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ABSTRACT
Gene therapy replaces or supplements the activity of a
resident defective or missing gene by a cloned functional
one. A functional gene may be delivered to the target
tissues ex vivo or in vivo using various physical methods
and several chemical and biological vehicles. In this article
we present an overview of different experimental models
and the progress made in clinical studies on gene therapy
and discuss the prospects of the antisense approach and
the ethical concerns related to the technique.
Natl Med J India 1995;8:263-8
INTRODUCTION
Nearly 4000 diseases have been classified as genetic but only
a few of them are associated with specific mutations in the
human genome.' The classic genetic diseases are inherited
with mutations in the coding sequences of genes leading to
a defective phenotype as in sickle cell anaemia. A genetic
defect may also be caused by altered levels of gene expression as in the case of ~-thalassaemia. Classic genetic diseases
are not simple as a single gene defect can adversely affect
many different organ systems causing physical or mental
disorders, pain and even early death. Prenatal diagnosis for
a wide range of such diseases is now possible, but the opinion
of professional societies and individuals is divided regarding
the suitability of abortion under such circumstances.
Treatment of genetic diseases by protein replacement
therapy is impractical as it needs to be administered
repeatedly and depends largely on the bioavailability,
supply, purity, stability and immunogenicity of the product.
In principle, many genetic deficiencies can be treated by
transplanting the appropriate normal tissue, but this is
limited by the availability of compatible tissue and the
problems of graft rejection. The major theoretical advantage
of gene therapy over enzyme or factor replacement is that
genetically altered cells may produce a protein in the body
continuously at therapeutic, non-toxic levels, and a single
treatment may provide a permanent cure. With the application of molecular genetics and new approaches to identify
and characterize disease-related defects, the treatment of
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human diseases by gene transfer has now moved from the
theoretical to the practical realm.
PRINCIPLES

OF GENE THERAPY

Gene therapy requires isolation of the appropriate genes
and definition of their regulatory regions. It is then necessary
to identify and collect appropriate target cells and to develop
safe and efficient methods for introducing foreign genes.
Finally, there must be experimental evidence to ensure that
the inserted gene functions adequately fora long period.
The risk assessment process must seek to determine and
evaluate the probable safety and effectiveness of this
treatment.
One form of gene therapy is gene correction, i.e. specific
removal of a mutant gene sequence from the genome and
its replacement by a normal functional equivalent. Gene
correction has until now been difficult owing to a poor
understanding of cell targeting and homologous recombination. More established therapies are those of gene
augmentation, i.e. approaches that modify the content or
expression of mutant genes in defective cells by introducing
cloned normal genetic sequences, thus compensating for
non-functional or malfunctioning genes.
Even though multifactorial
genetic diseases such as
diabetes mellitus, epilepsy and coronary heart disease are
more prevalent, research in gene therapy has focused
primarily on the simplest kinds of genetic diseases such as
haemophilia B, familial hypercholesterolaemia
(FH) and
severe combined immunodeficiency which involve single
gene defects (Table 1).2 Gene therapy is also being attempted
for the treatment of acquired disorders, such as cancer,
infections,
cardiovascular
disorders
and degenerative
diseases of the nervous system.
APPROACHES

TO GENE THERAPY

Two general strategies are used to deliver genes to specific
tissues and correct genetic defects:
Cell-mediated transfer or the ex vivo approach
The target cells are removed from the body, and a normal
gene is then introduced in vitro by one of the gene delivery
methods. The genetically reconstituted cells are then transplanted to a physiologically relevant site in the body.
Direct gene transfer or the in vivo approach
The therapeutic gene is introduced directly into the affected
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TABLEI. Human genetic disorders due to single gene defects
Disorder

Clinical manifestations

Molecular pathology

Candidate therapeutic gene

Cystic fibrosis

Airway obstruction and
inflammation, chronic mucus
production, recurrent infections
and ultimately respiratory failure

Ion transport defect due to
mutation in the CFTR gene

Cystic fibrosis transmembrane
conductance regulator (CFTR)

