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Gene Therapy for
Vascular Diseases

Gene transfer by virus- and liposome-mediated vectors has potential for treating ge-
netic diseases, cancer, and cardiovascular diseases. In this article, we discuss the gen-
eral principle and techniques for gene transfer and the specific issues facing therapy for
vascular diseases. We also propose a strategy for using virus-mediated gene transfer to
restore the vasoprotective function of the vascular wall, thereby preventing vascular
thrombosis. Experimental data from ongoing work in our laboratories are presented to
illustrate the importance of this approach in vascular gene transfer therapy. (Texas Heart
Institute Journal 1994;21:98-103)

T he blood vessel is lined with a monolayer of endothelial cells, which play
a crucial role in maintaining blood fluidity and vascular patency.1 Endo-
thelial cells generate a number of powerful molecules that protect blood

vessels from injury and major disease processes, such as thrombosis and athero-
sclerosis. At least 7 classes of molecules have been identified: prostacyclin (PGI2);
nitric oxide (NO); ecto-ADPase; thrombomodulin; heparin-like molecules; tissue
factor pathway inhibitor (TFPI); and tissue plasminogen activator (tPA). Prosta-
cyclin is synthesized via a series of enzymes and, once released extracellularly,
has a short half-life.23 It is a potent inhibitor of platelet activation, secretion, and
aggregation and is also a potent vasodilator. Synthesis of NO is catalyzed by NO
synthase.4 Nitric oxide is released extracellularly to maintain vasorelaxation. More-
over, it inhibits platelet adhesion and acts synergistically with PGI2 in suppressing
platelet aggregation.5'6 These 2 compounds, hence, play a major role in main-
taining vascular patency and blood fluidity. Ecto-ADPase, on the other hand, is
present on the endothelial cell surface, which degrades adenosine diphosphate
(ADP) released from activated platelets. Thrombomodulin and heparin are also
expressed constitutively on the endothelial cell surface. These 2 membrane
molecules serve as co-factors for naturally occurring anticoagulants. Thrombin,
through its binding to the protein thrombomodulin, becomes active in converting
protein C into an activated form that, in the presence of protein S, degrades fac-
tors Va and VIIIa, thereby curtailing the coagulation reaction and fibrin formation.
Heparin-like molecules function as an antithrombin III co-factor for inactivation
of thrombin, factor Xa, IXa, and other activated coagulation factors. TFPI inhibits
the factor VIIa-mediated activation of factor X. These 3 factors (thrombomodulin,
heparin-like molecules, and tissue factor pathway inhibitor) are molecules natu-
rally endowed for controlling thrombin generation and fibrin formation. The final
product on the list is tPA, which catalyzes the formation of plasmin, thereby di-
gesting fibrin clots. All 7 defense molecules are constitutively produced for carry-
ing out their physiologic functions. A loss of any of these defense molecules, due
to endothelial cell damage or depletion, is considered to have a detrimental effect
on vascular integrity. The vasoprotective properties of the damaged endothelium
become substantially compromised, which permits platelet adhesion and aggre-
gation, and fibrin formation, at the damaged vascular wall. Moreover, endothelial
cell perturbation may result in the expression of procoagulant and prothrombotic
molecules. Impairment in endothelial cell function contributes significantly to such
vascular lesions as atherosclerosis, thrombosis, and intimal hyperplasia.

Several of these active molecules have been purified or synthesized and ad-
ministered systemically for treatment of arterial thrombotic disorders. For example,
the infusion of tissue plasminogen activator has reduced significantly the morbid-
ity and mortality of coronary heart disease.7-9 Stable prostacyclin analogs, e.g.,
iloprost, improve circulation and reduce ischemic changes due to peripheral vas-
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cular disease in lower extremities.10 However, ad-
verse effects can ensue when large doses of these
compounds must be administered systemically to
achieve therapeutic results. Furthermore, bioavail-
ability is limited when these compounds are admin-
istered systemically, due to an inherent short half-life
of the compounds, as in the case of PGI2 and NO, or
due to neutralization by a specific natural inhibitor,
such as neutralization of tPA by plasminogen activa-
tor inhibitor-1 (PAI-1). Another important constraint
is that most of the defense molecules act locally
as autacoids (PGI2 and NO), or selectively at fibrin-
generating sites (tPA)-and systemic administration
often does not produce an adequate local concen-
tration of these compounds. A more physiologic
approach is to deliver the vasoprotective molecules
to the sites of vascular injury and lesions. In this
context, gene transfer therapy is an important recent
development.

