
action of several mitogens (2, 17), A11 may exact physiological function of AII in the s .  K. A. Porter, L. H. Zondek, T. Zondek,J. 

be implicated in fetal growth. In support of fetus remains to be demonstrated, the prom- ~ $ & ~ , l ~ e ~ ~ ~ , ~ " : ; ; ~ ~ ' ; j ; , F M ~ ~ & ~ ~ ~ i  
this possibility, A11 has been shown to act as inent and transient expression of functional (1984). 
a mitogen in' cultured bovine adrenal cells 
(18) and to stimulate growth and induce the 
expression of c-myc and c-fos in cultured 
smooth muscle cells (4, 5). In addition, 
injection of A11 in 18-day rat fetuses in utero 
caused a 20% increase in 3~-labeled amino 
acid incorporation into proteins in the skin, 
but not kthe brain, measured 5 hours later 
(19). 

A11 may modulate growth through its 
effect on the calcium-phospholipid pathway 
directly or through the regulation of the 
expression of other growth factors or proto- 
oncogenes. The latter is supported by the 
finding that A11 causes an increase in PDGF 
mRNA in cultured smooth muscle cells (5). 
In addition, our findings on the ontogeny 
and localization of AII iece~tors' are similar 
to those reported for insulin-like growth 
factor I1 in the rat fetus (20). Although the 

A11 receptors at unique sites in the fetus 
strongly suggests a role for AII in fetal 
development. 
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Recombinant Gene Expression in Vivo Within 
Endothelial Cells of the Arterial Wall 

A technique for the transfer of endothelial cells and expression of recombinant genes in 
vivo could allow the introduction of proteins of therapeutic value in the management 
of cardiovascular diseases. Porcine endothelial cells expressing recombinant p-galacto- 
sidase from a murine amphotropic retrovird vector were introduced with a catheter 
into denuded iliofemoral arteries of syngeneic animals. Arterial segments explanted 2 
t o  4 weeks later contained endothelial cells expressing p-galactosidase, an indication 
that they were successfully implanted on the vessel wall. 

R EDUCTIONS IN BLOOD FLOW TO 

the heart and other organs are often 
caused by h e d  atherosclerotic ob- 

structions, which can become critical when 
accompanied by superimposed narrowings 
due to thrombus formation or vessel con- 
striction. Vascular endothelial cells contrib- 
ute to the pathogenesis of these lesions by 
(i) altering the thrombogenic properties of 
the vessel lumen (I) ,  (ii) inducing smooth 
muscle cell proliferation (2), and (iii) regu- 
lating vascular smooth muscle tone (3). Ge- 
netically altered endothelial cells could trans- 
mit recombinant DNA products that would 
provide anticoagulant, vasodilatory, angio- 

genic, or growth factors to a localized seg- 
ment of vessel. We show that endothelial 
cells can be stably implanted in situ on the 
arterial wall and express a recombinant 
marker protein, p-galactosidase, in vivo. 

Because atherogenesis in swine has simi- 
larities to humans, we used an inbred pig 
strain, the Yucatan minipig (Charles River 
Laboratories), as an animal model (4). We 
established a primary endothelial cell line 
from the internal jugular vein of an 8- 
month-old female minipig and confirmed 
the endothelial cell identity of this line (5). 
Two independent p-galactosidase-express- 
ing endothelial cell lines were isolated (6)  
after thev were infected with a murine am- 

