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Germ-Line Gene Modification and Disease
Prevention: Some Medical and Ethical Perspectives

Nelson A. Wivel and LeRoy Walters

There has been considerable debate about the ethics of human germ-line gene modifi-
cation. As a result of recent advances in the micromanipulation of embryos and the
laboratory development of transgenic mice, a lively discussion has begun concerning both
the technical feasibility and the ethical acceptability of human germ-line modification for the
prevention of serious disease. This article summarizes some of the recent research on
germ-line gene modification in animal models. Certain monogenic deficiency diseases that
ultimately might be candidates for correction by germ-line intervention are identified.
Several of the most frequently considered ethical issues relative to human germ-line gene
modification are considered in the context of professional ethics, parental responsibility,
and public policy. Finally, it is suggested that there is merit in continuing the discussion
about human germ-line intervention, so that this technique can be carefully compared with
alternative strategies for preventing genetic disease.

There has been considerable discussion
about the merits and risks of germ-line gene
modification in humans (I). Previous pub-
lications make it clear that this is a topic
that readily provokes debate (2, 3). One of
our aims is to review some of the scientific
advances that contribute to the develop-
ment of the technology necessary for germ-
line gene transfer. A second aim is to
identify some life-threatening diseases that
could be candidates for germ-line interven-
tion, and a third is to consider some of the
complex ethical quandaries that necessarily
attend decisions about deliberate alteration
of the human germ line.

Types of Potential Human Genetic
Intervention

One framework for discussing human genet-
ic intervention distinguishes four categories
of procedures according to their goals and
target cells (4). Type 1 is somatic cell gene
therapy; as applied to the treatment or
prevention of disease, this type of interven-
tion involves the correction or attempted
correction of genetic defects in.any of the
cells of the body, with the exception of the
germ or reproductive cells. Given the re-
cent developments in the field of somatic
cell gene therapy, it is appropriate to en-
large the definition to include the fact that
genes can be introduced into cells to pro-
vide a new function. One example of such
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an approach involves the insertion of cyto-
kine genes, such as interleukin-2, tumor
necrosis factor, or granulocyte-macrophage
colony-stimulating factor, into a patient’s
malignant cells to produce an immune re-
sponse (the production of cytotoxic T cells
that are specifically targeted to the tumor).

Type 2 genetic .intervention involves
the correction or prevention of genetic
deficiencies through the transfer of properly
functioning genes into reproductive cells.
To achieve the desired results from this
approach, it will probably be necessary to
replace the faulty gene rather than add a
gene, the usual technique in current somat-
ic cell gene therapy. In germ-line alter-
ation, gene addition would be unsatisfacto-
1y because it is not possible to predict the
effects of a mixture of the normal gene and
the mutated gene with respect to regulatory
signals necessary for normal growth and
development (5). Thus, reliable, predict-
able gene replacement is a needed advance
before germ-line intervention can be seri-
ously considered.

Type 3 and type 4 genetic interventions
would involve the use of somatic cell or
germ-line gene modifications, respectively,
to affect selected physical and mental char-
acteristics, with the aim of influencing such
features as physical appearance or physical
abilities. A principal difference in these
uses of genetic modification is that they
could be directed toward healthy people
who have no evidence of genetic deficiency
diseases. Further, type 4 genetic interven-
tion, if successful, could assure that the
enhancement would be passed on to suc-
ceeding generations.

QOur main focus here is on the use of type
2 genetic intervention for disease preven-
tion in individuals and their descendants.
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Whether or not germ-line genetic modifi-
cation for this purpose constitutes eugenics
is beyond the purview of this discussion. As
the following sections will indicate, our
analysis concentrates on serious or life-
threatening somatic disorders in which the
aim of germ-line modification would closely
parallel the traditional goals of health care
and public health. For selected readings on
the definition and history of eugenics, one
can consult the following references (6).

