in high level,
properly regulated and prolonged expression. This vector
should be non-toxic, non-immunogenic, and have a broad
host range.

VIRAL VECTORS

Viruses have many advantages as vehicles for the delivery of
genes, as this is their normal function. There have been a
number of recent advances in this area.

Retroviral vectors
The ability to integrate into the host genome19 and to be
transmitted to progeny cells has made retroviral vectors
very popular. Their obvious advantages of eYcient and
specific gene delivery are, however, oVset by certain draw-
backs. The most important of these is that retroviruses are
unable to infect non-dividing cells. This has led to the
administration of substances to stimulate hepatocyte
proliferation20 and the development of lentiviral vectors.21

Lentiviruses are a class of complex retroviruses, the best
known of which is HIV-1. They are able to infect
non-dividing terminally diVerentiated tissue such as the
liver while retaining the other advantages of retroviral vec-
tors. Lentiviruses seem to have an excellent biosafety pro-
file. However, as there is no animal model for HIV-1 infec-
tion, the eYcacy and safety of these vectors can only be
tested in clinical trials. Another potential drawback associ-
ated with both retroviral and lentiviral vectors is their ran-
dom integration into the recipient genome. This has led to
concerns that this integration may activate oncogenes or
inactivate tumour suppressor genes.

Adenoviral vectors
Adenoviruses 2 and 5 (subgroup C) are commonly used as
gene vectors. Recombinant adenoviruses may be generated
in high titres, and these viruses localise predominantly in
the liver after systemic administration.22 The transfer of
genetic material is usually quick and eYcient. Despite
these obvious advantages, the use of adenoviral vectors has
been limited by several factors. Owing to the episomal
nature of the virus, transgene expression is transient.23 The
prototype viruses were immunogenic, resulting in a strong
host response.24 Several strategies to attenuate the host’s
immune response have been studied. These include the use
of transient immunosuppression by agents such as
tacrolimus (FK 506)25 and the modification of the virus by
deleting certain genes.26 This so-called “gutless” adenovi-
rus is, however, still able to evoke an antiviral immune
response. Another strategy is the enhancement of immu-
nomodulatory genes produced by the adenovirus itself.27 If
these immunomodulatory genes are enhanced, allogeneic
cell rejection has been shown to be greatly reduced.
Another important recent study has focused on the
treatment of glycogen storage disease II (GSD-II) using a
modified adenovirus vector encoding human acid
á-glucosidase (hGAA).28 In a knockout mouse model of
GSD II, hepatic transduction with the adenoviral vector
resulted in high level secretion of the precursor form of the
hGAA enzyme into the circulation, with consequent
peripheral uptake by skeletal muscle and decreased glyco-
gen accumulation in aVected muscles. This approach is
diametrically diVerent to previous studies in this area, in
that it has targeted the liver, rather than aVected
fibroblasts. If confirmed by other researchers, these
findings oVer exciting therapeutic possibilities for these
otherwise incurable metabolic disorders.

Adeno-associated viral vectors
Adeno-associated virus (AAV) is a human non-pathogenic
replication-defective parvovirus. One of the major potential
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advantages of this system is the property of site specific
integration in the presence of a rep gene product. The wild
type viral DNA can integrate preferentially into human
chromosome 19. However, recombinant AAV integrates
randomly when the rep gene is absent. Other advantages of
recombinant AAV vector system are that the virus is non-
pathogenic, does not require dividing cells, has a broad
host range, and is capable of infecting many cell types.
Wang and colleagues29 showed that a single intraportal
injection of a recombinant AAV vector encoding canine
factor IX complementary DNA under the control of a liver
specific enhancer/promoter led to the long term and com-
plete correction of haemophilia in a mouse model. Up to
15–20 mcg/ml of canine factor IX was detected in the
plasma of mice for more than five months after intravenous
injection of an AAV vector. The activated partial thrombo-
plastin time of treated mice was also corrected.

Simian virus 40 vectors
This vector system utilises a replication deficient variant of
SV-4030 which contains a powerful endogenous promoter.
Mice inoculated with this vector showed a high (>90%)
transduction eYciency. For example, recombinant SV-40
expressing human bilirubin-UDP-glucuronyltransferase
(SV-hBUGT) was delivered to Gunn rats, which are defi-
cient in BUGT, and hence have hyperbilirubinaemia. After
sequential inoculations, great and prolonged decreases in
bilirubin concentrations were noted, demonstrating the
eYcacy of transduction.30

The advantages of this vector are that it may be
produced in high titre, and can be used against a large vari-
ety of cells. Its major drawback is its small genome, which
limits insert size.

Hybrid viruses
Recently, a novel chimeric adeno-retroviral vector system,31

a chimeric adenovirus/AAV hybrid vector,32 and a HSV-1/
AAV hybrid33 have been developed. These hybrid vectors
aim to combine the advantages of the component systems,
while nullifying the potential drawbacks. For example, the
recently developed adenovirus/AAV hybrid32 has a higher
transduction eYciency and greater cloning capacity than
either virus alone. In the future, these systems should prove
to be useful vehicles for gene therapy.

NON-VIRAL METHODS OF GENE DELIVERY

To overcome the various problems inherent to viral deliv-
ery systems, investigators have explored artificial, non-viral
gene delivery systems. The most common technique
involves the attachment of a therapeutic gene to a carrier.
These carriers may be either polymer based cationic carri-
ers (conjugates) or lipid based vectors (liposomes).34

In order to improve the specificity of these vectors, the
process of receptor mediated endocytosis has been
studied35 using the asialoglycoprotein receptor (AsGPr)
which is expressed selectively on hepatocytes. Specific lig-
ands recognised by the AsGPr have been attached to
therapeutic genes, usually in combination with a polycation
such as polylysine. The DNA–polylysine–ligand complex
binds to the receptor, and is taken up by endocytosis. A
fraction of the DNA diVuses into the nucleus where it is
then expressed. Antisense oligonucleotides may also be
targeted specifically to the liver via the AsGPr. Administra-
tion of the antisense oligonucleotide blocked the expres-
sion of hepatitis B virus in vitro, which consequently
reduced the viral burden.11 Addition of endosomolytic and
biocompatible solubilising agents have improved efficiency
of expression. None the less, relatively low levels of expres-
sion remain a drawback of the system in vivo.

Conclusions
As with all biomedical endeavours, the leap from bench to
bedside is a giant one. The last decade of this millennium
has seen the science of hepatic genetics come of age. It is
true that many challenges remain, but if the past is any
indication, they will be countered by the persistence and
ingenuity of the investigators in this field. Based on the
many advances in the field, there is reason for continued,
but guarded optimism for clinical applications of gene
therapy for hepatic diseases.
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