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Gene Therapy for Human
Genetic Disease?

Proposals for genetic manipulation in humans raise

- difficult scientific and ethical problems.

Theodore Friedmann and Richard Roblin

At least 1500 distinguishable human
diseases are already known to be geneti-
cally determined (/), and new examples
are being reported every year. Many
human genetic diseases are rare. For ex-
ample, the incidence of phenylketonuria
is about one per 18,000 live births or
about 200 to 300 cases per year in the
United States (2). Others, such as cys-
tic fibrosis of the pancreas, occur about
once in every 2500 live. births (3).
When considered together as a group,
however, genetic diseases of humans are
becoming an increasingly visible and sig-
nificant medical problem, at least in the
developed countries. While the molecu-
lar basis for most of these diseases is not
yet understood, a recent review (4)
listed 92 human disorders for which a
genetically determined specific enzyme
deficiency has been identified.

Concurrent with the recent progress
toward biochemical characterization of
human genetic diseases have been the
dramatic advances in our understanding
of the structure and function of the genet-
ic material, DNA, and our ability to ma-
nipulate it in the test tube. Within the last
3 years, both the isolation of a piece of
DNA containing a specific group of bac-
terial genes (5) and the complete chemi-
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cal synthesis of the gene for yeast alanine
transfer RNA (6) have been reported.
These advances have led to proposals
(7) that exogenous “good” DNA be used
to replace the defective DNA in those
who suffer from genetic defects. In fact,
a first attempt to treat patients suffering
from a human genetic disease with for-
eign DNA has already been made (8).
Nevertheless, we believe that examina-
tion of the current possibilities for
DNA-mediated genetic change in hu-
mans in the light of some of the require-
ments for an ethically acceptable medical
treatment raises difficult questions. In
order to focus the discussion, in this arti-
cle we concentrate on the prospects for
using isolated DNA segments or mam-
malian viruses as vectors in gene therapy.
For this reason we do not discuss other
techniques, such as cell hybridization
(9), which have been used to introduce
new genetic material into mammalian
cells. We limit our discussion to the pos-
sible therapeutic uses of genetic engi-
neering in humans. The potential eugenic
uses, for example, the improvement of
human intelligence or other traits, are
not discussed because they will be very
much more difficult to accomplish (10)
and raise rather different ethical ques-
tions. Whether genetic engineering tech-

niques can be developed for therapeutic

purposes in human patients without lead-
ing to eugenic uses is an important ques-
tion, but lies mostly beyond the scope of
this article.

SCIENCE

Schematic Model of Genetic Disease

Some aspects of a hypothetical human
genetic disease in which an enzyme is
defective are shown in Fig. 1. The con-
sequences of a gene mutation which
renders enzyme E; defective could be
(i) failure to synthesize required com-
pounds D and F; (ii) accumulation of
abnormally high concentrations of
compound C and its further metabolites
by other biochemical pathways; (iii)
failure to regulate properly the activ-
ity of enzyme E,, because of loss of
the normal feedback inhibitor, com-
pound F; and (iv) failure of a regu-
latory step in a linked pathway because
of absence of compounds D or F, as
in the increased synthesis of keto-
steroids in the adrenogenital syndrome
(11). In some cases of human genetic
disease, accumulation of high concen-
trations of compound C and its metabo-
lites appears to do the damage. Often a
consequence is mental retardation.

The pathway in Fig. 1 is typical of
some recessively inherited genetic defects
which result in a deficiency of some gene
product, usually an enzyme or hormone.
In theory, such defects might be cor-
rected by gene therapy, since such tech-
niques might be able to restore the
deficient gene product. Other kinds of
genetic defects, including those such as
the Marfan syndrome which show
dominant inheritance and those such
as Mongolism that are caused by
chromosome abnormalities, could prob-
ably not be ameliorated by the kind
of gene therapy we emphasize here.

Current Therapy

Human genetic diseases are usually
treated by dietary therapy (12), drug
therapy, or gene product replacement
therapy (11). For example, diets low in
lactose or phenylalanine are used as
treatments for individuals with galactos-
emia and phenylketonuria, respectively.
Such diets have proved exceedingly
effective in galactosemia and have pro-
duced a marked reduction in the inci-
dence of mental retardation associated
with phenylketonuria. In terms of Fig. 1
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this therapy corresponds to restricting
the intake of compound A, thus minimiz-
ing the accumulation of compound C
whose further normal metabolism is
blocked.