Germ-line genetic modification could be
effected either before fertilization or in the
early postfertilization stages of embryonic
development. Here, we make no attempt to
distinguish between germ-line gene transfer
into preimplantation embryos and gene
transfer into gametes or the cells that pro-
duce gametes. Obviously, these two ap-
proaches involve different developmental
stages. Although many of the ethical ques-
tions surrounding the two approaches are
identical, interventions at the pre- and
postfertilization stages also raise distinct
issues. Given our limited state of knowl-
edge, it is not possible to predict whether
one approach will turn out to be more
advantageous than the others. It must be
acknowledged, however, that at present
most of the experimental work involves
DNA transfer into one of the pronuclei of
the zygote, the delivery of DNA into a four-
or eight-cell embryo by a vector, or the use
of embryonic stem cells.

Scientific Considerations

Much of the scientific infrastructure for
germ-line genetic intervention is being de-
veloped as a result of a variety of approach-
es. In 1980, it was demonstrated that direct
injection of foreign genes into the pronu-
cleus of the fertilized mouse égg, followed
by oviductal implantation of the surviving
zygotes, resulted in the integration and
apparent retention of exogenous genes in
all cells of the newborn animal; the foreign
genes were transmitted to the offspring (7)=
Since that time, transgenic animals (8)
have become a major tool in the study of
genetic disease, developmental genetics,
immunology, oncology, and neurobiology.
Although microinjection has beén a very
useful technique, retroviral vectors have
also been used to insert foreign genes into
the mouse embryo (9).

Another successful approach takes ad-
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vantage of homologous recombination be-
tween a desired DNA sequence and a cho-
sen target gene (10). In the creation of
animal models for human genetic diseases,
inactivation of the target gene or so-called
“gene knockout” has been proven to be a
successful methodology. With the design of
a targeting construct to introduce a termi-
nator codon into a critical coding exon of
the gene, premature translation termina-
tion occurs or critical coding sequences are
deleted from the target gene (I11). After
positive or negative selection procedures
and the identification of cells that show the
desired homologous recombinational event,
the embryonic stem cells are injected into
blastocysts; the blastocysts are then trans-
ferred into the uterus of a foster mouse.
After delivery and maturation, the resulting
chimeras can be mated with appropriate
inbred strains of mice. Thus far, human
diseases that have been modeled in the
mouse by means of this technique include
B-thalassemia, Lesch-Nyhan syndrome,
Duchenne’s muscular dystrophy, sickle cell
anemia, Gaucher’s disease, and cystic fibro-
sis (12). Although the embryonic stem cell
has been of crucial importance for the
development of the mouse models, it re-
mains to be determined if there is an equiv-
alent counterpart in the human system.
Several characteristics of foreign DNA
integration in transgenic mice illustrate the
complexities associated with manipulation
of the embryonic genome. The frequency of
integration is highly variable but may be
increased by linearization of the DNA (13)
and by increasing the number of copies
inserted into the pronucleus (14). Integra-
tion has been associated with deletions,
duplications, and translocations of the
DNA (15). Many studies suggest that inte-
gration occurs randomly in the host ge-
nome, which is a problem in terms of
accurate gene targeting. In the absence of
site-specific integration, there is always the
potential for insertional mutagenesis. The
function of a normal gene could be im-
paired, conversion of a proto-oncogene into
an oncogene could occur, or inactivation of
a tumor suppressor gene could take place.
Although some research focuses on gene
inactivation to create mouse models of dis-
ease, there is also a growing literature that
indicates that the transfer of genes into the
mouse germ line can result in the correction
of specific genetic defects. Shiverer mice
that had a deletion in the gene coding for
myelin basic protein and a phenotype of
tremors and convulsions were successfully
treated by the introduction of the wild-type
gene into the germ line (16). The offspring
of dwarf mice, deficient in the production
of growth hormone, showed a restoration of
normal growth pattern when treated with a
fusion gene of metallothionein and rat
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growth hormone (17). Hypogonadal mice
that lacked a complete gonadotropin-releas-
ing hormone gene and were therefore sterile
exhibited reproductive capability when
treated with the wild-type gene (18). When
administered cloned human B-globin genes,
the offspring of mice with B-thalassemia
showed a loss of the red blood cell abnor-
malities and correction of the anemia (19).