General Aspects of Gene Transfer Therapy
Recent studies indicate that it is feasible to transfer
reporter genes such as 3-galactosidase and luciferase
to the vascular wall by retrovirus-, adenovirus- and
liposome-mediated gene transfer. Each type of vec-
tor has its advantages and disadvantages. Moreover,
although techniques for delivering and/or targeting
the desired gene to the vascular lesion or the poten-
tial vascular-injury site are being developed rapidly,
their potentials for use in vascular gene therapy are
not yet fully realized. In this paper, we review vec-
tors that are suitable for vascular gene transfer and
the emerging general techniques and concepts for
gene delivery and targeting.

Vectorsfor Vascular Gene Transfer. Transfer of a
desired gene into the vascular tissue may be
achieved by using replication-defective viral vectors
or liposomes. Several types of viruses have been
used, but retroviruses and adenoviruses are by far
the most commonly used vectors. The general tech-
nique for using replication-defective retroviruses in
gene transfer has been described in a review ar-
ticle." The retroviral genome is rather simple when
compared to those of other viruses. It contains long
terminal repeats (LTR) at its 5£ and 3£ flanking re-
gions. The 5 'LTR is a potent promoter. Downstream
from the 5 ' LTR is a segment that transcribes a sig-
nal essential for proper assembly of the retroviral
envelope. To construct a retroviral vector for gene
transfer, the 3 retroviral structural genes are re-
moved, and inserted in their place is a reporter gene
such as the Fscherichia coli lacZ(,-galactosidase, P-
gal) gene and the neomycin-resistant (NeoR) gene.
For transfer of a desired gene, the lacZ cDNA is re-
placed with the cDNA of the desired gene. To pro-
duce a large quantity of retroviral vectors carrying
the gene, a specially engineered packaging cell line

is used to generate the viral vectors. The packaging
cell line contains all the retroviral genome except for
the v segment.'2 When the packaging cells are in-
fected with the viral vector containing the ij signal,
replication-defective (helper-virus-free) retroviruses
containing the reporter gene or the desired gene are
produced. These viruses are then used to infect cells
or tissues. Because these viral vectors are amphi-
tropic, they interact with cell receptors, enter the
cells, and incorporate their DNA contents into the
host cell chromosome by a random process. Since
they do not contain viral genomes, they are inca-
pable of replication in the host cells. Their 5'LTR,
on the other hand, is an active promoter that serves
to drive the transcription of the reporter gene or the
inserted gene for transfer, thereby augmenting the
synthesis of the gene product. A number of retroviral
vectors have been used successfully in transferring
genetic materials into vascular wall.'3-'7 The advan-
tages of retroviral vectors are their long-term, if not
permanent, incorporation into host-cell chromo-
somes, and the high efficiency of their incorporation
into cells in vitro. Disadvantages include: 1) The re-
quirement for in vitro preparation of autologous
cells and transfer of the desired gene in vitro prior
to administration of the "engineered" cells in vivo.
Such procedures are cumbersome, and impractical
for future application to clinical therapy. The attempt
to transduce vascular cells directly (in vivo) with
retroviral vectors is confronted with the problem of
achieving a high efficiency.18 2) The requirement for
cells in active replication. 3) The potential problem
of oncogene activation.
Due to these disadvantages, the retroviral vectors

are not as likely to be suitable for vasoprotection as
for gene therapy of genetic disorders. By contrast,
adenoviral vectors have a high affinity for interact-
ing with quiescent and actively replicating cells, and
can be used directly for in vivo gene transfer with-
out the initial step of in vitro cell processing. Be-
cause the transferred gene is localized extrachromo-
somally in the nucleus, the gene copies are reduced
significantly for each cycle of cell replication. Repli-
cation-defective adenoviruses are relatively safe as
far as activation of oncogenes is concerned, but may
be associated with inflammatory reactions.'9

Liposome-DNA complexes enter cells through the
fusion of liposomes with cell membrane, and the
complex then travels intracellularly as endosomes.
DNA carrying the desired gene enters the nucleus,
and the promoter built into the DNA cassette drives
the transcription of the transferred cDNA. A cationic
liposome (lipofectin) containing Ni-(2,3- dioleyloxy)
propyl-N,N,N- trimethylammonium (DOTMA) has
been tried for vascular gene transfer, but direct ap-
plication of lipofectin-DNA complex to vascular in-
jury sites has not achieved a suitably high degree of
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efficiency.20'21 A recent report indicated an efficient
delivery of genes by using liposomes containing a
mixture of DOTMA, dioleoyl-phosphatidylethanol-
amine (DOPE), and CMV-chloramphenicol acetyl-
transferase (CAT) in a fixed ratio of 8 nmol of lipo-
some to 1 gg of DNA.22 Intravenous injection of the
liposome-DNA mixture results in noticeable expres-
sion of the CAT reporter gene in endothelium, heart,
spleen, bone marrow, and alveolar epithelium.
On the basis of currently available information, it

appears that adenoviruses and cationic liposomes
are potentially useful vectors for vascular gene trans-
fer. Several promising techniques for delivering and/
or targeting the gene(s) to the vascular injury sites
are being tested. They are described below.