Drug therapy has been used to block
or reduce the accumulation of undesired
and possibly harmful metabolites. One
example is the inhibition of the enzyme
xanthine oxidase with the drug allopuri-
nol to reduce the accumulation of uric
acid associated with gout and the Lesch-
Nyhan syndrome (13). At present, this
method of treatment has been applied to
only a few human genetic diseases. Its
more general application clearly depends
upon the availability of drugs which act
selectively on specific enzymes. In an-
other form of drug therapy, drugs which
combine specifically with the accumu-
lated compound C are used. An example
is the use of p-penicillamine to promote
excretion of excess cystine in patients
with cystinuria (11).

In theory, some human genetic dis-
eases might be alleviated by supplying
directly the deficient enzyme (E, in
Fig. 1). Recently, attempts to treat
Fabry’s disease (/4), metachromatic leu-
kodystrophy (15), and type 2 glycogen-
osis (16), by administering the missing
enzyme have been reported. Since exo-
genous enzyme molecules are eventually
inactivated or excreted from the body,
repeated enzyme injections would be re-
quired to manage the diseases in this
way. In time, the patients would proba-
bly respond by forming antibodies
against the administered enzyme. How-
ever, insoluble or encapsulated enzyme
preparations may in the future provide a

GENE G,

GENE PRODUCT
(ENZYME)

means of supplying therapeutic enzymes
in a more stable and perhaps less immu-
nogenic form.

There are growing possibilities for the
early detection of some genetic diseases
by diagnosis in utero. It is now possible
to sample the cells of a growing fetus in
utero and by examining these cells to di-
agnose a variety of genetic defects (17).
If genetic defects are detected, some
states will permit an abortion if the pro-
spective parents so desire. We recognize
that diagnosis in utero and abortion
raise difficult social and ethical prob-
lems of their own and cite them only to
indicate that there are additional alterna-
tives to prospective gene therapy for
coping with human genetic disease.

However, many genetic diseases do
not yet respond to any of these treat-
ments. For example, most genetic disor-
ders of amino acid metabolism (other
than phenylketonuria) cannot be well
controlled by dietary therapy. Storage
diseases associated with lysosomal en-
zyme deficiencies (I8) do not appear
to respond to enzyme therapy (I4, 15)
and will probably be impossible to
control by dietary restriction. In ad-
dition, even in cases where disease
management is effective, it is seldom
perfect. Individuals with diabetes melli-
tus, when treated with insulin, have an
increased incidence of vascular and other
disorders and a decreased life expectancy
compared to the nondiabetic population
(19). Children with Lesch-Nyhan syn-
drome may have their uric acid accumu-
lation controlled by drug (allopurinol)
therapy, but their brain dysfunction has,
to date, not been reversible.

G, Gs G,

Fig. 1. A hypothetical pathway for the enzymatic conversion of compound A to a final
metabolic product F. Compounds B, C, and D are intermediate products. Four different
enzymes, E:, E;, E;, and E,, the products of the corresponding genes G;, G, Gs, and
G, are required to effect the conversion. The block occurs in the conversion of com-
pound C to D. The concentration of compound F regulates the activity of the first
enzyme in the pathway, E,, in a feedback control loop.
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These limitations of current therapy
are stimulating attempts to develop tech-
niques for treating human genetic dis-
eases at the genetic level, the site of the
primary defect. Genetic modification of
specific characteristics of human cells by
means of exogenous DNA seems possible
for several reasons, DN A-mediated gen-
etic modification of several different
kinds of bacteria has been known for
many years (20), and recent experi-
ments suggest that the genetic properties
of mutant Drosophila strains can be
modified by treating their eggs with
DNA extracted from other Drosophila

‘strains (21). It has also been found that

treatment of human cells in vitro with
DNA extracted from the oncogenic virus
SV40 results in permanent hereditable

alteration of several cellular properties
(22).

Genetic Modification Mediated by DNA

Permanent, heritable, genetic modifi-
cation of a human cell by means of DNA
requires (i) uptake of the exogenous
DNA from the extracellular environ-

. ment; (ii) survival of at least a portion of

the DNA during its intracellular passage
to the nucleus; (iii) stabilization of the
exogenous DNA in the recipient cell; and
(iv) expression of the new genes via tran-
scription into an RNA message (nNRNA)
and translation of this message into the
appropriate protein. Some of these proc-
esses are illustrated schematically in
Fig. 2.

