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Gene Therapy for Diseases
of the Nervous System

JAMES FICK, MD, and MARK A. ISRAEL, MD, San Francisco, Califomia

Advances in molecular biology and recombinant DNA technologies have contributed to our under-
standing of the molecular basis of many diseases. Now the possibility of gene transfer into normal cells
to produce a gene product of therapeutic potential, or into diseased cells to correct the pathologic al-
teration, promises to revolutionize medical practice. In contemporary medicine, many therapeutic
strategies focus on the link between a biochemical deficiency and the ensuing disorder. The treatment
of noninfectious disease is often based on replacement therapy; medication is given to compensate
for biochemical defects and to prevent or reverse the progression of disease. Although conventional
therapies seldom alter the fundamental cause of a disease, gene therapy potentially could correct, at
a molecular level, the genetic abnormalities contributing to its pathogenesis. Treatment directed at
specific molecular alterations associated with the development of neurologic disease provides expec-
tations of more effective and less toxic therapy. The development of gene therapy for nervous system
tumors has progressed rapidly and may be prototypical in the development of therapies for inherited
and acquired disorders of the nervous system. We describe possible strategies for using gene therapy
to treat nervous system disorders, and we review recent advances in gene therapy for nervous system
tumors.
(Fick J, Israel MA: Gene therapy for diseases of the nervous system, In Neurology-From Basics to Bedside [Special
Issue]. West j Med 1994; 161:260-263)

T hree decades ago, scientists developed techniques
that enabled them to manipulate the genome of bac-

teria. Soon afterwards, advances permitted researchers
to clone and then transfer genes into animal cells. It was
during that time that progress in research laboratories fu-
eled speculation that gene transfer might one day be used
to treat disease in human patients. Gene transfer tech-
niques have now established a foothold in modem clini-
cal medicine,'`8 and investigational gene therapy trials are
under way for a variety of human diseases.9"'7

Disease in the nervous system can have dire conse-
quences for a stricken patient; those afflicted can be left
immobile without sight, speech, or memory. This devas-
tation occurs over the spectrum of neurologic disease,
from the degenerative to the neoplastic forms. Distress-
ingly, these particular diseases have defied modem thera-
peutics. For all of those reasons, gene therapy for disease
of the nervous system has drawn the attention of re-
searchers and clinicians alike.

Gene Therapy for Inherited Disease
The ideal design of a gene therapy strategy would first

take into account the molecular basis of a disease process

and then effectively tailor gene transfer techniques to mit-
igate toxicities and improve the effectiveness of existing
therapies. A successful example of this strategy is pro-
vided by the efforts of investigators at the National Insti-
tutes of Health who developed a somatic cell gene therapy
approach for the treatment of the severe combined immu-
nodeficiency syndrome resulting from adenosine deami-
nase (ADA) deficiency.410-'317 Patients afflicted with ADA
deficiency can be cured by matched bone marrow trans-
plants providing immune cells with normal ADA levels.
On that basis, it was proposed that the transfer of the hu-
man ADA gene into T lymphocytes from ADA-deficient
patients might have the same effect.4 An investigational
approach was then designed in which mononuclear cells
were isolated from the blood of patients with ADA defi-
ciency, stimulated to proliferate in tissue culture, infected
with a retroviral vector carrying the human ADA gene,
and then returned to the patient.10"2 Current reports of
these patients' status indicate that this treatment approach
may be efficacious.'7

Key to the success of that strategy was the identifica-
tion of a disease that resulted from a mutation in a single
gene encoding an enzyme vital to the function of a recog-
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nizable class of cells. The isolation of T lymphocytes
from a patient, the growth of those cells in tissue culture
where conditions favoring efficient gene transfer could be
maintained, and the return of cells expressing the desired
gene back to the patient where they would resume their
normal functions were all required for this strategy to suc-
ceed. Unfortunately, the use of this approach as a model
of gene therapy for nervous system disease is, for many
reasons, a formidable task.

Among currently recognized neurologic disorders,
variations in the age of onset, the severity of disease at
presentation, and the time course of disease progression
suggest that the causes of disease may be multiple. It
is also possible that several genetic alterations may con-
tribute to a specific disease, and the effects of those
changes may be independent of each other. Before effec-
tive gene therapy strategies can be designed to treat these
diseases, the genes contributing to their development and
the metabolic pathways mediated by the products of those
genes will have to be better understood.