During the past 5 years, researchers have
used the germ-line approach to prevent
several additional human diseases in labo-
ratory animal models. There is now a mouse
model for the human X-linked hereditary
disorder ornithine transcarbamoylase defi-
ciency; the affected mice have sparse fur,
abnormal hair, and abnormal skin. Treat-
ment with the wild-type gene restores the
normal phenotype and restores normal
orotic acid excretion (20). Insulin-depen-
dent diabetes mellitus, present in the
nonobese diabetic (NOD) strain of mice, is
probably of autoimmune origin; there are
defects in genes related to the major histo-
compatibility complex. Transgenic mice
expressing normal gene constructs fail to
develop inflammatory changes in the pan-
creatic islet, and diabetes does not occur
(21). Mucopolysaccharidosis type VII, a
lysosomal storage disease that results from
deficiencies in the stepwise degradation of
glycosaminoglycans, -has also been pro-
duced in a mouse model; the introduction
of a normal human B-glucuronidase gene
into the mice corrected both the phenotype
and the biochemical disorder underlying it
(22). In a demonstration of the thesis that
gene addition can also be effective in the
treatment of cancer, lymphomas were in-
duced in mice with a retrovirus containing
a herpes simplex virus thymidine kinase
(HSV-TK) gene. This HSV-TK transgene
was selectively expressed in lymphoid cells;
when the mice were treated with ganciclo-
vir, almost all of the animals showed com-
plete tumor regression (23).

Even though rapid advances in the study
of germ-line gene transfer in animal models
are a legitimate cause for optimism, several
important technical problems would need
to be resolved before this technology could
be considered for human trials. (i) Any
inserted gene, along with its necessary pro-
moters and regulatory sites, will have to
function normally, with regulated expres-
sion if that is required. (ii) The gene inser-
tion must not cause insertional mutagenesis
so that normal gene function is impaired.
(iii) There must be no lingering effects from
the original gene deficiency. (iv) Finally,
the gene insertion procedure must not in-
duce genetic side effects (24). Other criteria
should also be satisfied before germ-line
gene modification of human disease is at-
tempted. In research that focuses on the
postfertilization stage, there must be suffi-
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cient assurance that the manipulation will
not be lethal to the preimplantation em-
bryo (a mortality rate of consistently less
than 5% in animal systems would be nec-
essary as a preliminary goal); there needs to
be a high efficiency of gene transfer; and the
integration site of the new DNA must be
controlled (25). There is no question that
the aforementioned requirements are strin-
gent, but they pose largely technical prob-
lems that may be accessible to approaches
that are inherently a part of basic research.

Possible Scenarios _for Germ-Line
Intervention

The following two scenarios are intended to
illustrate some of the types of clinical situ-
ations that, in the future, might justify
consideration of germ-line gene modifica-
tion.

1) Both parents are homozygotes who
are afflicted with a recessive genetic disor-
der—that is, both have two copies of the
same gene mutation at a particular locus in
their chromosomes. Therefore, all of their
offspring are likely to be affected with the
same genetic disorder.

This kind of situation is likely to arise as
medical care succeeds in prolonging the
lives of people with genetic disorders such
as sickle cell disease or cystic fibrosis. If
somatic cell gene therapy is used with large
numbers of people afflicted with recessive
genetic diseases, some of the somatic cells
of such people will be able to function
normally, but their reproductive cells will
remain unchanged, thus assuring that they
will transmit their genetic disease to the
next generation. If two such phenotypically
cured people have children, all or almost all
of their children will be afflicted with the
disease that their parents had. Each suc-
ceeding generation of these children will
need somatic cell gene therapy for the
treatment of their disease. One strategy for
dealing with this situation obviously would
be to perform somatic cell gene therapy in
each new generation, preferably early in life
before the disease has caused serious dam-
age. An alternative strategy would be to
perform germ-line modification for disease
prevention in a single generation for each
family line.

2) Both parents are heterozygotes for a
recessive genetic disorder. Each has one
copy of a normal gene and one copy of a
mutated gene at a particular locus in their
chromosomes. If the inheritance is Mende-
lian, 25% of the parent’s offspring are likely
to be normal, 50% are likely to be carriers
like their parents, and 25% are likely to be
afflicted with the genetic disorder. An ex-
ample of a disease in this category is
B-thalassemia. (Similar examples could be
developed for dominant or sex-linked dis-



orders, but the ratios of phenotypic expres-
sion would vary.)