Mammalian cells take up proteins, nu-
cleic acids, and viruses from their envi-
ronment by a process known as endocy-
tosis (23). After binding to the cell mem-
brane, the macromolecules are drawn
into the cell by an infolding of the exter-
nal cell membrane leading to vesicle for-
mation (see Fig. 2). Macromolecules
contained in vesicles derived from in-
vaginations of the external cell mem-
brane can be degraded if these vesicles
fuse with lysosomes. Lysosomes are
cell organelles which contain a variety
of hydrolytic enzymes. These enzymes
can rapidly degrade ingested macro-
molecules, including DNA (24). Thus,
mammalian cells possess mechanisms
for protecting themselves from the po-

- tentially perturbing influences of for-

eign DNA,

Despite this cellular defense mecha-
nism, exogenous foreign DNA can,
under certain circumstances, become in-
tegrated in the DNA of the recipient cell.
The evidence of this has come from stud-
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ies of oncogenic virus transformation of
mammalian, including human, cells
(25). In the case of oncogenic transfor-
mation with SV40 virus, the viral DNA
is apparently physically integrated into
the chromosomal DNA of the recipient
cell (26). It seems probable that herita-
ble alterations of cell morphology and
biochemistry are the result of the expres-
sion of one or more viral genes. Presum-
ably, viral DNA integration takes place
by base pairing of homologous regions of
host cell and viral DNA followed by gen-
etic recombination, However, the inte-
gration of oncogenic viral DNA may
represent a special case since at least one
viral gene product may be required for
integration (27). Other, nonviral DNA
molecules, unable to supply this integra-
tion function, might integrate at a much
lower frequency, if at all.

In addition to integration by genetic
recombination, exogenous DNA might
be stabilized in the recipient mammalian
cell as an independently replicating gene-
tic unit in the cell nucleus. Although such
units are known to exist in bacteria, they
have not been observed in mammalian
cells. However, the cytoplasmic mito-
chondria of mammalian cells do contain
nonchromosomal, independently repli-
cating units of DNA. The mitochondrial
DNA replication system thus offers an-
other possible site for stabilization of ex-
ogenous DNA.

For a human genetic defect to be re-
paired by administering exogenous
DNA, the stabilized newly introduced
DNA must be correctly expressed. That
is, the new gene must be correctly tran-
scribed into mRNA and this mRNA
must be correctly translated into protein.
Since little is known about the regulation
of mRNA synthesis and translation dur-
ing natural gene expression in mam-
malian cells, a corresponding high degree
of uncertainty exists concerning the abil-
ity of newly introduced DNA to be
expressed correctly.

A variety of attempts have been made
to demonstrate DNA-mediated modifi-
cation of genetically mutant mammalian
cells, both in vivo and in vitro. Appar-
ently successful results in vitro have been
reported for diploid human cells lacking
the purine “salvage” enzyme hypoxan-
thine-guanine phosphoribosyltransferase
(HGPRT); in human reticulocytes syn-
thesizing an abnormal hemoglobin; in
several malignant cells of mouse origin
carrying markers for drug resistance; and
in mouse cells with defective melanin
synthesis, among others (28). In addi-
tion, transient expression of HGPRT en-
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zyme function has been detected in
human cells deficient in HGPRT after
exposing them to DNA from cells with
normal amounts of HGPRT (29). This
suggests that exogenous DNA may be
taken up and expressed, without neces-
sarily being stabilized. However, none of
the successful experiments described to
date have been reproducible.

There may be several reasons for fail-
ure to demonstrate consistently the gene-
tic modification of mammalian cells by
DNA. Many previous experiments suf-
fered from the unavailability of good
genetic markers and sensitive selective
systems for detecting modified cells. An
important difficulty in using bulk DNA
isolated from human (or other mam-
malian) cells is that the fraction of this
DNA which is specific for any given gene
is estimated to be extremely small, of the
order of 10—7 (30). As we mentioned
earlier, nonviral exogenous DNA may
not be able to integrate into the chromo-
somal DNA of the recipient cell, thus
preventing permanent genetic modifica-
tion. '

In spite of the lack of reproducible
success in past experiments, several re-
cent technical developments have sug-
gested new ways in which the problems
of low DNA specificity, failure of inte-
gration, and intracellular DNA degrada-
tion might be overcome.

