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Although gene therapy strategies
are applicable to genetically
determined, preferably monogenic
disorders, recent advances
regarding multifactorial
disorders, such as atherosclerosis,
are promising. Gene therapy
strategies have been developed
against genetically determined
risk factors, such as familial
hypercholesterolemia and
Sfamilial dysbetalipoproteinemia,
as well as to stimulate factors
that protect against, or reverse,
the disease through over-
expression of protective
lipoproteins, such as high-
density lipoproteins (HDL).

For gene polymorphisms
associated with increased risk
of atherosclerosis, genetically
guided drug therapy (eg,
angiotensin-converting enzyme
(ACE) inhibitors in patients with
DD ACE genotype) is a distinct
possibility. Other genetic
determinants need to be
addressed, eg, hyperhomocys-
teinemia. Future gene therapy
strategies for atherosclerosis will
likely evolve in tandem with the
emergence and elucidation of
individual determinants.

onventional prerequisites
for gene therapy are that
the given disorder be
genetically determined,
preferably monogenic, and possibly
transmitted as an autosomic
recessive trait. If these prerequisites
were valid, atherosclerosis would
appear to be inadmissable as a
suitable condition for gene therapy:
it is a multifactorial, multidistrictual,
and multifocal disease.! Moreover,
it is accompanied by such a variety
of morphological-structural
characteristics that it suggests a
“spectrum” of disorders rather than
a single disease. Despite these
unpromising premises, recent
research has focused precisely on
atherosclerosis as a candidate for
gene therapy. This focus must,
however, be set within a realistic
and well-proportioned context.

Gene therapy has attempted to
address those illnesses that
determine an increase in the risk
(metabolic, for example) of
atherosclerosis. In particular,
attention in the past 20 years has
prioritized the risk factors for
atherosclerosis, prominent among
which is dislipidemia, and primary
prevention strategies have produced
encouraging results; the Scandinavian
Simvastatin Survival Study (4S)
study is but one example.2 It is
obvious that patients submitted to
a variety of therapies (diet, lifestyle,
drugs, gene therapy) have necessarily
varying profiles, and that while in
theory drug and lifestyle therapies
are applicable to all dyslipidemic
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patients, the same is not true for
gene therapy; the latter requires
both that the genetic substrates
of the illness itself be known,
and that other forms of therapy
prove ineffective. Accordingly,
only a very small proportion of
dyslipidemic patients may be
submitted to gene therapy,

and the same holds for
hypertension and diabetes patients:

future strategies will rely on gene
therapy to the extent that research
identifies the gene that is responsible
for the ‘risk factors,” so that only a
minority of patients will likely be
suited to such therapy.

However, these minorities are
becoming increasingly numerous,
and at the same time our
understanding is progressing.
Moreover, molecular screening
techniques for genetically
determined risk factors are now
easily transferable to large
populations. Taken together,
these various developments open
up interesting perspectives,

not least in the case of multifactorial
diseases such as atherosclerosis.

GENE THERAPY
AND ATHEROSCLEROSIS

Gene therapy can be defined as
the replacement of a deficient gene
product, or as the correction of
an abnormal gene 3 All current
programs focus on somatic cell
gene therapy; there is universal
agreement that germ line gene



Dialogues in Cardiovascular Medicine - Vol 2 - No. 1 - 1997

What are the prospects for gene therapy in atherosclerosis? - Arbustini

therapy is ethically unacceptable.
The technical, therapeutic, ethical,
and safety aspects of gene therapy
programs are overseen by regulatory
bodies.4 The prerequisites for gene
therapy strategies are that the
gene involved should have been
cloned, that target cells (ie, those
which are to be treated) are
identifiable and have a reasonable
life span, and that a proper vector
(viral or physical) for the therapeutic
gene is available. Viralvectors
include: retroviruses in packaging
cell lines; stable adenoviruses

(or adeno-associated viruses),
which suit treatment that targets
specific tissues, which also infect
nondividing cells, and which carry
large DNA segments; herpesviruses,
which can target gene therapy,

for example to nervous cells.
Physical vectors include liposome-
mediated DNA transfer (possible
future microchromosomes),
receptor-mediated endocytosis,
and antisense oligonucleotides,
which bind to specific mMRNAs.

The therapeutic gene can be
transferred with “in vivo” or “ex
vivo” procedures, and the target
organs/tissues can be reached with
systemic injection or local delivery
systems. Originally, monogenic
disorders inherited as a recessive
trait (eg, cystic fibrosis) were the
ideal candidates for gene therapy.®
Recently, atherosclerosis has been
included in the list of treatable
diseases: specifically, therapeutic
choices have widened because it is
now possible to target strategy to
genetically determined risk factors,
such as familial hypercholes-
terolemia (FH),07 rather than to
the fully established disease itself.