E. G. Nabel, Cardiology Division, Department of Inter- photropic p-galactosidase-trmsdUcing re- 
nal Medicine, University of Michigan Medical Center, 
Ann Arhnr. MI 48109-0650 troviral vector (BAG), which is replication- .. > - - -  - - - -  
G. Plautz, F. M. B O Y ~ ~ ,  G. J. Nabel, Howard Hughes defective and contains both p-galactosidase 
Medical Institute, Departments of Internal Medicine and 
Biological Chemistry, University of Michigan Medical and neOm~cin resistance genes ( 7 ) .  
Center, Ann Arbor, MI 48109-0650. Endothelial cells derived from this inbred 
J. C. Stanley, Section of Vascular Surgery, Department 
of Surgery, University of Michigan Medical Center, Ann strain, being 'yngeneic, were for 
Arbor, MI 48109-0329. study in more than one minipig, and were 

tested in nine different experimental sub- 
jects. The animals were anesthetized, the 
femoral and iliac arteries were exposed, and 
a catheter was introduced into the vessel 
through a small branch (Fig. 1). Intimal 
tissues of the arterial wall were denuded 
mechanically by forceful passage of a partial- 
ly inflated balloon catheter within the vessel. 
The artery was rinsed with heparinized sa- 
line and incubated with a neutral protease 
dispase (50 Ulml), which removed any re- 
maining luminal endothelial cells. Residual 
enzyme was presumably inactivated by a2 
globulin in plasma (8) on deflating the 
catheter balloons and allowing blood to 
flow through the vessel segment. The cul- 
tured endothelial cells, which expressed P- 
galactosidase (Fig. 2, A and B), were intro- 
duced by means of a specially designed 
arterial catheter (C. R. Bard Inc., Billerica, 
MA) that contained two balloons and a 
central instillation port (Fig. 1). When these 
balloons were inflated, a protected space was 
created within the artery into which cells 
were instilled through the central port. 
These p-galactosidase-expressing endotheli- 
a1 cells were allowed to incubate for 30 min 
to facilitate their attachment to the denuded 
vessel. The catheter was then removed, the 
arterial side branch ligated, and the incision 
closed. Labeling with 5 1 ~ r  indicated that, of 
the 2 x lo5 endothelial cells instilled in the 
central space, 2 to 11% successhlly attached 
to the denuded arterial wall. 

Segments of experimental and control ar- 
teries were removed 2 to 4 weeks later. 
Staining of arterial specimens with X-gal 
chromagen revealed multiple areas of blue 
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Rg. 1. Method of introduction of endothelial 
cells bv catheterization. (A) Double balloon cath- - -  - -- 

eter k e d  for instillation bkdothe l id  cells. h- 
imal and distal balloon inflation isolates a central 
space, allowing for instillation of infected cells 
through the port into a discrete segment of the 
vessel. (B) Schematic representation ofcel  intro- 
duction by catheter. Female Yucatan minipigs 
were anesthetized with pentobarbital and under- 
went sterile 'cal exposure of the iliofemoral 
arteries. ~hexeter was advanced into the iliac 
artery and the proximal balloon was partially 
idated and passed to mechanically denude the 
endothelium. The catheter was positioned with 
the central space located in the region of denuded 
endothetium, and both balloons were hthted. 
The denuded segment was irrigated with heparin- 
ized saline, and residual adherent cells were re- 
moved by instiUation of dispase (50 U / d )  for 10 
min (12). After W e r  irrigation, the BAGinfcct- 
ed cndothelial cells were instilled for 30 min. The 
balloon catheter was subsequently moved,  and 
antegrade blood flow was restored. The vessel 
segments were excised 2 to 4 weeks later. A 
portion of the artery was placed in 0.5% glutar- 
aldehyde for 5 min and stored in phmphate- 
buffaod saline, and another portion was mounted 
in a padin block for sectioning. 

