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ABSTRACT

Cardiovascular disease is the leading cause of morbidity and mortality in Western society. More
than 1 million arterial bypass procedures are performed annually in the United States, where ei-
ther autologous veins or synthetic grafts are used to replace arteries in the coronary or peripheral
circulation. Tissue engineering of blood vessels from autologous cells has the potential to produce
biological grafts for use in bypass surgery. Ex vivo development of vascular grafts also provides an
ideal target of site-specific gene therapy to optimize the physiology of the developing conduit, and
for the possible delivery of other therapeutic genes to a vascular bed of interest. In this article, we
demonstrate that by using a novel retroviral gene delivery system, a target gene of interest can be
specifically delivered to the endothelial cells of a developing engineered vessel. Further, we demon-
strate that this technique results in stable incorporation of the delivered gene into the target endo-
thelial cells for more than 30 days. These data demonstrate the utility of the retroviral gene deliv-
ery approach for optimizing the biologic phenotype of engineered vessels. This also provides the
framework for testing an array of genes that may improve the function of engineered blood vessels

after surgical implantation.

INTRODUCTION

ARDIOVASCULAR DISEASE 18 the leading cause of mor-
bidity and mortality in Western society. Some 1.4
million arterial bypass procedures performed annually in
the United States require autologous vein or synthetic
grafts to replace arteries in the coronary or peripheral cir-
culation.'? Tissue engineering of blood vessels from au-
tologous cells has the potential to produce biological
grafts for use in vascular and cardiac surgery. This could
pave the way for producing an array of autologous ar-
teries that would be suitable for bypass procedures in pa-
tients who lack any other suitable conduit3#
Our laboratory has developed techniques for culturing
tissue-engineered arteries from vascular cells of adult an-

imals. Using these techniques, we have cultured and im-
planted autologous tissue-engineered vascular grafts in a
cohort of miniature swine. However, thrombosis is a fre-
quent cause of graft failure in this and other models of
tissue-engineered blood vessels.>~7 In various studies,
graft occlusioncan occur anywhere from 1 day to 4 weeks
after implantation. Hence, thrombosis remains a key lim-
iting factor in the success of engineered vessels.
Endothelial cells (ECs) that are placed in culture often
downregulate expression of many anticoagulant and an-
tiinflammatory molecules that are expressed on native,
quiescent endothelium?® In contrast, many procoagulant
and proinflammatory molecules, including tissue factors
such as vascular cell adhesion molecule 1 (VCAM-1),
and intercellular adhesion molecule 1 (ICAM-1), are up-
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regulated in culture in response to a variety of factors.”~!!
Hence, it is likely that cultured ECs seeded onto the lu-
mens of engineered blood vessels exhibit a proinflam-
matory, procoagulant phenotype, which ultimately con-
tributes to graft thrombosis. In this regard, it would be
useful to develop a method to manipulate the phenotype
expressed on vascular ECs. However, stable transfection
of ECs is known to be problematic. Viral transfection ef-
ficiencies with ECs are reportedly low,'>"!> and long-
term expression in ECs is difficult to retain.!®-!8

The long-term goal of this work is to enable overex-
pression of anticoagulant proteins on the surface of vas-
cular ECs that are used to seed engineered vascular grafts.
As a first step toward this aim, we developed a vector
capable of stably delivering a transgene of interest to ECs
that are derived from multiple species. We show that
retroviral transgene expression is stable in ECs in vitro,
and is retained by ECs in situ on the lumens of engi-
neered blood vessels.

Although we have developed this methodology to ad-
dress the problem of thrombosis, these retroviral tech-
niques may be extended to deliver any therapeutic gene
of interest in a tissue-engineered blood vessel. Because
blood vessels are in constant, direct contact with the
bloodstream, therapeutic gene products could be stably
delivered to the host, using this technique. Hence, stable
retroviral gene transfer in engineered blood vessels could
have broad impact in the fields of both gene therapy and
controlled drug delivery.