RISK FACTORS
FOR ATHEROSCLEROSIS

A series of so-called “risk factors”
are known to be associated with an
increased risk of developing

atherosclerosis; these include
dyslipidemia, diabetes, hypertension,
and cigarette smoking; a family
history of ischemic heart disease
(in relatives <55 years) is a risk
factor for acute coronary events
(which affect a minority of subjects
suffering from atherosclerosis),
rather than for the atherosclerosis
itself. Minor factors include
lifestyle-related factors, such as lack
of physical activity, stress, and so
on. Other conditions, most of them
genetically determined, have been
suggested to be associated with

an increased risk of developing
atherosclerosis (angiotensin-
converting enzyme insertion/
deletion polymorphism,
angiotensin gene polymorphism,
hyperhomocystinemia), but need
further confirmation before
entering the list of proven risk
factors for atherosclerosis.

Among the “so-called” risk factors,
some (hypercholesterolemia,
hypertension, diabetes) may be
genetically determined8; current
gene therapy strategies are mostly
addressed to such factors

(for example FH).7.9 However, novel
developing fields of investigation
explore the possibility of providing
protection against the disease by
increasing the levels, for example,
of circulating “benign” lipoproteins
(high-density lipoproteins).

Finally, despite the numerous
recent advances in the risk factor
field, it is likely that the list of such
factors is still incomplete: there are
subjects whose profiles lack not
only the so-called “risk factors,”
but also all evidence of any known
condition predisposing to the
disease. It follows that there must
be “risk factors,” or promoting or
favoring conditions, that have yet
to be identified. Our knowledge

of the genetic and molecular
mechanisms, and of the molecular
basis of atherosclerosis, is still far
from complete; accordingly,
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gene therapy strategies will need
to evolve in tandem with the
progressive emergence and
elucidation of each single
determinant.

Other strategies should ideally aim
at preventing the development of
the disease, making arterial wall
cells (eg, endothelial cells) resistant
to the combined effect of multiple
risk factor-related damage.

This approach is motivated by the
fact that the early key pathogenetic
event of atherosclerosis is
endothelial cell damage, which is
accompained by loss of relaxing
properties, increased permeability
to circulating molecules, increased
adhesiveness to circulating cells,
and loss of antithrombogenic
properties.! Once endothelial cell
functional and anatomical integrity
is lost, circulating molecules and
cells have access to the vessel wall,
internal elastic lamina disruption
opens the way for smooth muscle
cell migration from the tunica media
to the subendothelial spaces,

and the early nucleus of the lesion
takes form and progresses with
differing and unpredictable rates

at multiple vessel sites. However,
although genetically modified
endothelial cells can be introduced
into vascular segments via localized
intravascular delivery devices
(balloons, stents), current gene
transfer into arterial wall cells
applies almost exclusively to ideal
monofocal lesions in which a
unique cell type (smooth muscle
cells) is the major determinant of
the given lesion, such as restenosis.

GENETICALLY DETERMINED
“RISK FACTORS”
FOR ATHEROSCLEROSIS
POTENTIALLY SUITED TO
GENE THERAPY STRATEGIES

The following deals with current
knowledge on the genetic basis of
some risk factors that are already
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recognized as suited to gene therapy
strategies, and of other genetically
determined/influenced risk factors
that may be suitable for future gene
therapy research.

o Familial hypercholesterolemia (FH)
is the commonest single gene
disorder in Western society. It is
inherited as an autosomal dominant
trait, with heterozygotes numbering
about 1 in 500 and homozygotes
about 1 in a million. It is estimated
that 1 in 20 people with early
coronary artery disease are heterozy-
gotes. The disorder is phenotypically
characterized by elevated cholesterol
levels (with a high risk of early
coronary artery disease development)
and xanthomata (subcutaneous
deposition of lipids). The high
cholesterol levels are due to high
levels of low-density lipoproteins
(LDL), whose increase is a
consequence of “deficient or
defective” function of the LDL
receptor. Homozygotes have:

(i) little or no receptor activity;

(ii) increased levels of LDL (4 times
the normal); (iii) premature coronary
artery disease; and (iv) a high risk
of early death related to ischemic
heart disease. Receptor-negative
mutations completely eliminate
the receptor function, and are
associated with a devastating
course of coronary artery disease,
while receptor-defective mutations
partially inactivate receptor activity,
and are associated with less severe
hypercholesterolemia and with
later- onset coronary artery
disease 8 FH was identified as an
ideal disorder for gene therapy
because: (i) the genetic defects
(mutations in the LDL receptor gene)
were known; (ii) the defect had a
severe phenotype, especially in
homozygotes, which are refractory
to traditional forms of therapy;