coloration indicative of $-galactosidase ac- 
tivity in the arteries seeded with infected 
endothelium, estimated to represent 20 to 
100% of the cells that attached initially. 
Arteries seeded with uninfectcd endotheli- 
urn exhibited no blue staining (Fig. 2, C and 
D). Light miuoscopy revealed p-galacto- 
sidase smining primarily in endothelial cells 
of the intima in experimentally seeded ves- 
sels. No evidence of similar staining was 
observed in control segments (Fig. 2, E and 
F) . p-Galactosidase staining was occasional- 
ly evident in deeper intimal tissues and was 
suggestive of entrapment or migration of 
seeded endothelium within the previously 
injured vessel wall (Fig. 2F). Local throm- 
bosis was observed in the first two experi- 
mental subjects. This complication was min- 
imized in subsequent studies by administer- 
ing acetylsalicylic acid before the endothelial 
cell transfer procedure and by using heparin 
anticoagulation at the time of innoculation. 
In instances of thrombus fbrmation, $-ga- 

m. 2. Analysis of endothe- 
lial cells in vim and in vivo. 
@-galactaidax activity doc- 
umented by histochemical 
st* in (A) primaty en- 
dothdial cells from the Yu- 
catan minipig, (B) a subline 
derived by infection with 
the BAG mroviral vector, 
(C) a segment of normal 
control artery, (D) a scg- 
ment of artery instilled with 
endothetium infected with 
the BAG retroviral vector, 
(E) micrascopic cross sec- 
tion of normal control ar- 
tery, and (F) microscopic 
cross section of artery in- 
stilled with endothdium in- 
fected with the BAG retro- 
viral vector. Endothdial cells 
in tissue culture were fixed 
in 0.5% glutaraldehyde be- 
fore histochemical staining 
(13). The enzymatic activity 
of the fichen'chia coli @-galac- 
tosidase protein was used to 
iden& infected endothelial 

calf serum, endothelid cell 
growth supplement (50 @d),  and endothelid celcconditioned medium (20%) for an additional 24 
to 48 hours before selection in G418 (0.7 mglml of a 50% racemic mixture). G4l8-resistant cells were 
isolated and analyzed for @-galactosidase expression with a standard histochemical stain (13). Cells 
stably expressing the @-galactosidase enzyme were maintained in continuous culture for use as needed. 
Frozen samples were stored in liquid nitrogen. 

hctosidase staining was seen in endothelial 
cells extending from the vessel wall to the 
surface of the thrombus. 

A major concern of gene transplantation 
in vivo is the production of a replication- 
competent retrovirus tiom genetically engi- 
neered cells. This potential problem was . .  . 
nummmd through the use of a replication- 
defectbe retrorenovirus. No helper virus was 
detectable among these lines after 20 pas- 
sages in vim. Although defective retro- 
viruses were used in this study because of 
their high rate of infedvity and their stable 
integration into the host d genome (9), 
this approach to gene transfer is adaptable to 
other viral vectors. A second concem in- 
volves the longevity of expression of recom- 
binant genes in vivo. Endothelial cell expres- 
sion of-$-galactosidase appeared constant in 
vessels examined up to 4 we& after sur- 
&Fry. 
Thus, genetically altered endothelial cells 

can be introduced into the vascular wall of 

the Yucatan minipig by arterial catheteriza- 
tion. A major complication of current inter- 
ventions fbr vascul& disease, such as balloon 
angioplasty or endarterectomy, is disruption 
of the atherosclerotic plaque and thrombus 
fbrmation at sites of local tissue trauma (1 0). 
In part, this is mediated by endothelial cell 
injury (11). Genetically altered or normal 
endothelial cells introduced at the time of 
intervention could minimize local thrombo- 
sis. This technology could be used also fbr 
the treatment of myocardial or tissue isch- 
emia by 
bolytic, 
Finally, 

introducing cells expressing throm- 
angiogenic, or growth factor genes. 
this approach might be used to treat 

s d c  or inherited diseases requiring se- 
cretion of gene products directly into the 
cirmlation. 
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Implantation of Vascular Grafts Lined with 
Genetically Modified Endothelial Cells 

The possibility of using the vascular endothelial cell as a target for gene replacement 
therapy was explored. Recombinant retroviruses were used to transduce the lacZ gene 
into endothelial cells harvested from mongrel dogs. Prosthetic vascular grafts seeded 
with the genetically modified cells were implanted as carotid interposition grafts into 
the dogs from which the original cells were harvested. Analysis of the graft 5 weeks 
after implantation revealed genetically modified endothelial cells lining the luminal 
surface of the graft. This technology could be used in the treatment of atherosclerosis 
disease and the design of new drug delivery systems. 