Because these parents have a 75%
chance of having a phenotypically normal
child, one could question the need for even
considering germ-line gene modification in
such cases. Actually, there would be three
options for approaching this situation.
First, screening could be carried out during
the first or second trimester of pregnancy
with chorionic villus sampling or amnio-
centesis, followed by selective abortion.
Second, the use of preimplantation embryo
diagnosis after in vitro fertilization could
provide the necessary information for iden-
tification of a homozygote that presumably
would be discarded. Third, germ-line ge-
netic intervention could be viewed as an
alternative to the first two approaches if the
parents wish to avoid selective abortion or
to avoid producing children who are carri-
ers of genetic defects, even if the children
are not themselves afflicted with genetic
disease. The parents would know that chil-
dren who are carriers might one day face
precisely the kind of difficult reproductive
decisions that they as parents are facing.

Candidate Diseases for Intervention

Although specific genes have been cloned
and characterized in several genetic defi-
ciency diseases, this achievement alone
does not constitute a qualifying indication
for germ-line gene modification. If somatic
cell gene therapy is effective and seems less
likely to introduce new mutations than
germ-line modification, there may be less
justification for the germ-line approach.
Most of the current somatic cell gene
therapy proposals for the treatment of
cancer involve the transduction of cyto-
kine or histocompatibility genes into au-
tologous tumor cells for the purpose of
creating antigenic recognition by the pa-
tient’s T cells. However, there is one type
of malignancy that potentially could be
treated by germ-line intervention. Retin-
oblastoma is a cancer that affects the
retinal germ cells; it accounts for about 2%
of all childhood malignancies. Approxi-
mately 40% of retinoblastoma patients
have bilateral disease and pass the trait to
their children as an autosomal dominant
disorder (26). It was hypothesized origi-
nally that two mutational events are nec-
essary for the development of the tumor.
The first mutation is inherited as domi-
nant trait, and the second mutation is
acquired somatically (27). About 25% of
patients with bilateral disease have visible
deletions involving chromosome 13ql4,
and those with a normal karyotype have
deletions at the RBI locus that are detect-
able by Southern (DNA) blot analysis
(28). Patients with mutations at the RBI

locus also have a higher-than-average sus-
ceptibility to other types of cancers, espe-
cially osteogenic sarcoma (29). Thus, for
the 40% of patients with retinoblastoma
who have a germ-line mutation, germ-line
gene modification would have the poten-
tial of preventing multiple malignancies.

One can also identify monogenic defi-
ciency diseases that would be candidates for
prevention by germ-line gene modification.
Lesch-Nyhan syndrome, Tay-Sachs disease,
and metachromatic leukodystrophy share
certain characteristics: the genes have been
cloned; the mutations have been character-
ized; the central nervous system (CNS) is
the target organ of the pathology; the CNS
lesions are widespread; and the clinical
outcomes are marked by profound disability
and premature death. Somatic cell gene
therapy, if applicable, would almost cer-
tainly require surgical intervention, and it
would be difficult to postulate postpartum
treatment of newborns affected with these
disorders.

1) Lesch-Nyhan syndrome affects about 1
in 10,000 males and has an incidence of
about 200 new cases in the United States
per year. The disease is caused by a defi-
ciency in the purine metabolic enzyme
hypoxanthine-guanosine phosphoribosyl-
transferase (HPRT), which is necessary for
the conversion of inosine and guanosine
to their respective ribonucleotides. Com-
plete deficiency of HPRT causes hyperuri-
cemia, hyperuricaciduria, and severe neu-
rological dysfunction, including choreo-
athetosis, self-mutilation, and varying de-
grees of mental retardation (30). Findings
of dopamine deficiency in the brains of
patients with Lesch-Nyhan syndrome (31)
and animal model evidence suggest that
the loss of central dopaminergic neurons
may account for some of the CNS symp-
toms (32). The gene for HPRT is located
on the long arm of the X chromosome and
consists of nine exons and eight introns
spanning 44 kb (33); 17 independent mu-
tations have been identified (34).