(iii) it is possible to follow the
outcome of gene therapy through
measurements of serum lipids and
lipoprotein catabolism in vivo; and

(iv) there were good experimental
models (rabbit and mouse) for the
human disease. Since the early 90s,
both ex vivo and in vivo strategies
have been designed. The first ex
vivo protocol was designed to
endow FH patients with a
functional gene encoding LDL
receptor, irrespective of the type of
mutation causing the disease.

In experimental animal studies
based on an ex vivo approach,
autologous hepatocytes were
genetically corrected with
recombinant retroviruses, and were
subsequently transplanted back
into the liver via the portal
circulation.? The experiment
resulted in a significant decrease
in serum cholesterol levels.

An early study on a first patient
reported a significant decrease in
serum LDL concentration (17%);
these values remained stable for

18 months.!0 One year later,

5 patients with homozygous FH
were enrolled in a pilot clinical trial:
a large proportion (20% to 35%) of
their livers was surgically removed,
and normal LDL receptor genes were
transferred into liver cell suspensions
which were reinfused into the
patients’ livers via the portal vein.
Significant and prolonged (at least
4 months) reduction in LDL
cholesterol was demonstrated in

3 of the 5 patients.7 1!

Other gene therapy strategies in FH
patients were designed on the basis
of in vivo adenoviral vectors.!2.13
The extraordinarily efficient uptake
of adenovirus by liver cells, the
availability of the portal vein for
the injection of virus or of
engineered cells, the likelihood
that relatively broad ranges of gene
expression would be tolerated,
made FH an especially propitious
candidate for adenovirus-mediated
gene therapy. Experimental studies
were performed in which mice were
inoculated intravenously with
recombinant adenovirus encoding
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human LDL receptor, driven by the
cytomegalovirus promoter or by
the enzyme firefly luciferase as a
reporter protein. Under these
conditions, more than 99% of
virus-dependent luciferase
expression was detected in the liver
(where cholesterol catabolism
occurs). Four days later, levels of
LDL receptor in liver had decreased
tenfold, and the human receptor
was detected in roughly 90% of
liver cells.!2 In mutant mice lacking
LDL receptor, injection with the
virus of gene encoding LDL receptor
restored the expression of receptor
to the liver, accelerated the
clearance of VLDL (which was
impaired thirtyfold, even more
than was the case with LDL), and
corrected the lipoprotein profile of
the hypercholesterolemic
receptor—deficient mice.13

Both ex vivo and in vivo somatic
gene therapy approaches are
therefore applicable to FH.
Promising but as yet nonoptimal
results have been provided by both
strategies.”9-14 [t must be pointed
out that, since the first description
of FH, dietary restriction and
treatments with lipid-lowering drugs
have been widely employed with
the aim of protecting coronary
arteries and preventing coronary
artery disease; interesting results
have been obtained both with diet
and with drugs, especially in
heterozygotes.1>

Nevertheless, thanks to the
dramatic evolution of human gene
therapy and to the lack of efficiency
of conventional treatments for the
potentially fatal homozygous
forms, gene therapy will likely be
widely accepted and used.

¢ Another genetically determined
form of dyslipidemia potentially
suitable for gene therapy strategies
is familial dysbetalipoproteinemia,
in which a circulating abnormal
lipoprotein, BVLDL (very-low-density
lipoproteins), forms from
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chylomicrons and VLDL remnants.
The disease is a homozygous
condition caused by the E2 isoform
of apolipoprotein E (apo E).8.16
Apo E is a major protein constituent
of two of the classes of plasma
lipoprotein involved in lipid
transport and metabolism. It is
synthesized in many different tissues,
but liver is its predominant source.
Apo E is a key regulator of
cholesterol-rich lipoprotein
metabolism: it is responsible for the
uptake of chylomicrons and VLDL
remnants because it contains a
binding site that is complementary
both to the remnant and to the LDL
receptors. On cell surfaces, apo E
therefore binds LDLRs, which are
responsible for cholesterol uptake
by the cell. Polymorphic variants of
apo E have been shown to be
associated both with elevated
cholesterol levels and with an
increased risk of early coronary
artery disease. In humans,