Duchenne's muscular dystrophy

Progressive myopathy of skeletal
and cardiac muscles

Absence of dystrophin from
transverse tubules of muscle fibres

Dystrophin

Emphysema

Chronic obstruction to airflow in
lungs due to destruction of the
alveolar septa by elastase

Absence of the serum protease
inhibitor: ,11- antitrypsin

«I-antitrypsin

Familial hypercholesterolaemia

Premature and accelerated
coronary atherosclerosis

Elevated plasma levels of
cholesterol and LDL due to
receptor dysfunction

Low density lipoprotein
(LDL) receptor

Gaucher's disease

Hepatosplenomegaly, anaemia
and bone erosions

Accumulation of glucosylceramide
in reticuloendothelial cells due to
lysosomal deficiency of
'~-glucocerebrosidase

~-glucocerebrosidase

Haemophilia A

Disorder of blood coagulation

Deficiency of factor VIII

Blood clotting factor VIII

Haemophilia B (Christmas
disease)

Disorder of blood coagulation with
risk of spontaneous haemorrhage

Deficiency of factor IX

Blood clotting factor IX

Huntington's disease

Choreoathetotic movements and
progressive dementia due to
atrophy of caudate nucleus and
putamen

Striking decrease otr-amino
butyric acid (GABA)

Glutamic acid decarboxylase

Lesch-Nyhan disease

Mental retardation due to
hyperuricaemia

Deficiency of salvage enzyme
HPRT, resulting in a rise in
5' -phosphoribosyl-l-pyrophosphate
which leads to overproduction of
uric acid from purines

Hypoxanthine phospho ribosyl
transferase (HPRT)

Phenylketonuria

Progressive impairment of cerebral
functions due to elevated phenylalanine in blood and urine

Impaired conversion of phenylalanine to tyrosine due to deficiency
of phenylalanine hydroxylase

Phenylalanine hydroxylase

Retinoblastoma

Malignant tumour of retinal cells

Inactivation of Rb gene due to
deletions, insertions or point
mutations

Retinoblastoma (Rb)

Severe combined immunodeficiency

Gross functional impairment of
both humoral and cell-mediated
immunity leading to susceptibility
to microbial infection

Defect in development of immunocompetent cells due to deficiency
of ADA, an enzyme of purine
metabolism

Adenosine deaminase (ADA)

Sickle cell anaemia

Severe anaemia associated with
defect in growth and development

DefectiveB-chain of haemoglobin
in which Glu+is replaced by Val

~-globin

p-thalassaemia (Mediterranean
disease)

Congenital haemolytic anaemia
due to reduction in the quantity of
haemoglobin in erythrocytes

Diminished formation of~-globin
chain of haemoglobin

~-globin

tissue without removing cells from the body. This requires
specially designed vehicles for cell-specific gene targeting.
TYPES OF GENE THERAPY
These include:
1. Somatic cell therapy: The insertion of a therapeutic gene
into somatic cells (non-germ cells).
2. Germline therapy: The introduction of a foreign gene
into germ cells, i.e. the sperm, ovum or fertilized eggs,
resulting in their expression in both somatic as well as
germ cells.
Germline therapy is not yet a suitable option because the

new genes would be passed from one generation to the
next-a
prospect that raises serious ethical concerns.
Currently, gene therapy is limited to ex vivo engineering of
only a select group of somatic tissue. This affects only the
treated patient with no risk to future generations.
ANIMAL MODELS