The prospects for directing genetic
modification of mammalian cells would
almost certainly be enhanced by using
DNA preparations containing only the
gene for which the genetically defective

cells are mutant. As already pointed out,
both the isolation of a specific group of
bacterial genes and the complete chemi-
cal synthesis of a single gene were re-
ported recently (5, 6).

The RNA-dependent DNA polymer-
ase recently found in RNA tumor viruses
(31) could also be used for gene
synthesis in vitro. Since this enzyme is
able to make DNA copies from an RNA
template, it offers a method for synthes-
izing the DNA for any specific RNA
which might be isolated in pure form.
Thus, it seems probable that our develop-
ing ability to isolate specific genes, or
synthesize them, will eventually elimi-
nate the problem of low specificity of the
exogenous DNA.

Some workers are developing tech-
niques which could be used to overcome
the problem of stabilizing the incoming
exogenous DNA in the recipient cell
(32). They plan to make use of the abil-
ity of the DNA from SV40 virus to inte-
grate into the chromosomal DNA of the
cell. Specific genes will be attached to the
viral DNA by means of several bio-
chemical steps which are already
known and fairly well characterized.
These operations would create a hybrid
DNA molecule which would carry the
information for integration from the
original viral DNA and perform the
specific gene functions of the attached
DNA. In this approach, DNA integra-
tion would be combined with biochem-
ical manipulation of the DNA gene
substance in vitro, and any gene-specific
DNA segments obtained by synthesis or
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Fig. 2. Steps in the genetic modification of a mammalian cell. The added exogenous
genetic information may be integrated into the chromosome of the recipient cell and

become expressed as a new gene product.

951



isolation could be utilized. It is clear that
before such hybrid DNA molecules
could be used in a human therapeutic sit-
uation, the oncogenic potential of the
viral DNA would have to be eliminated.

In another experimental approach,
virus-like particles which contain pieces
of cellular DNA (pseudovirions) in-
stead of viral DNA are being used as
the vector for DNA-mediated genetic
modification (33). This might help to
protect the incoming DNA from intra-
cellular degradation. However, pseudo-
virion DNA is probably a random col-
lection of cellular DNA fragments (34)
and hence nonspecific for any given gene;
it might also be unable to stabilize itself
by integration into the host cell DNA.
This may explain why attempts to mod-
ify thymidine kinase-deficient mouse
cells in vitro by means of polyoma virus
pseudovirions have been unsuccessful
35).

It has recently proved possible to re-
construct infectious particles of several
plant and bacterial viruses from the nu-
cleic acid and capsid protein components
(36). This suggests the possibility of cre-
ating artificial pseudoviruses as vectors
for DNA-mediated genetic modification.
These pseudovirions would contain spe-
cific DNA segments (either isolated or
synthesized) surrounded by virus capsid
protein. The probability of introducing a
specific piece of genetic material might

be greatly increased when compared with

natural pseudovirions carrying randomly
excised pieces of DNA. This in no way
solves the difficulties of integration and
expression of the genetic material. Since
the specificity of virus-cell interactions is
determined at least in part by the virus
capsid protein, encapsidation of specific
DNA molecules might confer some cell
or tissue selectivity upon the DNA mole-
cules used for gene modification.

DNA-Mediated Gene Therapy

In attempting to envision how DNA
might be used as a mediator for the mod-
ification of genes in a human being suf-
fering from a genetic defect, we foresee
several kinds of new problems. First, the
existence of differentiation and cell spe-
cialization in the human body will pose
several questions. Many human genes
are active or expressed only in a small
fraction of the cells of the body. For ex-

ample, the activity of the enzyme phenyl-.

alanine hydroxylase (deficient in individ-
uals with phenylketonuria) is demonstra-
ble only in the liver. For prospective
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gene therapy there might be several con-
sequences. (i) The introduction of, for
example, the gene for phenylalanine hy-
droxylase into cells which do not nor-
mally express this enzyme would yield
no therapeutic benefits if the expression
of the newly introduced genes were also
blocked. Methods would have to be de-
veloped to deliver the exogenous DNA
to the appropriate “target tissue,” and
to confine its action solely to that tissue.
(ii) Some’ gene products (hormones, for
example) are made and secreted by one
specialized group of cells and act on