there are three apo E isoforms: E2,
E3, E4 (genotypes €2, €3, €4).83 Of
the three, the E2 isoform shows the
lowest binding affinity to hepatic
receptors.!7 In familial dysbetal-
ipoproteinemia, this low-binding
affinity E2 isoform is the only one
present; the absence of the strong
binding isoforms of apo E results
in increases in the half-life of the
remnants in the serum. This remnant
half-life allows lipoprotein lipase
(in the capillary endothelium of
adipous tissue and of skeletal
muscle) and hepatic lipase to
continue to act, and thus to reduce
VLDL to the smaller BVLDL.
Familial dysbetalipoproteinemia
represents an essential precondition
for type 11l hyperlipidemia, which
develops in about 5% of patients
affected by dysbetalipoproteinemia,
and which is strongly associated
with premature coronary artery
disease.!819 The development of
type Il hyperlipoproteinemia
depends on the addition or not of
other genetic and/or environmental

factors. Genetic factors comprise:
(i) genes responsible for familial
combined hyperlipidemia + E2
homozigosity2%; and (ii) hypothy-
roidism and diabetes. Environmental
factors include sex, age, obesity,
alcoholism, and nicotine.

Apo E—deficient mice develop
marked hyperlipidemia as well as
atherosclerosis, and represent
good models for the evaluation of
the effectiveness of gene therapy in
human genetic disbetalipopro-
teinemias. Recombinant adenovirus
infusions containing either human
apo E (vAdv.apo E) or the reporter
gene luciferase (vAdv.luc) were
administered intravenously to apo
E—deficient mice with very high
preinfusion plasma cholesterol
levels. A single vAdv.apo E infusion
led to the appearance of apo E in
the plasma, to the normalization of
lipid and lipoprotein profiles,

and hence to a marked decrease in
total cholesterol, a decrease in
VLDL, IDL (intermediate-density
lipoproteins) and LDL, and to an
increase in HDL (high-density
lipoproteins). The aortic atheroscle-
rotic plaque area was significantly
reduced with respect to controls.2!
The combined use of adenovirus
vectors in the apo E—deficient mouse
therefore represents a promising in
vivo gene therapy approach.

Given that apo E is synthesized by
numerous tissues/cells, including
macrophages, other strategies are
also progressing: it has recently
been shown that atherosclerosis
can be prevented in apolipoprotein
E—deficient mice by bone marrow
transplantation, thanks to apo E
synthesis by normal macrophages
from transplanted marrow.22
Boisvert et al23 performed bone
marrow transplantation on hyper-
cholesterolemic apo E—deficient
mice with either syngeneic apo
E—deficient mouse bone marrow
cells (control) or wild-type mouse
bone marrow cells expressing apo
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E (treated). Both control and treated
mice were fed either a regular chow
diet or an atherogenic diet.

Serum cholesterol levels dropped
dramatically in the treated mice
due to a reduction in their VLDL
cholesterol. No changes were seen in
the control group. Serum cholesterol
(after 4 weeks) and the extent of
atherosclerosis (after 14 to 16 weeks)
were greatly reduced in the treated
mice. Wild-type apo E mRNA was
detected in the liver, spleen,

and brain of the treated mice,
documenting the successful apo E
gene transfer, and the level of apo
E expression was sufficient to
reduce the hypercholesterolemia
of the apo E—deficient mice fed
either chow or atherogenic diets.23

e A further condition associated
with increased cholesterol levels
and therefore with increased risk
for atherosclerosis is the raised
level of “lipoprotein small a”
[(Lp(a)] which is formed by the
disulfide linkage of apolipoprotein
B100 (apo B) of a LDL particle to
apolipoprotein(a) [(apo(a)].24

Apo B is the principal apolipoprotein
constituent of LDL, which is the
major lipoprotein involved in
cholesterol transport. Apo A bears
a striking resemblance to the
fibrinolytic enzyme precursor
plasminogen, and the genes for
the two proteins are closely linked
on chromosome 6.8 Lp(a) is highly
polymorphic, and its levels show
up to 1000-fold variability in the
population. Plasma levels of Lp(a)
are almost entirely genetically
determined: approximately 90% of
Lp(a) variability can be attributed to
the apo A gene.?> Size polymorphism
accounts for nearly 70% of Lp(a)
variance, but even apo A alleles of
the same size are heterogeneous at
the DNA sequence level. High Lp(a)
levels are associated with increased
plasma cholesterol levels and with
an increased risk of early coronary
artery disease. Lp(a) may participate
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both in thrombogenic and in
atherogenic processes because of
the plasminogen-like properties of
apo A, and is possibly involved in
the link between atherosclerosis
and thrombosis.2¢ There are no
current strategies for Lp(a) gene
therapy; however, given that
conventional treatments fail to
normalize Lp(a) and that current
intervention focuses on the
reduction of coexisting risk factors,
apo A gene is a possible candidate
for future investigation.