AND TARGET

CELLS

Animal models
Like other preliminary newer methods of treatment, gene
therapy involves studies in experimental animals. A good copy
of a gene may be introduced into appropriate animal cells,
although such a model, which mimics the newer features of
certain diseases, may help in evaluating and optimizing
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alternative treatment methods. However, a special problem
faced by researchers in this area is that there are only a few
laboratory animal models for single gene defects that affect
humans. These include the dog model for haemophilia B,3
Watanabe rabbits for FH4 and the mdx mouse for
Duchenne's muscular dystrophy (DMD).5.6
Target cells
Only certain cells are considered suitable for ex vivo genetic
manipulation. A target cell should be strong enough to
tolerate laboratory handling, capable of being removed and
returned to the body with relative ease and should have a
long life to avoid the need for repeated treatment. It may
be advantageous to enrich one cell population using affinity
matrices against cell-surface markers. Examples of the cell
types that meet these criteria are: skin fibroblasts, myoblasts,
hepatocytes and bone marrow cells (Table II). Thus, diseases
that can be treated by manipulating such cells are amenable
to gene therapy. For example, genetic alteration of bone
marrow cells may be aimed at correcting defects in those
cells or their progeny in thalassaemias. Genetic manipulation
of skin fibroblasts may be useful for the synthesis and
secretion of proteins that are normally made in one cell type
and transported via the blood to act on or for use by other
cell types as in haemophilia B. Genetically altered fibroblasts
may also be used to correct neurological disorders such as
Parkinson's disease although they are extremely difficult to
handle. The implanted fibroblast cells can secrete essential
factor(s) required for the normal functioning of the brain.
METHODS OF GENE DELIVERY
One of the major obstacles to gene therapy has been the
efficient transfer of genes to target tissues. A therapeutic
gene, usually in the form of a supercoiled plasmid, can be
delivered into target cells by a variety of physical, chemical
and biological methods (Table III) which can be used either
individually or in combination.
Physical methods. DNA is transferred to target cells either
by parenteral injections," directly by microinjection.? or as
an aerosol" via liposomes. A gene can also be administered
by exposing cells to rapid pulses of high voltage current
(electroporation)? or by a direct assault using DNA-coated
microparticles (gene gun);'?
Chemical methods. Many copies of DNA carrying the
healthy gene are mixed with charged substances such as
calcium phosphate, II DEAE-dextranl2 or cationic liposomes-'
and overlayered on to recipient cells. These agents then
disturb the cell membrane and thus allow the DNA to be
internalized.
The main advantage of these methods is that there is no
co-transfer of undesirable extra-viral sequences to target
cells. Their disadvantages are poor efficiency of gene transfer
and short term persistence of the transferred genetic material
into target cells. As a result, their use has been confined to
a few laboratory studies. Recent findings with some new
cationic liposomes indicate that they may be used as an
alternative to viral vectors. The use of immunoliposomes'"
is also likely to improve the performance of liposomemediated gene delivery.
Biological methods
Viral vectors. This is the most promising gene delivery

TABLEII. Target cells for gene delivery
Somatic cells
Fibroblasts, myoblasts, hepatocytes, keratinocytes, pulmonary
epithelial cells, endothelial cells, haematopoietic stem cells, neurons,
glial cells, tumour infiltrating lymphocytes
Germ cells
Sperm, ovum, fertilized eggs

TABLEIII. Methods of gene delivery
Physical
Parenteral injection
Microinjection
Aerosol
Electroporation
Gene gun
Chemical
Calcium phosphate
DEAE-dextran
Liposomes
Biological
Viral vectors
Retrovirus
Adenovirus
Neo-organ implants.
Tissue transplantation
Human artificial chromosome
Others
Receptor-mediated delivery
Virally directed enzyme prod rug therapy