“target cells elsewhere in the body. Syn-

thesis and secretion of hormones such as
insulin are regulated by mechanisms
which are still imperfectly understood.
Thus, the introduction of new genes for
insulin into cells not appropriately differ-
entiated to provide the correct synthetic
and secretory responses would be of little
use as a treatment for diabetes. (iii)
In several genetic disorders, genetic mod-
ification of the brain cells themselves
may be required to reduce the accumula-
tion of metabolites in the brain, because
the blood-brain barrier might prevent en-

zymes made in other parts of the body

from entering the brain (I5). We won-
der whether direct genetic modification
of brain cells could be made safe
enough for use in human patients.
Second, regulation of the quantitative
aspects of enzyme production may pre-
sent a problem. By mechanisms as yet
unknown, concentrations of cellular en-

~zymes are regulated so that neither too

much nor too little enzyme is produced
by normal cells. How will we ensure that
the correct amount of enzyme will be
made from the newly introduced genes?
Will the integration event, linking exog-
enous DNA to the DNA of the recipi-
ent cell, itself disturb other cellular regu-
latory circuits? ' .

Third, the patient’s immunological
system must not recognize as foreign the
enzyme produced under the direction of
the newly introduced genes. If this oc-
curred, the patient would form anti-
bodies against the enzyme protein, per-
haps nullifying the intended effects of
the genetic intervention. This suggests
that the new gene introduced during
gene therapy would have to code for
an enzyme with the same amino acid
sequence as the human enzyme.

In addition, administration of foreign
genetic material to patients carries a risk
of altering the germ cells as well as the
desired target cells. One might think that
this problem could be circumvented by
first removing some of the patients’ cells,

resemble other medical

carrying out DNA-mediated  genetic

modification in vitro, and then reim-
planting the altered cells back into the
patient. However, this approach is likely
to be limited by the tendency of cells to

dedifferentiate and become malignant
when grown in vitro.

For an acceptable genetic treatment of
a human genetic defect, we would re-
quire that the gene therapy replace the
functions of the defective gene segment
without causing deleterious side effects
either in the treated individual or in his
future offspring. Years of work with tis-
sue cultures and in experimental animals
with genetic defects will be required to
evaluate the potential side effects of gene
therapy techniques. In our view, solu-
tions to all these problems are needed be-
fore any attempt to use gene therapy in
human patients could be considered ethi-
cally acceptable.

We are aware, however, that physi-
cians have not always waited for a com-
plete evaluation of new and potentially
dangerous therapeutic procedures before
using them on human beings. Consider
how little was known of the basic aspects
of virology during Jenner’s development
of vaccination against smallpox. In this
regard, potential gene therapy techniques
innovations.
There is currently, and there may con-
tinue to be, a tendency to use incom-
pletely understood genetic manipulative
techniques, borrowed from molecular bi-
ology, in clinical settings, We believe that
the first attempt at gene therapy in
human patients (8) iltustrates this con-
tention. )

The case in question (8) concerns two
children suffering from hyperargini-
nemia, a hereditary deficiency of the
enzyme arginase. The arginase deficiency
leads to high concentrations of arginine
in the children’s blood and cerebrospinal
fluid, and has associated with it severe
mental retardation (37). An attempt has
been made to correct this defect at the
genetic level by injecting Shope papil-
loma virus into the children (8). The sci-
entific rationale for this treatment is
based upon the report that the synthesis
of arginase is stimulated in rabbit skin in-
fected with Shope papilloma, and that
this new arginase activity had some prop-
erties which are different from those of
the normal enzyme of rabbit liver (38).
In 1958, when these experiments were
first reported, it was postulated that the
viral DNA carried the gene for a viral ar-
ginase different from the cellular en-
zyme. In addition, the serums of labora-
tory workers who had worked with and
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thus been exposed to Shope papilloma
virus were tested, and 35 percent of
them exhibited lower concentrations of
arginine than control hospital patients
who had not knowingly been exposed
to the virus (39). Thus, there were
some grounds for believing that inad-
vertent infection with Shope papilloma
in humans could lower the concentra-
tion of serum arginine without apparent
harmful effects.

More recently, the interpretation that
Shope papilloma virus codes for an argi-
nase has been seriously questioned (40).
It now appears more probable that the
virus infection stimulates the production
of a cellular arginase. Whether the in-
duced arginase is coded for by viral or by
cellular genes is important to the ration-
ale of this attempt at gene therapy. If
virus infection induces the synthesis of
cellular arginase, and if the children have
hereditarily lost the ability to produce ar-
ginase, then infecting the children with
Shope papilloma virus may not have any
possibility of correcting their condition
41).