e A different strategy for
atherosclerosis gene therapy aims
at protecting against, or at reversing,
the disease; it is based on raising the
levels of circulating HDL cholesterol.
In vivo strategies in mice by
intravenous injection of recombinant
adenovirus encoding human
apolipoprotein Al (apo Al) resulted
in an overexpression of apo Al;

as a consequence, HDL cholesterol
increased to levels that are known
to be protective in humans.27

Like other secreted circulating
proteins, apo Al is suitable for gene
therapy, since virtually any somatic
cell could be targeted as a source
of the given product. The expression
of the gene declines rapidly, falling
to <10% of peak levels within 12 days
of injection. Although transient
expression of a foreign gene may be
sufficient to achieve specific goals
for some applications, for chronic
diseases, such as hypercholes-
terolemia, strategies for stabilizing
therapeutic gene expression are
critical to long-term efficacy after
adenovirus-mediated gene transfer.

HYPERTENSION

The polygenic nature of clinical
hypertension has limited the
identification of hypertension
genes in humans. Nevertheless,
genetic analysis in animal models
and in human populations supports

the hypothesis that the renin-
angiotensin system (RAS) plays an
important role in hypertensive
phenotype. Renin is an aspartic
protease that cleaves angiotensino-
gen into the decapeptide
angiotensin [; this cleavage is the
rate-limiting step in the renin-
angiotensin system.

Subsequent cleavage by
angiontensin-converting enzyme
(ACE) produces the octapeptide
angiotensin Il (AGlI), which regulates
blood pressure and salt retention.
Molecular variants of angiotensino-
gen have been associated with an
inherited predisposition to
essential hypertension.28
Molecular variants of the ACE
genes have been associated both
with ischemic heart disease and
with atherosclerosis.29.30

Molecular variants in the
angiotensin Il type | receptor gene,
combined with the ACE gene
variants, have been reported to
synergistically increase the risk of
myocardial infarction.3132 Trials in
which ACE inhibitors have been
found to decrease the occurrence
of cardiovascular events [SAVE
(Survival And Ventricular
Enlargement Trial), SOLVD
(Studies Of Left Ventricular
Dysfunction)|33.34 provide further
confirmation of an association
between the renin-angiotensin
system and cardiovascular diseases,
both via hypertension and directly.
Although in vivo gene transfer of
ACE has been performed in
experimental animals, 3% no true
gene therapy strategies have been
attempted, since the gene defects
in the RAS system are not fully
elucidated, and since current
knowledge suggests that the
increase in risk could be associated
with the given combined polymor-
phisms rather than with a single
gene defect. An alternative
association could be with dominant
defects in one rather than in another
gene of the RAS. In other words,
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genetic polymorphisms that are
biochemically and pathophysiolog-
ically related to a disease may
represent the genetic background
which makes certain individuals
“more likely” to be affected.
Analysis of these polymorphisms
may identify a group of markers
whose combined effect significantly
contributes to disease susceptibility.
Since population studies can be
undertaken more easily than family
studies, especially for coronary
artery disease, much work has been
carried out with this approach.
These studies are based on the
rationale of identifying mutations
in given genes that predispose to
coronary artery disease by showing
modifications in the frequency of a
DNA variant (RFLP |restriction
fragment length polymorphism],
VNTR [variable number tandem
repeat|, DNA haplotype)
cosegregating with the phenotype
(ie, ACE gene D allele controlling
>50% serum and tissue ACE levels
and associated with increased risk
for coronary atherosclerosis).

A gene therapy strategy for such
genetic risk markers is unlikely to
be addressed in the near future.
However, genetically guided drug
therapy (eg, ACE inhibitors in
patients with DD ACE genotype)
appears to be feasible and logical,
once the association between the
risk phenotypes and coronary
artery disease has been definitively
assessed.