system studied so far. Although many viral expression
systems exist, there are two mainstream candidate vectors
currently being developed specifically for gene therapy.
These are based either on retroviruses or adenoviruses.
At present,
the murine Moloney leukaemia virus
(MuML V)-based retroviral vectors are the most widely used
in experimental and clinical trials. 15 These vectors are
constructed by deleting the structural genes required for
viral replication from the retroviral genome, but retaining
a sequence required for viral packaging. The therapeutic
gene is then cloned into the deleted region of the retrovirus
and introduced into a packaging (helper) cell-line that
expresses the essential structural g.enes (but lacks a packaging signal). Virions recovered from the culture supernatant
of cells are replication-defective
and low in titre (105-107
pfu/ml). When such 'safe' recombinant viruses enter a
cell, the RNA genome is reverse transcribed, its DNA
product becomes integrated into the host genome and
eventually expresses the therapeutic gene. Dividing but
undifferentiated cells are appropriate targets for retroviral
vectors. These!" have been used in the clinical trials of FHI7
and immunodeficiency, 18 as well as in animal models to
correct haemophilia B19.20 and Gaucher's disease (GD).21
Of late, adenoviral vectors have also been tried in gene
therapy strategies.F The E1A region of the linear doublestranded genome which is responsible for viral replication
and gene expression, can be deleted and replaced with
therapeutic genes. The replication-defective
virus is first
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propagated in the human kidney cell-line 293 which supplies
the EIA gene products in trans. High titre virion preparations (1011_1012pfulml) from the cell Iysates are used for
the efficient transfer of therapeutic genes into both dividing
and quiescent cells. One of the major drawbacks of the
adenoviral vector is that it does not get integrated into the
host genome and is therefore lost from target cells. These
vectors have been widely used in experimental animals for
correcting genetic diseases such as FH,23 haemophilia B,3
and for emphysema> and cystic fibrosis25.26because of their
tropism for the respiratory epithelium. Recently, adenoviral
vectors have also been used in a clinical trial for cystic
fibrosis."
Neo-organ implantsP-e' Nee-organs are the end-result
autologous implants of genetically engineered cells (such as
skin fibroblasts) within the body. They are made from fibres
of polytetrafluoroethylene
(PTFE) coated with collagen type
I and basic fibroblast growth factor. The fibres are arranged
as a loose mesh in a Petri dish on which the geneticallymodified primary fibroblasts are seeded in the presence of
collagen. Within 3-5 days, the cells pack densely around
the PTFE backbone giving rise to a lattice-like appearance. These structures are surgically implanted into the
peritoneal cavity of experimental animals. After several
months, the implants acquire a vascularized pedicle with a
structure that resembles nerves and can grow to as much as
half the size of the liver. Neo-organs have been successfully
used to cure lysosomal storage disease in MPS VII mice
deficient for the lysosomal hydrolase {3-glucuronidase.
Further, neo-organ implants producing human [j-glucuronidase in dogs have been demonstrated to be functionally
active for up to one year. Long term expression of erythropoietin has also been achieved in the mouse using such
autologous implants.
Human artificial chromosome (HA C). 30 An HAC is a large
piece of laboratory-engineered
natural human chromosomal
DNA which carries the therapeutic gene. The HAC incorporates all the information necessary for its replication
and non-random segregation during cell division. When
delivered to a host cell, HACs form a new chromosome in
the daughter cells without integrating into the host genome.
Thus, the risks arising from random insertion into the host
chromosome or expression of viral genes as in the case of
some viral vectors, are non-existent. A complete understanding of the structural requirements and partitioning
behaviour of a functional chromosome during cell division
will be essential before HACs can be used for gene therapy.
Others
Receptor-mediated gene transfer. 31 This is accomplished
by linking therapeutic DNA (in plasmid form) to a protein
ligand via a polylysine spacer. Protein Iigands act like homing
molecules for a specific cell-type and permit efficient binding, internalization and degradation of the endosome before
the conjugated DNA is damaged. A protein ligand may be
an antibody against a cell surface protein (e.g. CD4) or a
host protein such as erythropoietin or asialofetuin (which
binds to highly specific membrane receptors on target cells).
It may be a viral protein or a viral mimetic for which natural
receptors exist on the surface of certain cells. Though
receptor-mediated gene transfer puts no limit on the size of
the DNA molecule to be linked and permits highly efficient
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gene transfer and expression in vitro, its efficiency in vivo
remains to be tested.
Virally-directed enzyme-prodrug therapy (VDEPT).32 The
protective response of the body to tumour cells may be
improved by inserting drug-activating genes into tumours
by a novel process called VDEPT. This involves ligation of
the promoter region of a gene (expressed in the tumour
cells) to an enzyme gene that is capable of converting a
prodrug into a cytotoxic agent that can eliminate tumour
cells. In one such attempt, the e-foetoprotein promoter was
used for the hepatic expression of the enzyme cytosine
deaminase which can convert the prod rug fluorocytosine to
the cytotoxic drug fluorouracil. A better understanding of
the regulatory elements of tissue-specific gene expression is
likely to enhance the efficacy of this strategy.
ANTISENSE