The use of intact viruses as vectors in
gene therapy raises further questions.
When applied to the skin of rabbits
Shope papilloma virus induces skin pap-
illomas, a variable proportion of which
develop into cancerous skin lesions. Al-
though Shope papilloma has not had any
known harmful effects on humans, tests
to establish the safety of large doses have
not been performed. It should also be
shown that a vector for clinical gene
therapy is free from other contaminat-
ing viruses latent in the cells used to
produce the injected virus.

The clinical results of this therapeutic
attempt are not yet known. But we are
concerned that this first attempt at gene
therapy, which we believe to have been
premature, will serve as an impetus for
other attempts in the near future. For
this reason, we offer the following con-
siderations as a starting point for what
we hope will become a widespread dis-
cussion of appropriate criteria for the use
of genetic manipulative techniques in hu-
mans.

Some Preliminary Criteria

We propose the following ethico-sci-
entific criteria which any prospective

techniques for gene therapy in human

patients should satisfy:
1) There should be adequate biochem-
ical characterization of the prospective

patient’s genetic disorder. It should be .
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determined whether the patient (i) is
producing a mutated, inactive form of
the normal protein; (ii) is producing
none of the normal protein; or (iii) is
producing the normal protein in nor-
mal amounts, but the protein is ren-
dered inactive in some way. For exam-
ple, alterations in membrane structure
leading to loss of the cellular receptors
for insulin could produce a diabetes-like
condition, even though the patient were
producing normal amounts of insulin.
We anticipate that defects of this type
may be found affecting the activity of en-
zymes which are normally constituents

of cell membranes. Our point is that only-

in the first type of genetic defect (i)
would currently envisioned gene therapy
techniques be likely to improve the pa-
tient’s condition.

2) There should be prior experience
with untreated cases of what appears to
be the same genetic defect so that the
natural history of the disease and the ef-
ficacy of alternative therapies can be as-
sessed. Thus, the first reported cases of a
new human genetic disease would seldom
be candidates for attempts at gene ther-
apy. The reason for this criterion comes
from our accumulating experience with
some of the better studied genetic defects
such as phenylketonuria and galactos-
emia. We now observe heterogeneity in
these conditions; that is, what appears to
be the same genetic disease turns out to
have different genetic bases in different
individuals. Widespread screening for
phenylketonuria in newborns has de-
tected individuals who, like phenylketo-
nurics, have high concentrations of
phenylalanine in the serum just after
birth, but have concentrations in the

- normal range several months later (2).

It is now also clear that some individuals

with high concentrations of phenyl-
alanine in the serum have normal intel-
ligence quotients (2). We anticipate that
other genetic diseases will exhibit the
same kind of heterogeneity. Concern
for the welfare of each individual patient
dictates that we not rush in with gene
therapy until we are very sure about
the precise nature and consequences of
his genetic defect.

3) There must be an adequate charac-
terization of the quality of the exogenous
DNA vector. This will require the devel-
opment of new, more accurate methods
of analyzing the base sequence of the
DNA, if synthetic DNA molecules are to
be used, or the development of new
methods of isolation and purification, if
naturally occurring DNA molecules are
to be used. We visualize the Food and

Drug Administration, or some similar or-
ganization, establishing and enforcing

quality standards for DNA preparations
 used in gene therapy.

4) There should be extensive studies
in experimental animals to evaluate the
therapeutic benefits and adverse side ef-
fects of the prospective techniques.
These tests should include long-term
studies on the possible induction of can-
cer and genetic disturbances in the
offspring of the treated animals. This will
require the development of animal mod-
els for human genetic diseases. Previous
work, which led to the isolation of a
mouse strain deficient in the enzyme cat-
alase (42) suggests that such animal
models could be developed and might
yield answers to some of the questions we
have raised. :

5) For some genetic diseases, the pa-
tient’s skin fibroblasts grown in vitro re-
flect the disorder. Thus, in some cases it
would be possible to determine whether
the prospective gene therapy technique
could restore enzyme function in the
cells of the prospective patient. This
could be done first in vitro, without any
of the risks of treating the whole patient.-
Some side effects, such as chromosome
damage and morphological changes sug-
gesting malignancy, could also be as-
sessed at this time. Only when a potential
gene therapy technique had satisfied all
these safety and efficacy criteria would it
be considered for use in human patients.