HYPERHOMOCYSTINEMIA

A further risk factor candidate for
future gene therapy studies is
hyperhomocystinemia. Severe forms,
as in classic homocystinuria due to
cystathionine synthase deficiency,
which is inherited as an autosomal
recessive trait, may cause premature
atherosclerosis and thromboem-
bolism. Recently, even mildly
increased homocysteine levels
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have been recognized as a serious
risk factor in the development

of atherosclerotic disease and
thromboembolism.3¢
Hyperhomocystinemia is associated
both with deficiencies in the
activity of one of several enzymes
in methionine metabolism,

notably the above mentioned
cystathionine B-synthase,
5,10-methylenetetrahydrofolate
reductase, and with disorders of
methionine synthase activity due
to a defect in methylcobalamin
synthesis. Mild hyperhomocys-
teinemia can be the consequence
of intermediate deficiency (about
50% remaining activity) of
cystathionine synthase, or of the
thermolability of a homozygous
variant of 5,10-methylentetrahy-
drofolate reductase. Variations in
individual plasma homocysteine
levels may also be caused by
environmental factors or systemic
diseases. These factors and
diseases include: (i) deficiency of
folate and vitamin B6; (ii) the
antifolate drug methotrexate;

(iii) antiepileptics; (iv) nitric oxide;
(v) renal failure (the increase is
correlated with serum creatinine);
(vi) chronic liver disease; and (vii)
type I diabetes mellitus. In 1976,
Wilken and Wilken first published
results suggesting that mild
hyperhomocysteinemia played a
role in the pathogenesis of coronary
artery disease3”: about 30% of young
patients with angiographically
proven coronary artery disease
demonstrated mild hyperhomocys-
teinemia 4 hours after a methionine
load; in 1992, pooled data revealed
a prevalence of 32% in patients with
peripheral vascular disease, of 24%
in those with cerebrovascular
disease, and of 21% in those with
coronary artery disease.?® It has
also recently been shown that mild
hyperhomocysteinemia is a strong
risk factor for recurrent venous
thrombosis, and that the condition
can lead to a two- or threefold

increase in risk.39 A possible
relationship between plasma levels
of homocysteine and conventional
risk factors for vascular disease has
been suggested, but no such
relationship was established for
tobacco smoking, hypertension,
serum lipids, or diabetes mellitus.
Hyperhomocysteinemia therefore
seems to be an independent risk
factor for coronary artery disease.36
Although simple and inexpensive
treatment based on vitamin
administration and diet control
can normalize homocysteine
metabolism, it is not known whether
such treatment will also reduce
morbidity and mortality.

Among emerging risk factors for
atherosclerosis, hyperhomocystein-
emia is an interesting candidate
for future genetic studies and related
therapeutic strategies, again on
condition that the associated risk
has been definitively assessed.

“LOCAL” GENE THERAPY
STRATEGIES AND
ATHEROSCLEROSIS

Given the systemic nature of
atherosclerosis, gene therapy
strategies designed for catheter-
based local delivery devices of the
therapeutic gene do not appear to
be appropriate candidates for
future application; a theoretical
application would be morphologi-
cally risky plaques in ischemic
heart disease patients, but we lack
reliable markers, as well as certainty
about the evolution of “at risk”
lesions. Recent studies on animal
models have focused on the preven-
tion of restenosis after angioplasty
by means of percutaneous delivery
of an adenoviral vector.40

Although the expression of the gene
is transient in all experimental
models, the temporary activity that
characterizes the early postangio-
plastic period may possibly provide
efficient prevention of smooth
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muscle cell migration and
proliferation, which have been
shown to occur early after injury,
and which are held responsible for
restenosis.4!42 The genetic material
currently under consideration for
gene transfer in postangioplasty
atherosclerotic plaques consists of
antisense oligonucleotides, which
are used to inhibit the expression
of oncogenes influencing cell prolif-
eration (such as c-myb and c-myc) 4!
Other approaches could be to target
specific growth factor-signaling
pathways, with local delivery of
genes encoding receptor antagonists
or soluble growth factor-binding
proteins.40 However, experimental
studies are still needed, in particular
to demonstrate the absence of
potentially dangerous side effects
due to the virus, and to increase
the low level of transferred gene
expression in the target tissue.
Once effective local delivery systems
and gene therapy strategies are
available, it will be theoretically
possible to move from “ideal lesions,”
such as postangioplasty restenosis,
to spontaneous atherosclerotic
plaques, especially those
characterized, for example,

by neointimal smooth muscle cell
proliferation similar to that of
restenosis, such as have been
demonstrated in a high percentage
of culprit lesions in unstable angina,
stable angina, and sudden coronary
death patients.



Dialogues in Cardiovascular Medicine - Vol 2 - No. I - 1997

What are the prospects for gene therapy in atherosclerosis? - Arbustini

References

1. Ross R.

The pathogenesis of atherosclerosis:
a perspective for the 1990s.

Nature. 1993;362:801-809.

2. Scandinavian Simvastatin Survival
Study Group.

Randomised trial of cholesterol lowering in
4444, patients with coronary heart disease:
the Scandinavian Simvastatin Survival
Study (4S).