The challenge in the study of Huntington's disease is
a case in point. Last year the Huntington's Disease Col-
laborative Research Group reported the cloning of a new
gene, named ITMS, from patients with this neurodegener-
ative disorder.'8 An expanded, unstable CAG trinucleotide
repeat sequence was found in the 5' coding region of the
gene, and the length of the repeated sequence was found
to correlate with the age of disease onset. Research is now
focused on establishing the relationship between this tri-
nucleotide repeat expansion, the function of the ITIS
gene, and the characteristic degeneration of neurons
found only in the caudate and putamen in patients with
Huntington's disease.'8 Treatment of the disease may have
to address why neuronal degeneration occurs only in a
particular location in the brain despite widespread expres-
sion of the protein encoded by the IT15 gene. Although
the neurons in the basal ganglia would be a logical target
for gene therapy, gene transfer techniques cannot yet se-
lectively target a class of neurons in a defined location; as
specific cells in the nervous system have discrete func-
tions, nonselective gene transfer could result in a certain
class of cells gaining an inappropriate new characteristic
that has adverse effects on their normal function.

Investigators pursuing approaches focused on devel-
oping new vectors for gene transfer to cells of the nervous
system have turned to adenoviruses and neurotropic
viruses, such as the herpes simplex virus."l' In each case,
it has been possible to show that foreign genes can be de-
livered to a variety of cell types in rodent brains, but ad-
vances in gene delivery techniques and knowledge about
the mechanisms regulating the expression of transgenes
in host tissue will be required before selected populations
of cells in the nervous system can be targeted for gene
therapy.

Somatic Cell Gene Therapy for
Neurodegenerative Disease

Creative somatic cell therapies have been developed
to circumvent the limitations of gene transfer into nervous

system cells. These strategies have been used in experi-
mental models, and they show promise for the manage-
ment of some neurodegenerative diseases. Fibroblasts
genetically modified to secrete nerve growth factor have
been shown to prevent the death of cholinergic neurons
when implanted into the brain after a surgical lesion was
placed in the fimbria-fornix.2' A pilot case in which nerve
growth factor was infused into the lateral ventricle in a pa-
tient with Alzheimer's disease showed results that in-
cluded increased cortical blood flow, normalization of
electroencephalographic abnormalities, and improvement
in some psychological tests.-' These findings suggest that
somatic cell approaches to gene therapy that lead to in-
creased delivery of nerve growth factor may play an im-
portant role in therapeutic strategies designed to limit the
loss of basal forebrain cholinergic neurons in patients
with Alzheimer's disease.' A similar approach has been
shown to be effective in reducing abnormal neurologic
activity resulting from the destruction of nigrostriatal
pathways in rodent models of Parkinson's disease after
transplantation of cells modified to produce levodopa.r

Although these therapies do not address the mecha-
nisms that initiate neurodegenerative disorders, they pro-
vide experimental evidence that the delivery of trophic
factors and substrates by genetically modified somatic
cells can alter disease progression and open new avenues
for further clinical investigation. A gene therapy strategy
modeled after the ADA protocol could play a role in de-
livering neuronal growth factors to the nervous system of
patients with neurodegenerative disease. Cells from vari-
ous tissues could be removed from a patient, be grown in
tissue culture where they could be stimulated to replicate,
be genetically modified with retroviral vectors carrying a
gene of therapeutic importance, and then be implanted
into a brain with the intent to increase the local delivery
of biologically active molecules.?-

Gene Therapy for Brain Tumors
The challenges that must be addressed in the design of

gene therapy protocols for nervous system disease in-
clude the lack of knowledge about the genetic changes
that lead to disease, the complexity of the structure and
function of the nervous system, the limitations of effec-
tive techniques to deliver genes to the nervous system,
and the possible toxicities of available vectors. For several
reasons, these limitations have had less effect on the de-
velopment of gene therapy strategies to treat tumors of
the nervous system. First, most brain tumors are localized
masses of proliferating cells surrounded by normal, post-
mitotic brain tissue; therefore, retroviral vector-mediated
gene transfer can be selective for replicating tumor cells
and can spare normal brain. Second, insertional mutagen-
esis is less of a concern when neoplastic cells are the tar-
get for gene transfer. A gene therapy strategy known as
viral-directed enzyme prodrug therapy has used retroviral
vectors to eliminate some types of experimental brain tu-
mors in rodent models.?' The basis of this approach is
straightforward: a gene encoding an enzyme that converts
an inactive prodrug into a therapeutically active metabo-
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lite is transferred selectively into tumor cells. This en-
zyme can then mediate a cytotoxic effect in the infected
cell. A key feature of this therapy is that retroviral vector-
mediated gene transfer requires dividing cells,37-39 and in
the nervous system the most actively dividing cells are tu-
mor cells.