MATERIALS AND METHODS

Target cell lines and culture media

Porcine aortic ECs (PAECs) were harvested from the
aortas of naive pigs (Charles River Laboratories, Wilm-
ington, MA). Briefly, the aortas of sacrificed pigs were
dissected free of surrounding tissues and placed in Dul-
becco’s modified eagle’s medium (DMEM; GIBCO,
Grand Island, NY) under sterile conditions. The vessel
was then opened lengthwise and bathed in 1% collage-
nase (Sigma, St. Louis, MO) for 5 min. ECs were har-
vested by gentle rolling of a wooden swab over the
lumenal surface, and cultured in “standard growth
medium,” which was DMEM with 20% fetal bovine
serum (FBS; HyClone, Logan, UT), 4 mM L-glutamine,
penicillin-streptomycin (10 U/mL), porcine-derived hep-
arin (1 U/mL) (all from GIBCO), and endothelial cell
growth supplement (ECGS, 15 mg/mL; Sigma). Endo-
thelial cell morphology was visualized by light mi-
croscopy as well as by positive uptake of fluorescently
labeled acetylated low-density lipoprotein (LDL) (Mo-
lecular Probes, Eugene, OR) and negative staining of
smooth muscle a-actin (Sigma). Cells were used between
passages 4 and 10 in all experiments.
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Human umbilical vein ECs (HUVECs) and NIH 3T3
cells were obtained from the American Tissue Culture
Collection (ATCC, Manassas, VA). Human microvascu-
lar ECs (HMECs) were obtained from the Centers for
Disease Control (CDC, Atlanta, GA). HUVECs and
HMECs were maintained in MCDB-131 (GIBCO)
medium with 20% FBS, 4 mM L-glutamine, peni-
cillin-streptomycin (10 U/mL), porcine-derived heparin
(1 U/mL), and ECGS (15 mg/mL). NIH 3T3 cells were
maintained in DMEM with 10% FBS, 2 mM L-glutamine,
and penicillin-streptomycin (10 U/mL).

Porcine smooth muscle cells for engineered blood ves-
sel growth were isolated from the carotid artery of Yucatan
miniature swine.!” Briefly, the lumenal material of the
artery was thoroughly removed by vigorous scraping with
a scalpel. Tissue segments were then placed lumen-side
down onto a tissue culture dish and allowed to adhere for
a period of 7 days. At that time, the tissue was peeled away
with sterile forceps and the attached smooth muscle cells
were maintained in culture. The smooth muscle cell
medium was DMEM (JRH Biosciences, Lenexa, KS) with
10% penicillin-streptomycin (GIBCO), 10% FBS, HEPES
(2.6 mg/mL; JRH Biosciences), proline (50 wg/mL), ala-
nine (20 ug/mL), glycine (50 mg/mL), penicillin G (100
U/mL), CuSO,4 (3 ng/mL), ascorbic acid (50 ug/mL), ba-
sic fibroblastic growth factor (10 ng/mL), and platelet-de-
rived growth factor-BB (10 ng/mL) (all from Sigma).

Retroviral packaging cell lines

PA317%% and PG132!22 retroviral packaging cell lines
stably expressing the pRet2.EGFP retroviral expression
vector were utilized. The PG13 cell line is a retrovirus pack-
aging cell line derived from TK-NIH 3T3 cells and based
on the gibbon ape leukemia virus (GaLV).? The PA317 cell
line was derived from TK-NIH 3T3 cells by cotransfection
with packaging construct DNA (pPAM3) and the herpes
simplex virus thymidine kinase gene, both carried in
pBR322. Introduction of retroviral vectors into these cells,
by infection or by transfection, results in production of
retrovirus virions with an amphotropic host range that are
capable of infecting cells of many mammalian species.

Both the PA317 and the PG13 cell lines were trans-
fected with ecotropic Phoenix-E packaging cells carry-
ing the plasmid pRet2.EGFP. pRet2.EGFP is a modified
version of the retroviral backbone MFG retroviral vector
designed to optimize gene expression in primary cell
lines,? and expressing enhanced green fluorescent protein
(EGFP). Both cell lines were maintained in DMEM sup-
plemented with 10% FBS, 2 mM L-glutamine, and peni-
cillin-streptomycin (10 U/mL).