Lancet. 1994;334:1383-1389.

3. Crystal RG.

Transfer of genes to humans: early lesson
and obstacles to success.

Science. 1992;256:808-813.

4. Nicholson S, Pandha HS, Harris
JD, Waxman J.

Ethical and regulatory issues in gene therapy.
Br J Urol. 1995;76:71-74.

5. Wilson JM.

Gene therapy for cystic fibrosis: challenges
and future directions.

J Clin Invest. 1995;96:2547-2554.

6. Chien KR.
Molecular advances in cardiovascular biology.
Science. 1996;260:916-917.

7. Grossman M, Rader DJ, Muller
DWM, et al.

Pilot study of ex vivo gene therapy for
homozygous familial hypercholesterolaemia.

Nat Med. 1995;1:1148-1154.

8. Dammerman M, Breslow JL.
Genetic basts of lipoprotein disorders.
Circulation. 1995;91:505-512.

9, Chowdhury JR, Grossman M,
Gupta S, Chowdhury NR, Baker JR Jr,
Wilson JM.

Long-term improvement of hypercholestero-
laemia after ex vivo gene therapy in LDLR-
deficient rabbits.

Science. 1991;254:1802-1805.

10. Grossman M, Raper SE,
Kozarsky K, et al.

Successful ex vivo gene therapy directed to
liver in a patient with familial
hypercholesterolaemia.

Nat Genet. 1994;6:335-341.

11. Raper SE, Grossman M, Rader DJ,
et al.

Safety and feastbility of liver-directed ex
vivo gene therapy for homozygous familial
hypercholesterolemia.

Ann Surg. 1996;223:116-126.

12. Ishibashi S, Brown MS, Goldstein JL,
Gerard RD, Hammer RE, Herz J.
Hypercholesterolaemia in low density
lipoprotein receptor knockout mice and its
reversal by adenovirus-mediated gene delivery.

J Clin Invest. 1993;92:883-893.

13. Kozarsky KF McKinley DR,
Austin LL, Raper SE, Stratford-
Perricaudet LD, Wilson JM.

In vivo correction of low density lipoprotein
receptor deficiency in the Watanabe
heritable hyperlipidemic rabbit with
recombinant adenoviruses.

J Biol Chem. 1994;269:13695-13702.

14. Grossman M, Raper SE, Wilson JM.
Towards liver-directed gene therapy:
retrovirus-mediated gene transfer into human
hepatocytes.

Somat Cell Mol Genet. 1991;17:601-607.

15. Tonstad S, Knudtzon J,
Sivertsen M, Refsum H, Ose L.
Efficacy and safety of cholestyramine
therapy in peripubertal and prepubertal
children with familial
hypercholesterolaemia.

J Pediatr. 1996;129:42-49.

16. Breslow JL, Zannis VI,
Sangiacomo TR, Third JLHC, Tracy T,
Glueck CJ.

Studies of familial type Il hyperlipoproteine-
mia using as a genetic marker the apo E
phenotype E2/2.

J Lipid Res. 1982;23:1224-1235.

17. Weisgraber KH, Innerarity TL,
Mahley RW.

Abnormal lipoprotein receptor binding
actwity of the human apoprotein due to
cysteine-arginine interchange at single site.

J Biol Chem. 1982;257:2518-2521.

18. Yamamura T, Tajima S, Miyake
Y, et al.

Hyperlipidemia as a risk factor for ischemic
heart disease.

Jpn Cire J. 1990;54:448-456.

19. Utermann G.

Genetic polymorphism of apolipoprotein E:
impact on plasma lipoprotein metabolism.
In: Cripaldi G, Tiengo A, Baggio G, eds.
Diabetes, Obesity and Hyperlipidemias -
II1. Amsterdam, the Netherlands; Elsevier:
1985:1-11.

20. Hazzard WR, Warnick GR,
Utermann G, Albers JJ.

Genetic transmission of apolipoprotein E
phenotypes in a large kindred: relationship to
dysbetalipoproteinemia and hyperlipidemia.

Metabolism. 1981;30:79-88.

21. Kashyap VS, Santamarina-Fojo S,
Brown DR, et al.

Apolipoprotein E deficiency in mice:

gene replacement and prevention of
atherosclerosis using adenovirus vectors.

J Clin Invest. 1995;96:1612-1620.

22. Linton MF, Atkinson JB, Fazio S.

Prevention of atherosclesis in apolipoprotein
E deficient mice by bone marrow
transplantation.

Science. 1995;267:1034-1037.