THERAPy33

Antisense or antigene therapy of genetic diseases caused
by aberrant gene expression is an exciting possibility. In
principle it should be possible to inhibit, reduce or even
stop the production
of a particular gene product by
hybridization of a single-stranded
deoxyoligonucleotide
complementary to an accessible sequence in the mRNA, or
a sequence within the transcript which is essential for
pre-mRNA processing. Usually, oligonucleotides between
11 and 15 base lengths are able to bind a specific sequence
in a cell. Oligonucleotides inhibit the replication of several
viruses and expression of a large number of normal cellular
genes, oncogenes and transiently transfected genes in
culture.
CLINICAL

APPLICATIONS

Cystic fibrosis
Liposomes have been used to deliver the cystic fibrosis
transmembrane
conductance regulator (CFTR) gene into
airways of the CFTR knock-out mice (cflcf) by nebulization.25 Full restoration of cAMP-related chloride responses
were seen in some animals with a variable degree of
correction. No side-effects were observed in liposomemediated gene transfer. A clinical trial was conducted in
the United Kingdom on 9 patients using the liposomepackaged CFTR gene. 34 Though the results were only partly
successful, it provided an insight into the safety, efficacy
and dose-effect of liposorne-mediated gene transfer.
In yet another report, 3 patients with cystic fibrosis were
treated with recombinant adenoviruses encoding CFTR. 26
The viral vectors were directly administered (by the in"!
vivo approach) to a defined area of the nasal epithelium.
After treatment,
the elevated
basal transepithelial
voltage decreased with restoration of the cAMP-dependent
response. There was no evidence of replication of the viral
vector or virus-associated adverse effects.
Duchenne's muscular dystrophy
As the dystrophin gene is very large (14 kb transcript;
427 kDa gene product), it cannot be accommodated in the
retro- or adenoviral vectors currently in use. To solve this
problem, dystrophin mini-genes have been constructed that
can functionally replace dystrophin in the mdx mouse. 6,35,36
Mini-dystrophin when introduced is correctly located in the
sarcolemma of muscle fibres of these animals with the restoration of dystrophin-associated
proteins in these fibres.
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Clinical studies have been carried out on 8 DMD patients
by intramuscular injection of donor myoblasts with normal
dystrophin.F Expression of the dystrophin gene was
confirmed, using PCR amplification of biopsy samples, in
at least 3 patients one month after transplantation. As the
expression level was low and localized, transplantation of
normal myoblasts lacks the potential to treat tissues other
than the skeletal muscle which may be affected by dystrophin
deficiency. A higher efficiency of gene transfer should be
possible using viral vectors=" because up to 50% of fibres
in the skeletal muscle of mdx mice have been found
to express the dystrophin mini-gene.
Familial hypercholesterolaemia
Gene therapy for FH has been initiated using an ex vivo
approach" by transducing hepatocytes either with adeno- or
retroviral vectors carrying normal copies of the low density
lipoprotein (LDL) receptor gene. The protocol has been
extensively tested in the Watanabe rabbit model" as well as
in baboons and dogs.P? Clinical studies have been carried
out on one patient with FH by transferring autologous
hepatocytes genetically corrected for the LDL receptor gene
using a recombinant retrovirus. 17The results were encouraging as the recipient showed a significant decline in serum
cholesterol levels which remained stable during 18 months
of treatment.
Gaucher's disease
Retroviral vectors that produce human ~-glucocerebrosidase
mRNA have been used to transduce the gene into mouse
haematopoietic stem cells. Expression of the human gene
was confirmed in these animals 4-7 months after transplantation and a several-fold increase in the endogenous
enzyme activity observed in spleen cells and macrophages."
Allogenic bone marrow transplantation
has resulted in
disease correction in some patients.f Clinical trials are in
progress using genetically reconstituted bone marrow cells
with a retroviral vector."
Severe combined immunodeficiency