These criteria omit some other consid-
erations which we believe are impor-
tant. Although the ethical problems
posed by gene therapy are similar in
principle to those posed by other experi-
mental medical treatments, we feel that
the irreversible and heritable nature of
gene therapy means that the tolerable
margin of risk and uncertainty in such
therapy is reduced. Physicians usually ar-
rive at a judgment regarding the ethical
acceptability of an experimental therapy
by balancing the risks and consequences
of different available treatments against
their potential benefits to the patient. In
general, the degree of risk tolerated in
medical treatment is directly related to
the seriousness of the condition.

High-risk treatments are sometimes
considered more justified in life-threaten-
ing situations. For different human genet-
ic diseases, the severity of the problem
in the untreated condition and the re-
sponse to currently available therapy var-
ies greatly. Thus, phenylketonuria leads
to mental retardation, but not death,
in most untreated affected individuals,
but the mental retardation can be
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avoided for the most part by prompt
neonatal dietary therapy. In contrast,
in the infantile form of Gaucher’s
disease, a deficiency in the enzyme
glucocerebrosidase - (important in the
metabolism of brain glycolipids) leads
to severe and progressive neurologic
damage and death within 1 or 2 years
(38). There is as yet no effective
therapy. Thus, the specific characteristics
of each genetic disease will be an impor-
tant factor in evaluating whether or not
to attempt gene therapy. We believe that
the prospective use of gene therapy will
need to be evaluated on a case by case
basis.

Another ethical ideal which guides ex-
perimental medical treatments is in-
formed consent. By informed consent we
mean that the patient, after having the
nature of the proposed treatment and its
known and suspected risks explained to
him by the physician, freely gives the
physician his consent to proceed with the
treatment. Since many of the cases where
gene therapy might be indicated will in-
volve children or newborns as patients,
there will be especially troubling prob-
lems surrounding informed consent. Par-
ents of newborn children with genetic de-
fects may be asked to give “consent by
proxy” for gene therapy. Clearly, until
we know much more about the side ef-
fects of gene therapy, it will not be possi-
ble to provide them with adequate infor-
mation about risks to the treated
individual and his offspring.

Control of Gene Therapy

How can gene therapy in humans be
controlled to avoid its misuse? By misuse
we mean the premature application of
techniques which are inadequately un-
derstood and the application of gene

therapy for anything other than for the

primary benefit of the patient with the
genetic disease. In our view, it will be
possible to control the procedures used
for gene therapy at several levels. For ex-
ample, between the patient and physi-
cian, we can usually rely upon the selec-
tion of a therapeutic technique having
optimal chances of success. In general,
we believe that the doctor will not recom-
mend and the patient will not accept an
uncertain, risk-laden gene therapy if a
reasonably effective alternative therapy is
available. However, the physician, in this
as in other cases of experimental thera-
peutic techniques, has a near monopoly
on the relevant facts about risks and ben-
efits of various treatments. Since the phy-
sician concerned may also be active in
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trying to develop the gene therapy tech-
nique, how can the patient be protected

from a physician who might be over-

eager to try out his new procedure?

It seems to us that significant oppor-
tunities for control also exist at the level
of the hospital committees responsible
for examining experimental techniques.
Already at accredited hospitals, all pro-
posals for research in which human sub-
jects will be used must pass through a re-
view committee. Further control exists
through scrutiny of the proposed tech-
niques by the physician’s immediate
peers.

Procedures to be used for gene ther-
apy might also be controlled by the com-
mittees and organizations approving and
funding research grants. Moderately
large amounts of money will be required
for the development of gene therapy
techniques, hence there should be compe-
tition for public funds with other urgent
medical needs. Thus, the first use of gene
therapy in human patients would, of ne-
cessity, have secured the implied or di-
rect approval of several larger public
bodies beyond the principal physician-in-
vestigator. In our judgment, these levels
of control will probably prove adequate
to prevent misuse of projected gene ther-
apy if, as we suspect, gene therapy is at-
tempted in only a small number of in-
stances. Any potential large-scale use of
gene therapy (for example, the prospect
of treating the approximately 4 mil-
lion diabetics in the United States with

DNA containing the gene for insulin) °

might appreciably affect the overall qual-
ity of the gene pool and would require
other forms of control.