2) Tay-Sachs disease occurs as an au-
tosomal recessive disorder in about 1 in
3600 infants of Ashkenazi Jewish parents,
although cases have been reported in
French-Canadians, Pennsylvania Dutch,
and French-Acadian populations (35).
This disease is caused by the absence of
B-hexosaminidase activity, resulting in
the accumulation of gangliosides or com-
plex sphingolipids in lysosomes, principal-
ly in neurons. In the classical infantile
form of the disease, the symptoms begin to
appear at 3 to 5 months of age. These
include developmental arrest, blindness,
intractable seizures, and progressive neu-
rological deterioration leading to death.
The responsible gene, HEXA, is located
on chromosome 15, and 30 allelic muta-
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tions have been reported to date. There
are several clinical variants of this disease,
but two common mutations occur with the
infantile form, a 4-base pair insertion in
exon 11 (36) and a splice junction muta-
tion in intron 12 (37).

3) Metachromatic leukodystrophy is a
lysosomal storage disease that is transmitted
as an autosomal recessive disorder. The
overall incidence and frequency have not
been determined. The disorder is caused by
the deficiency of arylsulfatase A, and the
substrate of this enzyme is the glycolipid
cerebroside sulfate, which is a component
of myelin. As cerebroside sulfate accumu-
lates in the lysosomes, it causes progressive
demyelination. Symptoms most commonly
appear around the age of 2, and affected
individuals do not usually survive beyond
the first decade of life. The major symptoms
include ataxia, spastic quadriplegia, optic
atrophy, and dementia (38). The gene is
located on chromosome 22, and there is a
correlation between genotype and pheno-
type. There are two alleles, allele A and
allele I; patients homozygous for allele I
have the early-onset form of the disease.
Three mutations have been described in
allele I, two in the coding sequence where
there is a substitution of tryptophone 193
by serine and threonine 391 by serine and a
third that destroys the splice donor site at
the exon-intron border of exon 2 (39).

In the case of all three of these diseases,
it probably will be necessary to replace the
mutated gene with a normal gene at a
specific insertion site. There may be re-
quirements for gene regulation that are not
yet apparent, simply because our knowledge
of developmental genetics is still quite in-
complete. In these devastating CNS disor-
ders, the technique of germ-line gene mod-
ification represents a potential strategy for
the prevention of irreversible pathology.

Ethical Issues

Even if the technical obstacles to carefully
targeted germ-line gene modification can be
overcome, there remains the question of
whether this powerful new approach to
prevention should be used in humans. Ac-
tive discussion of the ethical dimensions of
germ-line gene modification has already
begun, well in advance of essential techni-
cal capabilities. Despite recent warnings
against premature consideration of still-
distant technologies, it seems useful for
public discussion to continue; such discus-
sion should include individuals from sci-
ence, medicine, ethics, law, and the gen-
eral public to provide maximum opportuni-
ty for consideration of the ‘many facets of
the problem. Broad participation in the
discussion is recommended because the de-
cision about whether or not to proceed with
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germ-line gene modification will be a major
public policy decision. As several commen-
tators have noted, the human gene pool is a
joint possession belonging to all members of
the human species.

There are numerous ethical arguments
for and against germ-line gene modifica-
tion, and the following discussion is meant
to be representative of the types of issues
raised by various observers. Although it
would be unrealistic to expect a consensus
with regard to the most compelling argu-
ments of either persuasion, it seems appar-
ent that most arguments have been influ-
enced by the underlying culture, in this
case, a pluralistic Western democratic soci-
ety with a strong interest in individual
rights.

There are several arguments in favor of
developing the capabilities for human
germ-line genetic intervention (Table 1):

1) The health professions have a moral
obligation to use the best available methods
in preventing or treating genetic disease,
and certain types of genetic disorders may
require germ-line alterations. If the current
strides in the study of molecular genetics
continue and sometime in the future it is
appropriate to consider germ-line gene
modification, it should be done in the
context of extending a therapeutic contin-
uum; chemicals have already been given to
activate dormant genes, such as the at-
tempted use of 5-azacytidine to increase
fetal hemoglobin production in patients
with sickle cell anemia, and lung transplan-
tation has been used to treat cystic fibrosis
(40). When it is determined that germ-line
intervention is the best application of mo-
lecular medicine for a given disease, and if
it is acceptably safe and efficacious, then it
will be in the best interests of patients to
have the health care system offer this tech-
nology. To rule out this option in advance
and in principle would mean breaking with
a long-standing tradition of medicine to
either treat or prevent all types of diseases
24).