M YOCARDIAL INFARCTIONS, 

strokes, and amputations due to 
lower extremity occlusive disease 

are the clinical sequelae of atherosclerosis 
and the major causes of mortality in our 
society despite concerted attempts at pre- 
vention and treatment ( 1 ) .  One important 
clinical intervention in advanced disease 
states is the replacement of stenotic or oc- 
cluded arteries with bypass grafts. In large 
diameter vessels, this can be accomplished 
through the use of autologous veins or 
arteries or by using prosthetic conduits com- 
posed of materials such as dacron or expand- 
ed polytetrafluoroethylene (2). Bypass of 
smaller diameter, low flow vessels (for exam- 

ple, coronary arteries and some peripheral 
arteries) usually requires the use of autolo- 
gous vessels, since the performance of pros- 
thetic vascular grafts is poor (2). 

We have considered whether the perform- 
ance and versatility of prosthetic vascular 
grafts might be improved by lining the 
luminal surface with endothelial cells geneti- 
cally modified to promote repopulation, 
prevent thrombosis, or secrete therapeutic 
proteins. As a first step, we implanted into 
dogs vascular grafts seeded with autologous 
retrovirus-transduced endothelial cells by 
means of a technique that has been used in 
the study of graft thrombosis (3). External 
jugular veins harvested from adult mongrel 

dogs were used as a source of endothelial " 
cells. The cells were plated in culture and 
expanded in vitro for 10 to 14 days. Cells 
from each animal were divided into two 
portions and infected with a replication- 
defective retrovirus or were mock-infected. 
Small diameter Dacron grafts were seeded at 
subconfluent densities with endothelial cells 
and surgically implanted as carotid interpo- 
sition grafts into the dog from which the 
cells were harvested. ~ a c h  dog received a 
graft seeded with the genetically modified 
cells (subsequently referred to as the geneti- 
cally modified graft) and a contralateral graft 
seeded with mock-infected cells. Five weeks 
after implantation the grafts were harvested 
and analvzed. 

Replication-defective retroviruses with 
amphotropic host range were used to intro- 
duce a reporter gene into the genomic DNA 
of the endothelial cells. The Escherichia coli 
lacZ gene was used as the reporter gene 
because its product of expression, p-galacto- 
sidase, can be detected in situ through the 
use of enzymic histochemical assays that 
stain the cell's cytoplasm blue (4). Two 
retroviral vectors that express the lacZ gene, 
BAG and BAL, were used in this study (5) .  
Viruses derived from these vectors were 
used to infect primary cultures of endotheli- 
a1 cells derived from each dog. Approxi- 
mately 5% to 15% of the endothelial cells 
exposed to the BAG virus were infected, 
whereas 40% to 60% of the endothelial cells 
exposed to BAL virus were infected (Table 
1). 

At the time of seeding, the cu~tures were 
analyzed for endothelial cell-specific func- 
tion [uptake of acetylated low density lipo- 
protein (LDL) and the presence of von 
Willebrand's factor] and for the presence of 
antigens specific for smooth muscle cells (a- 
and y-actin isoforms). These analyses indi- 
cated that >98% of the cells from each 
isolate were functional endothelial cells. 

Dogs 1 to 3 received implants seeded with 
BAG-infected endothelial cells, whereas 
dogs 4 to 7 received implants seeded with 
BAL-infected endothelial cells. After 5 
weeks, the grafts were explanted and divided 
longitudinally into thirds for analysis. The 
analyses included fixation and scanning elec- 
tron microscopy, fixation and histochemi- 
cal characterization for p-galactosidase-x- 
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