(SCID)

Preclinical studies on gene therapy for SCID have been
conducted in a rhesus monkey model.F CD34+ stem cells
transduced with a retroviral vector carrying the adenosine
deaminase (ADA) gene were reinfused into monkeys.
ADA gene expression was seen both in granulocytes and
T lymphocytes.
The first approved clinical trial for gene therapy was
conducted at the National Institutes of Health, USA for the
correction of ADA deficiency in a four-year-old girl suffering
from SCID.18 For the gene therapy regimen, she received
an intravenous infusion of her own T cells transduced with
a retroviral vector carrying the ADA gene. She received
seven follow up infusions over a period of ten-and-a-half
months and was maintained on weekly polyethylene glycol
(PEG)-conjugated ADA injections. A vast improvement in
her immune function and clinical condition was observed.
She is now well and receives an infusion of the ADA gene
every 3 to 5 months (because of the short life span of
T cells) along with PEG-ADA injections. No major sideeffects were reported. Another trial by the same group,
which began in early 1991, has also shown promising results.
Clinical trials are also in progress in Italy and in the
Netherlands using a similar protocol.

Haemoglobinopathies
~ -thalassaemias and sickle cell anaemia are amongst the
most common single-gene disorders throughout the world
and their treatment relies on regular erythrocyte transfusions. Allogenic bone marrow transplantation has been
used but with limited success. Insertion of a normal f3-globin
gene into erythrocyte precursor cells is a distinct possibility
but a very high level of expression of the introduced gene
would be required (~-globin constitutes 7% of the red cell
weight). Several laboratories have demonstrated f3.4globin
retroviral transfer in the murine haematopoietic stem cells
but globin expression still ranged from 1-5% of the endogenous level. 43 Attempts are being made to increase the
level of ~-globin by employing different strategies, such as
changing the regulatory regions of the globin gene or using
new viral vectors that do not undergo rearrangement in the
host cells. 43Gene transfer of human globin genes into human
haematopoietic progenitors via viral vectors is in progress.
Indirect gene therapy using the erythropoietin gene has
also been tried in ~-thalassaemic mice with some success.
Erythropoietin is known to induce the expression of foetal
globin gene which in turn can substitute for adult ~-globin
in haemoglobin.
ETHICAL

ISSUES44

It is important to ensure that gene therapy remains a medical
procedure for the treatment of serious diseases. There is
now a consensus that it is an ethical therapeutic option and
is based on conventional risk-benefit analyses for individual
patients. Considerable controversy exists whether or not
germline therapy will be ethical. The issues are not only
medical but also sociological, theological and philosophical.
One of the main questions raised is: Do infants have the
right to inherit an unmanipulated genome? The medical
concern is that genetic manipulation of the germline could
damage future generations increasing the risk of a germline
mutagenic event. Therefore, until it is possible to correct
the defective gene by homologous recombination rather than
by just inserting a normal copy of the gene elsewhere in the
genome, germline therapy will continue to elude medical
scientists. Considerable experience with germline manipulation in animals and somatic cell gene therapy in humans is
essential before starting germline therapy in humans.
THE FUTURE
Gene therapy is poised for rapid advances. Somatic cell
transplantation and the biology of cells that contribute to
reconstitution by producing proteins otherwise foreign to
the host need to be better understood. The methods to
control the immune response of the host with respect to a
therapeutic gene product will also need further study. The
improvement of gene transfer techniques, especially for
in situ gene delivery, is important. The design of vectors that
can do cell-specific targeting, insert genetic information at
a safe site in the genome, and be regulated by normal
physiological signals poses a major challenge to those in the
field. Researchers are devising ingenious applications of
gene transfer so that gene therapy may be applied to a broad
range of diseases. In future, gene therapy will not only be
used to cure genetic disorders but also provide protective
genes to prevent disease.
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