2) The principle of respect for parental
autonomy should permit parents to use
this technology to increase the, likelihood
of having a healthy child. With the bur-

geoning growth of in vitro fertilization and
the increasing ability to make compensa-
tory maneuvers for various types of infer-
tility, there has been a strong declaration
of parental autonomy, ultimately directed
toward optimizing the chances for the
birth of a healthy child. Notwithstanding
certain court decisions regarding abortion
or the request to terminate life support, it
would be ethically problematic for legisla-
tors or judges to interfere with procreative
liberty when parents are acting on the
basis of their deeply held moral convic-
tions and are attempting to prevent dis-
ease in their offspring through germ-line
modification (41).

3) Germ-line gene modification is more
efficient than the repeated use of somatic
cell gene therapy over successive genera-
tions. At least in the case of highly prev-
alent genetic disorders, disease prevention
through germ-line modification may be
the most efficient approach to reducing
the incidence of disease. For example,
although five protocols have been ap-
proved by the NIH Recombinant DNA
Advisory Committee for somatic cell gene
therapy of cystic fibrosis, none of these
interventions would affect more than the
patients selected for the particular studies.
Because cystic fibrosis is the most common
genetic deficiency . disease among U.S.
Caucasians, occurring in approximately 1
in 2500 births, one could easily make the
case that it would be more efficient and
cost-effective to use germ-line gene modi-
fication to eliminate the problem both for
the patient and for future generations
(42).

4) The prevailing ethic of science and
medicine operates on the assumption that
knowledge has intrinsic value and should be
pursued in the vast majority of cases (23).
The acquisition of knowledge is of funda-
mental importance to science and medi-
cine. The mere fact that advances in gene
targeting or preimplantation diagnosis
could lead in the future to proposals for
germ-line modification in humans should
not deter researchers from pursuing these
lines of inquiries. Similarly, if germ-line
modification becomes a reliable technique

Table 1. Some ethical arguments for and against germ-line gene modification.

Arguments in favor
Moral obligation of health professions to use best available treatment methods.
Parental autonomy and access to available technologies for purposes of having a healthy child.
Germ-line gene modification more efficient and cost-effective than somatic cell gene therapy.
Freedom of scientific inquiry and intrinsic value of knowledge.

Arguments against

Expensive intervention with limited applicability.

Availability of alternative strategies for preventing genetic diseases.

Unavoidable risks, irreversible mistakes.

Inevitable pressures to use germ-line gene modification for enhancement.
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for preventing disease in laboratory animal
models, the fear of possible misuse of the
technique in humans should not interfere
with the conduct of well-controlled clinical
trials with human subjects. It would be both
inhumane and tragic if special interest
groups or those who set public policy at-
tempted to block potentially promising
lines of scientific inquiry on the basis of
political viewpoints or speculative fears.
Reasonable public policies will attempt to
prevent the misuse of new technologies
while also having the goal of promoting the
development of novel approaches to the
prevention and cure of serious disease.

Any balanced perspective on germ-line
intervention must acknowledge that nu-
merous arguments against the use of this
technology in humans have also been ad-
vanced. Some of the more important coun-
terarguments (Table 1) are the following:

1) Germ-line gene modification is an
expensive intervention that would affect
relatively few patients. The incidence of
classical Mendelian genetic diseases is quite
low; the sum total of known genetic diseas-
es affects approximately 2% of all live
births. To invoke the need for a very
expensive technology for the attempted
remediation of extremely uncommon situa-
tions is a difficult matter at a time when
there is public discussion of rationing med-
ical resources. Although the expense of
pre-embryo diagnosis is considerable, there
is no reason to assume that germ-line gene
modification would be less expensive, par-
ticularly because the latter process could
require large numbers of oocytes and em-
bryos to assure the safety and efficacy of the
germ-line approach.