Gene Delivery. The desired gene can be delivered
to the vascular sites through perforated balloon cath-
eters20'21 and by stents coated with endothelial cells
into which the gene has been transferred.23 As men-
tioned above, direct infusions of retroviruses carry-
ing the gene or liposome-DNA complex by
perforated balloon catheters are inefficient in intro-
ducing the gene into the vascular cells in vivo.19,20
Our preliminary data revealed that direct infusion of
an adenovirus carrying prostaglandin H synthase-1
(PGHS-1) cDNA was accompanied by increased
PGHS-1 transcription and PGI2 synthesis.24 Delivery
of the desired gene by adenoviruses via perforated
balloon catheter or other devices appears to be fea-
sible and is worth pursuing.

Gene Targeting. Receptor-directed delivery of a
desirable gene to a specific type of cell is an impor-
tant approach for gene therapy. A prerequisite is the
presence of cell-specific or tissue-specific receptors
that bind and internalize their ligands. This approach
appears to be feasible for targeting genes to hepato-
cytes. Wu and colleagues have taken advantage of a
specific receptor on hepatocytes that recognizes,
internalizes, and degrades desialylated proteins.25-27
They coupled asialoorosomucoid A to poly-L-lysine,
which formed a complex with plasmids containing
the CAT reporter gene. They were able to target the
CAT gene to hepatocytes with considerable expres-
sion of CAT protein in vitro and in vivo,25127 and they
subsequently showed the transfer of albumin cDNA
to hepatocytes.28 This approach was further refined
by co-infecting hepatocytes with replication-de-
fective adenoviral vectors,29 the addition of which
increased transduction efficiency by 3 orders of mag-
nitude. These studies presented an exciting poten-
tial for transferring genes to hepatocytes. However,
receptor-directed gene targeting for vascular gene
therapy has not been reported. In order to target
genes to vascular lesions, it will be necessary to
identify specific receptors expressed on cells in the
vascular lesions that are not present on normal en-
dothelial cells.

Gene Therapy for Vascular Diseases
An important strategic issue regarding gene therapy
for vascular diseases is selection of a target gene the
enhancement or ablation of which will have thera-
peutic benefits. This issue remains at an early ex-
perimental stage of development. To illustrate the
potential use of transferring vascular genes for re-
storing and enhancing vasoprotective properties,
this review describes experiments that are carried
out in our laboratories. We have focused our efforts
on enhancing the synthesis of PGI2, which is one of
the most potent inhibitors of platelet activation, se-
cretion, and aggregation-as well as a potent vasodi-
lator. Its production and activity are tightly regulated.
Its biosynthesis in vascular endothelial cells is cata-
lyzed sequentially by phospholipase A2 (PLA2), pros-
taglandin H synthase (PGHS), and prostacyclin
synthase (PGIS). PLA2 catalyzes the liberation of
arachidonic acid (AA), which is thought to be the
rate-limiting step in the initiation of AA metabo-
lism, while PGHS (which catalyzes the formation of
PGH2) is considered to be the key step in control-
ling the total content of PGI2 synthesis.30 Prostaglan-
din H synthase is autoinactivated during catalysis,
which severely curtails its catalytic capacity.31 32
There are 2 isoforms of PGHS. Type 1 PGHS (PGHS-
1) is constitutively expressed and probably respon-
sible for physiologic synthesis of PGI2, while type 2
PGHS (PGHS-2) is an inducible form and is thought
to be involved in inflammation.33-35 Under physi-
ologic conditions, PGHS (mostly PGHS-1) exists in
low quantity. At vascular injury sites or in vascular
lesions, its quantity is probably further reduced and
the capacity of PGI2 synthesis is compromised. We
postulated that transfer of PGHS-1 cDNA to the vas-
cular cells may increase PGHS-1 expression, and
augment PGI2 production. Our initial experiment to
test this hypothesis was to determine whether it was
feasible to transfer human PGHS-1 cDNA into a cul-
tured human endothelial cell line (EA.hy 926 cells)
by using a retroviral vector (BAG), kindly provided
by Connie Cepko at Harvard Medical School. Since
this work has been published recently,j6 the experi-
mental procedures and results are given briefly here.
The BAG construct is illustrated in Fig. 1. We in-
serted PGHS-1 cDNA into the BAG vector by replac-
ing the E. coli lacZgene (encoding 0-galactosidase)
with PGHS-1 cDNA. PGHS-1 cDNA could be inserted
in a sense orientation [PGHS(S)J or reverse orienta-
tion [PGHS(R)I relative to the BAG 5 Llong terminal
repeat (LTR) (Fig. 1). Both PGHS(S) and PGHS(R)
vectors were isolated and used to transfect a pack-
aging cell line (rCRIP), kindly provided by Richard
Mulligan at MIT for production of replication-defec-
tive viruses containing PGHS(S) or PGHS(R). We
then incubated a human endothelial cell line in me-
dium containing the replication-defective viruses
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Fig. 1 Retroviral vectors. The arrows above LTR and SV40
indicate the direction of transcription. The arrows within
the PGHS boxes indicate the direction of the coding strand.
PGHS(S) denotes the insertion of PGHS-1 in sense orientation
relative to the retroviral promoter, and PGHS(R) denotes
reverse orientation relative to the retroviral promoter The
cloning sites, BamHI, in the BAG are also shown.