23. Boisvert WA, Spangenberg J,
Curtiss LK.

Treatment of severe hypercholesterolemia
in apolipoprotein E—deficient mice by bone
marrow transplantation.

J Clin Invest. 1995;96: 1118-1124.

24. McCormick SPA, Ng GK, Taylor S,
Flynn LM, Hammer RE, Young SG.

Mutagenesis of the human apolipoprotein B
gene in a yeast artificial chromosome reveals
the site of attachment for apolipoprotein(a).

Proc Natl Acad Sci USA.
1995:92:10147-10151.

26



Dialogues in Cardiovascular Medicine - Vol 2 - No. 1 - 1997

What are the prospects for gene therapy in atherosclerosis? - Arbustini

25. Boerwinkle E, Leffert CC, Lin J,
Lackner C, Chiesa G, Hobbs HH.
Apolipoprotein(a) gene accounts for greater
than 90% of the variation in plasma
lipoprotein(a), concentrations.

J Clin Invest. 1992;90:52-60.

26. Scanu AM, Fless GM.
Lipoprotein(a): heterogeneity and biological
relevance.

J Clin Invest. 1990;85:1709-1715.

27. Kopfler WP, Willard M, Betz T,
Willard JE, Gerard RD, Meidell RS.
Adenovirus-mediated human apolipoprotein
Al gene transfer increases circulating HDL
colesterol in mice.

Clin Res. 1993;41:211A.

28. Caufield M, Lavender P, Farral M,
et al.

Linkage of the angiotensinogen gene to
essential hypertension.

N Engl J Med. 1994;330:1629-1633.

29, Cambien F, Poirer O, Lecerf L,
et al.

Deletion polymorphism in the gene for
anglotensin-converting enzyme is a polent
risk factor for myocardial infarction.

Nature. 1992;359:641-644.

30. Arbustini E, Grasso M, Fasani R,
et al.

Angiotensin converting enzyme gene deletion
allele is independently and strongly
assoctated with coronary atherosclerosts
and myocardial infarction.

Br Heart J. 1995;74:584-591.

31. Tiret L, Bonnardeaux A, Poirier O,
et al.

Synergistic effects of angiotensin-converting
enzyme and angiotensin-11 type I receptor
gene polymorphism on risk of myocardial
infarction.

Lancet. 1994:344:910-913.

32. Bonnardeaux A, Davies E,
Jeunemaitre X, et al.
Angiotensin Il type I receptor gene
polymorphisms in human essential
hypertension.

Hypertension. 1994:;24:63-69.

33. Pfeffer MA, Braunwald E, Moyé LA,
et al.

41. Schneider MD, French BA.

cardiovascular disease.
Circulation. 1993;88:1937-1942.

Effect of captopril on mortality and
morbidity in patients with left ventricular
dysfunction after myocardial infarction.

The advent of adenovirus. Gene therapy for

N Engl J Med. 1992:327:669-677.

42. Hamon M, Bauters C,
McFadden EP, et al.

Restenosis after coronary angioplasty.
Eur Heart J. 1995;16(suppl 1):33-48.

34. The SOLVD Investigators.

Effect of enalapril on survival in patients
with reduced left ventricular ejection

[ractions and congestive heart failure.
N Engl J Med. 1991;325:293-302.

35. Morishita R, Gibbons GH,
Kaneda Y, Ogihara T, Dzau V]J.

Novel and effective gene transfer technique for
study of vascular renin angiotensin system.

J Clin Invest. 1993;91:2580-2585.

36. van den Berg M, Boers GHJ.
Homocystinuria: what about mild
hyperhomocystinaemia?

Postgrad Med J. 1996;72:513-518.

37. Wilken DEL, Wilken B.

The pathogenesis of coronary artery disease.
A possible role for methionine metabolism.

J Clin Invest. 1976;57:211-215.

38. Ueland PM, Refsum M,
Brattstrom L.
Plasma homocysteine and cardiovascular

disease. In: Francis RBJ, ed.

Atherosclerotic Cardiovascular
Disease, Hemostasis, and Endothelial
Function. New York, NY: Marcel Dekker;
1992:183-236.

39. den Heijer M, Blom H]J,
Gerrits WBJ.

Is hyperhomocysteinaemia a risk factor for
recurrent venous thrombosts?

Lancet. 1995;345:882-885.

40. Steg PG, Feldman L], Scoazec }Y,
et al.

Arterial gene transfer to rabbit endothelial
and smooth muscle cells using percutaneous
delivery of an adenoviral vector.

Circulation. 1994;90:1648-1656.

27