2) Alternative strategies exist for avoid-
ing genetic disease. The need for germ-line
gene modification may be avoided by im-
proved strategies of preimplantation and
prenatal genetic diagnosis. Embryo freezing
has been successfully demonstrated in ani-
mal models and in humans (43). Blas-
tomeres can be removed from the embryo
and retain their viability (44). With the aid
of polymerase chain reaction analysis, the
DNA from one or two cells can be amplified
and subjected to diagnostic tests for multi-
ple genetic and chromosomal disorders
(45). Such techniques have made possible
the genetic testing of embryos before im-
plantation. Preimplantation diagnosis rep-
resents an advance over the methods of
amniocentesis and chorionic villus biopsy,
which require a pregnancy to be in place
and for which the only currently available
intervention is selective abortion. Selec-
tion processes such as these can achieve
many of the goals of germ-line intervention
with procedures that may have a lower
order of risk. However, whether to transfer
or discard embryos that are heterozygous



carriers of a genetic trait remains an impor-
tant issue for the selection strategy.

3) The risks of the technique will never
be eliminated, and mistakes would be irre-
versible. Germ-line gene modification will
always be associated with the risk of unpre-
dictable genetic side effects, and for this
reason it never should be approved for use
in humans. Whatever the mechanisms of
review and approval, they are not likely to
be fail-safe because it is not possible to
guarantee safety and reproducibility in bio-
logical systems. Further, there is the ever-
present potential for the delayed appear-
ance of unpredicted side effects that could
be passed onto future generations; for ex-
ample, subtle adverse effects on the brain
could appear many years after genetic inter-
vention, and such effects might not be
detected in animal models that were used to
develop the preclinical data. In summary,
the risks are much greater than those asso-
ciated with somatic cell gene therapy,
where the side effects are most likely to be
confined to one patient.

4) Germ-line gene modification for seri-
ous disease will inevitably lead to the next
step, genetic enhancement (I, 3, 24, 46).
Germ-line gene modification is a dangerous
step onto a “slippery slope.” Although the
initial emphasis of this type of genetic alter-
ation may be on the prevention of disease, it
seems likely that there would follow a grad-
ual shift to include efforts at enhancement
(47). It is true that there are both clinical
researchers and bioethicists who have assert-
ed that therapy can be differentiated from
enhancement in a definitive way (48). In-
deed, on the surface it would appear reason-
ably straightforward to set up a rather well-
defined dichotomy between the use of germ-
line intervention for prevention of disease
and use for enhancement. However, main-
taining this dichotomy could prove to be a
difficult task. There are already existing pre-
cedents for treating conditions that would
not meet any consensus definition of disease.
For example, the treatment by means of
recombinant human growth hormone
(HGH) of dwarfism secondary to human
growth hormone deficiency has not been a
provocative step, but a recent decision to
administer recombinant HGH to children of
short stature, who have no evidence of
HGH deficiency, has been highly criticized.
The criticism has centered around the thesis
that short stature, per se, is not a disease
(49) and that this intervention therefore is
an enhancement rather than a medically
indicated treatment.

Future Developments

It has been noted that ethical issues evolve
through four stages: threshold, open con-
flict, extended debate, and adaptation (50).

All four stages have been visited in the
emergence of somatic cell gene therapy. In
1967, the promises and dangers of gene
transfer were first enunciated (51), and in
the 1970s there were frequent criticisms
of the dangers inherent in genetic manip-
ulation (52). In the period from 1980 to
1988 there was extended debate that led
to a stronger ethical consensus, and ac-
ceptance arrived in 1990 with the approv-
al of the first somatic cell gene therapy
protocol.

Because the readily identifiable techni-
cal problems necessarily consign germ-line
gene modification to the relatively distant
future, a discussion of the ethical issues
might be viewed as an exercise in the
abstract. There probably would be some
agreement that this is a threshold period,
although strongly differing opinions have
already been expressed. Open conflict and
extended debate will probably be natural
steps in the public discussion of these issues.
It is impossible to predict the outcome of
this conversation. Germ-line modification
could ultimately be regarded as a technolo-
gy too dangerous to undertake or it could be
viewed as a justifiable approach to prevent-
ing certain forms of genetic disease. It
would, in our view, be a useful investment
of time and energy to continue and in fact
to intensify the public discussion of germ-
line gene modification for disease preven-
tion, even though the application of this
new technology to humans is not likely to
be proposed in the near future.
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