ATG = translation start condon; a-gal = fgalactosidase cDNA;
LTR = retroviral long terminal repeat; neo = bacterial neomy-
cin phosphotransferase cDNA; PGHS = human PGHS-1 cDNA;
V = viral sequence essential for packaging; SV40 = simian
virus 40 promoter and enhancer

(From: J Clin Invest 1993;91:1843-9. By copyright permission
of the American Society for Clinical Investigation.)
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Fig. 2 Comparison of PGHS- 1 mRNA (a) and protein levels
(b) in uninfected, PGHS(S), and PGHS(R) endothelial cells.
Each bar represents mean value ± standard deviation from
3 separate experiments.

PGHS-1 = prostaglandin H synthase-1; PGHS(R) = PGHS-1
cDNA inserted in a reverse orientation; PGHS(S) = PGHS-1
cDNA inserted in a sense orientation.

(From: J Clin Invest 1993;91:1843-9. By copyright permission
of the American Society for Clinical Investigation.)

and a neomycin analog (G-418) for selection of
transfected cells. Only transfected cells expressing
neomycin phosphotransferase will grow in this me-
dium. Under these experimental conditions, the
transfected cells reached confluency in 2 weeks. The
PGHS(S) cells expressed a high level of mRNA but
did not produce increased PGHS-1 protein because
of a shift of the reading frame due to the predomi-
nant use of the bacterial lacZ start site for transcrip-
tion. The PGHS(R) cells in which PGHS-1 expression
was driven by a SV-40 promoter contained a 20-fold
increase in PGHS-1 mRNA and protein levels (Fig.
2). The PGHS(R) cells did not exhibit morphologic
changes and retained normal synthetic capacity for
tissue-type plasminogen activator and plasminogen
activator inhibitor-1. The PGI2 synthesis in PGHS(R)-
transduced cells in response to arachidonic acid and
physiologic agonists was markedly increased (Table
I). These data provide direct evidence to support the
notion that the steady-state level of PGHS-1 is the
key determinant of PGI2 synthetic capacity in vascu-
lar endothelial cells; moreover, they give credence
to the use of PGHS-1 gene transfer for enhancing
vascular antithrombotic activity during injury.

For clinical application, retrovirus-mediated trans-
fer of PGHS-1 will be cumbersome and may be
potentially hazardous. Therefore, we tested the fea-
sibility of adenovirus-mediated transfer, using an

adenoviral vector provided by Robert Meidell at the
University of Texas Southwestern Medical School.
The adenoviral vector carrying PGHS-1 cDNA (Ad-
PGHS) was efficient in transducing cultured endo-

thelial cells that expressed a 3-fold increase in PGHS-
1 mRNA after 48 hours of adenoviral treatment. The
expression of PGHS-1 mRNA in cultured porcine
vascular smooth muscle cells was also increased. We
then undertook an in vivo study to evaluate the fea-
sibility of transfecting injured vessel directly with
Ad-PGHS. Pig carotid arteries were crush-injured,
and Ad-PGHS or adenoviral vector (Ad-V) was in-
fused locally to the injured carotid arteries for 30
minutes via a Wolinsky perforated balloon catheter.
The carotid arteries were dissected 3 days after vi-
rus administration, and their capacity to synthesize
PGI2 was measured. In 4 experiments, PGI2 produc-
tion by carotid segments from Ad-PGHS transfected
animals in response to arachidonate and ionophore
was, respectively, 2.5-fold and 2.9-fold over that of
the control animals.