Conclusions

In our view, gene therapy may amelio-
rate some human genetic diseases in the
future. For this reason, we believe that
research directed at the development of
techniques for gene therapy should con-
tinue. For the foreseeable future, how-
ever, we oppose any further attempts at
gene therapy in human patients because
(i) our understanding of such basic proc-
esses as gene regulation and genetic re-
combination in human cells is inade-
quate; (ii) our understanding of the
details of the relation between the molec-
ular defect and the disease state is rudi-
mentary for essentially all genetic dis-
eases; and (iii) we have no information
on the short-range and long-term side
effects of gene therapy. We therefore
propose that a sustained effort be made
to formulate a complete set of ethico-

scientific criteria to guide the develop-
ment and clinical application of gene
therapy techniques. Such an endeavor
could go a long way toward ensuring
that gene therapy is used in humans
only in those instances where it will
prove beneficial, and toward preventing
its misuse through premature applica-
tion.

Two recent papers have provided new
demonstrations of directed genetic modi-
fication of mammalian cells. Munyon et
al. (44) restored the ability to synthesize
the enzyme thymidine kinase to thy-
midine kinase—deficient mouse cells by
infection with ultraviolet-irradiated
herpes simplex virus. In their experi-
ments the DNA from herpes simplex
virus, which contains a gene coding for
thymidine kinase, may have formed a
hereditable association with the mouse
cells. Merril et al. (45) reported that
treatment of fibroblasts from patients
with galactosemia with exogenous DNA
caused increased activity of a missing
enzyme, a-D-galactose-1-phosphate uri-
dyltransferase. They also provided
some evidence that the change persisted
after subculturing the treated cells. If
this latter report can be confirmed, the
feasibility of directed genetic modifica-
tion of human cells would be clearly
demonstrated, considerably enhancing
the technical prospects for gene
therapy.
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Protein Synthesis: Its Control
in Erythropoiesis

Cellular differentiation is explored in the

erythroid cell system of the mouse.

Paul A. Marks and Richard A. Rifkind

The regulation of mammalian cell
differentiation remains one of the ma-
jor unresolved problems in biology.
Operationally, the definition of the dif-
ferentiated state generally involves the
capacity for synthesis of specialized
proteins. To elucidate the mechanisms
controlling the initiation of synthesis of
differentiated proteins one must study
the precursor of the differentiated cell.
In almost all mammalian cell popula-
tions there is heterogeneity with regard
to the stage of differentiation and with
regard to the type of differentiated cell.
To identify the initiating event in the
onset of synthesis of differentiated pro-
tein of a given cell line, the precursor
cell must be isolated for quantitative,
analytical studies. In the total cell popu-
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lation of most differentiating mam-
malian cell systems such cells are pres-
ent in a very low proportion.
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beginning has been made in the analysis
of aspects of the regulation of the bio-
logic activity of the precursor cell (I,
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dominant type of protein, the hemo-
globins. There is a considerable body of
knowledge with respect to the genetic,
chemical, physiological, and cytological
aspects of erythroid cells. The hor-
mone, erythropoietin, has a role in in-
ducing erythropoiesis and hemoglobin
synthesis. While no single mammalian
cell system is ideal for exploring the
full range of problems that are critical
to the understanding of the regulation
of protein synthesis in differentiating
cells, the erythroid cell system has
provided considerable insight into a
number of these, such as: (i) the cel-
lular basis for changing patterns of
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hemoglobin synthesis during fetal and
postfetal development; (ii) the relation-
ship between primitive and definitive
erythroid cell lines; (iii) the mitotic
activity of erythroblast and the relation-
ship to hemoglobin synthesis; (iv) the
stability of messenger RNA in relation
to the synthesis of different classes of
proteins during erythroid cell dif-
ferentiation; and (v) the nature of
erythropoietin action on cell differentia-
tion and hemoglobin synthesis.

Patterns of Hemoglobin Synthesis

Changes in the types of hemoglobins
synthesized during fetal and postfetal
development have been described for
the mouse, man, tadpole, chick, and a
variety of other species (3). Studies in
the mouse have provided perhaps the
most direct evidence on the relation-
ship between alterations in the cell line
active in erythropoiesis and the type
of hemoglobin formed (4). In the
mouse, whose gestation period is 21
days, the first morphologically identi-
fiable site of erythropoiesis occurs in
the blood islands of the yolk sac at
approximately the eighth day of gesta-
tion (7). Proliferation of erythroid cell
precursors is active in these sites from
about the eighth to the tenth days
(1, 5). These cells enter the fetal cir-
culation as nucleated erythroblasts by
the ninth day of gestation. From the
tenth day onward, further division and
differentiation of these cells proceeds
in the circulation. Mitosis may be ob-
served through day 13 of gestation.
Ribosomes and polyribosomes, abun-
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