To date, the most extensively studied strategy of viral-
directed enzyme prodrug therapy for brain tumors has
used a recombinant retrovirus vector into which the gene
encoding the enzyme thymidine kinase from the herpes
simplex virus (HSVtk) has been inserted. Following retro-
viral vector infection of a tumor cell, the HSVtk gene is
incorporated into the host cell genome. The thymidine ki-
nase of mammalian cells does not have a high affinity for
certain nucleoside analogues, such as the antiviral drug
ganciclovir, that the HSVtk enzyme will avidly phosphor-
ylate. These phosphorylated analogues can be incorpo-
rated into the cellular genome during DNA replication,
leading to tumor cell death. Because ganciclovir is not a
substrate for the mammalian thymidine kinase, this drug
does not harm normal cells when given in therapeutic
doses.

The efficiency of retroviral-mediated gene transfer
into tumor cells following the direct inoculation of retro-
viral vectors into intracerebral tumors in rodents is rarely
greater than 1%. When xenografted tumors are injected
with a murine fibroblast cell line producing recombinant
retroviral vectors containing a marker gene, the percent-
age of tumor cells expressing the marker gene can be in-
creased to 10%.4 Although this suggests that only 10% of
a tumor could be killed with ganciclovir therapy, it has
been shown that, in some tumor models, cell death after
infection with the HSVtk-containing retrovirus and treat-
ment with ganciclovir far exceeds the number of cells that
express the HSVtk gene. It has been shown that tumors in
rodents could be eliminated after treatment with ganci-
clovir when as few as 10% of the cells expressed the
HSVtk gene.3" This is referred to as the "bystander effect,"
but the mechanism of this phenomenon is not known.4"'
Evidence for the bystander effect has also been observed
by several groups using the HSVtk and ganciclovir gene
therapy strategy to treat a variety of tumor types in animal
models.' To date, no evidence of toxicity to the normal
brain in animals treated with this gene therapy strategy
has been reported, and this suggests that the toxicity from
the bystander effect is tumor-specific. Also, toxicity to or-
gans outside the nervous system has not been detected,
and no retroviral vector-induced secondary malignant
neoplasms have occurred.35

When it is successful in animal models, the viral-di-
rected enzyme prodrug therapy approach for treating ex-
perimental brain tumors appears to offer several possible
advantages over the conventional therapies for brain tu-
mors in human patients. The median survival of a patient
with the most malignant type of glioma, glioblastoma
multiforme, has remained at about a year over the past
two decades, despite the development of treatment strat-
egies that combine surgical therapy, irradiation, and
chemotherapy.49 For a patient with a newly diagnosed ma-

lignant glioma, the long-term prognosis is bleak because
the natural history of this disease is one of unrelenting tu-
mor growth with invasion of the surrounding brain that
can be accompanied by symptoms of increased intracra-
nial pressure and loss of neurologic function. Treatment
is hampered by the invasive nature of this tumor, which
makes it difficult to achieve a complete surgical resection
and limits the radiation dose that can be used to treat
residual tumor in infiltrated but normally functioning
brain. The effectiveness of chemotherapy for patients who
have brain tumors can be reduced by acquired drug resis-
tance during therapy and the associated bone marrow sup-
pression and organ toxicity. Also, reductions in the dose
and frequency of drug administration may be required be-
cause of the age or medical condition of the patient. In
contrast, retroviral-mediated gene transfer is selective for
tumor cells in animal models, and there is no systemic
toxicity associated with the administration of the prodrug
ganciclovir. Although the bystander effect results in the
death of a greater number of tumor cells than would be
predicted by the number of cells that express the HSVtk
gene, this toxicity appears to remain tumor-specific.
Whether the success of this approach can be duplicated in
human patients remains an open question.

Summary
In this review we have focused on the challenges of

designing gene therapy protocols for the treatment of neu-
rologic disease. An important goal of gene therapy will be
to correct the phenotype of diseased tissue by altering the
mutated genotype. Initially most gene therapy protocols
may be designed to augment conventional therapies, as
gene therapy could be most useful in conjunction with
other therapies of proven efficacy. This will certainly be
the case for the treatment of cancer of the nervous system
as multimodality approaches predominate in current prac-
tice. Some gene therapy approaches may prove to be su-
perior to standard therapy, whereas others may provide
insights into mechanisms that could be exploited in the
design of new therapies. The viral-directed enzyme pro-
drug gene therapy strategy has been shown to eliminate
experimental brain tumors in animals. Although the
mechanisms responsible for tumor cell death are not com-
pletely understood, this toxicity appears to be restricted
to the tumor without effect on normal brain tissue. That
capability has previously eluded researchers and sug-
gests that knowledge regarding the molecular mecha-
nisms that mediate both the pathogenesis of nervous
system disease and the available therapeutic tools could
provide key opportunities to devise more effective and
less toxic therapies.
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