These results confirm that adenoviral vectors can

be used for direct delivery of PGHS-1 genes to en-

hance the synthesis of vasoprotective molecules. To
test the efficacy of adenovirus-mediated PGHS-1
transfer in reducing thrombosis and intimal hyper-
plasia, we infused Ad-PGHS through perforated
catheters into pig carotid arteries injured by balloon
angioplasty. The antithrombotic efficacy is being
evaluated by morphometric measurements and mea-

surement of carotid blood flow by Doppler. We
hope that the results derived from the pig angioplas-
ty model will lend support to the further develop-
ment of transferring PGHS-1 and other vasopro-
tective genes, individually or in combination, for
human gene therapy of vascular diseases such as

postangioplasty thrombosis and intimal hyperplasia.
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TABLE 1. Responses of Retrovirus-Infected and Control Cells to Stimulation by Physiologic Agonists

6KPGFla Concentration

PGHS(R) PGHS(S)

Experiment PO P7 PO P7 Control

ng/mL

Basal 5.75± 0.22 4.00± 2.60 0.22 ± 0.01 0.16± 0.05 0.12 ± 0.01
A23187 46.79± 7.03 76.08± 0.10 0.57 ± 0.02 0.18 ± 0.01 0.29 ± 0.03
Thrombin 17.89 ± 0.39 15.97 ± 0.67 0.39 ± 0.01 0.37 ± 0.01 0.19 ± 0.10
Arachidonate 26.70 ± 0.75 ND 2.34 ± 0.05 ND 0.32 ± 0.05

The 6KPGFa content (mean ± SD, n=3) in the cultured medium from primary (PO) and passage 7 (P7) PGHS(R) and PGHS(S) cells
and from control cells. Cells (2 x 105 cells/well) were incubated with 1 mL of medium containing ionophore A23187 (10 laM),
thrombin (2 U/mL), and arachidonate (10 WM) at 37 IC for 1 h, and the 6KPGFa content in the cultured medium was assayed.

ND = not done

(From: J Clin Invest 1993;91:1843-9. By copyright permission of the American Society for Clinical Investigation.)

Comments

Rapid progress has been made in using gene trans-
fer for treating a variety of diseases. For example, for
treating genetic diseases, retrovirus and adenovirus-
mediated gene transfer has shown promising experi-
mental results in correcting genetic defects of cystic
fibrosis,37 hemophilia B,38 combined immunode-
ficiency,39 and familial hypercholesterolemia.
These exciting experimental results have led to more
extensive testing of the efficacy of gene therapy in
correcting genetic defects in patients with the above
disorders. Gene therapy for cancer has also devel-
oped rapidly from experimental stage to clinical trial,
thanks to the dramatic eradication, in rats, of experi-
mental brain tumor via transfer of herpes virus thy-
midine kinase,42 and to the enhancement of immu-
nosurveillance against cancer via transfer of tumor
necrosis factor and other cytokines. Gene therapy for
acquired immune deficiency syndrome (AIDS) is
also close to clinical trials.

Studies from several laboratories, including ours,
have provided strong evidence to support the fea-
sibility of gene therapy for vascular diseases. Gene
transfer of vasoprotective molecules is a powerful
approach to restoring and augmenting vascular pro-
tection. Our work on cyclooxygenase gene transfer
supports this notion and has laid the foundation for
future clinical studies. Vascular gene transfer can also
be used to carry antisense oligonucleotides or ribo-
zymes to the proliferating vascular smooth muscle
cells, wherein the inciting growth factors, onco-
genes, or both, can be suppressed.
To achieve maximal therapeutic efficacy of gene

therapy for vascular diseases, the pathophysiology of

the various types of vascular diseases should be
taken into consideration; from that point, strategies
can be developed in terms of the gene or genes to
be altered, the timing and the route of administra-
tion of gene vectors, and gene targeting.

In summary, gene therapy for vascular diseases is
in its infancy. Aside from several of the technical is-
sues that require resolution, issues involving ethics
(such as safety) and cost-effectiveness (comparisons
with currently available therapeutic methods) also
must be carefully evaluated before gene therapy can
be applied to vascular diseases in human beings.
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