Adenoviral transfection of target cells

First-generation E1/E3-deleted replication-deficient
serotype 5 adenoviruses were kindly provided by W.J.
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Koch and were used as previously described.?3-?* The
marker transgenes [3-galactosidase and EGFP were dri-
ven by the cytomegalovirus promoter. Adenoviral parti-
cles (107) were used to infect one confluent well of tar-
get ECs in a 6-well culture plate.

Retrovirus isolation and infection of target cells

Cultures of PA317 and PGI13 packaging cell lines
transfected with the above-described construct were
grown to subconfluency. Retroviral supernatant was har-
vested and passed through a 0.45-um pore size filter to
remove cellular debris. Viral supernatant was then added
at varying dilutions in 2 mL of total medium supple-
mented with protamine sulfate (5 mg/mL) to 1 X 10° tar-
get cells (PAECs, HUVECs, HMECs, and NIH 3T3 cells)
in 6-well culture plates. Infection cultures were carried
out for 24 h. Virus-containing medium was then aspirated
off the plates and cells were washed three times with
phosphate-buffered saline (PBS), and then maintained in
culture for 4-10 days. When cells became confluent, they
were analyzed for infection efficiency by assessing EGFP
expression.

Infection analysis

Starting on culture day 4, cells were imaged by fluo-
rescence microscopy using standard filters. Infection ef-
ficiency was quantified via flow cytometry. Cells were
trypsinized and analyzed on a FACScan (BD Biosciences
Immunocytometry Systems, San Jose, CA) (excited by
488-nm light, using a 549-nm bandpass filter on FL1) to
determine the percentage of cells expressing EGFP. To
analyze long-term expression, day 7 cultures of infected
PAECs were sorted on a FACSCalibur (BD Biosciences
Immunocytometry Systems). These cells, considered to
be 100% GFP positive, were maintained in culture for up
to 30 days. At various time points, cells were harvested
and analyzed via flow cytometry for EGFP expression.

To assess adenoviral transfection efficiency at 5-day
intervals, duplicate wells infected with Adeno-3-gal were
fixed in 0.5% glutaraldehyde in 50% PBS for 5 min at
room temperature, and then stained with 10 mM
K4Fe(CN)e/10 mM K;3Fe(CN)g/2 mM MgCly/5-bromo-4-
chloro-3-indolyl-8-p-galactopyranoside (X-Gal, 1 mg/mL)
in PBS for 30 min at 37°C as described.?> The staining
solution then was aspirated and the cells were perma-
nently fixed in 1.5% glutaraldehyde in 50% PBS. Trans-
fection efficiency was determined by enumerating the
percentage of cells staining blue per high-power field av-
eraged over 20 high-power fields per well.

Generation of tissue-engineered blood vessels

Polyglycolic acid (PGA) (Albany International, Albany,
NY) polymeric scaffolds,® 1 mm in thickness and having
96% void volume, were sewn around silicone tubing (Nor-
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ton Performance Plastics, Beaverton, MI). PGA scaffolds
were 3 mm in diameter and 7 cm in length. Scaffolds and
tubing were then inserted into glass bioreactors for vessel
culture (James Glass, Hanover, MA). After bioreactor ster-
ilization, 3 X 10° smooth muscle cells (SMCs) at passage
3 were seeded onto PGA scaffolds. The medium for ves-
sel culture was DMEM (JRH Biosciences) with 10% peni-
cillin-streptomycin (GIBCO), 10% FBS, HEPES (2.6
mg/mL; JRH Biosciences), proline (50 ug/mL), alanine (20
pg/mL), glycine (50 mg/mL), penicillin G (100 U/mL),
CuSO4 (3 ng/mL), ascorbic acid (50 ug/mL), basic fi-
broblastic growth factor (10 ng/mL), and platelet-derived
growth factor-BB (10 ng/mL) (all from Sigma).

Engineered blood vessels were mechanically stretched
using pulsatile fluid flow through the center of the sili-
cone tube, as previously described.?” Pulse rates for en-
gineered constructs were maintained at 90 beats/min
(bpm). Fresh medium was supplied once a week, and gas
exchange was provided through filters on the tops of the
bioreactors (Cole-Parmer, Vernon Hills, IL). Vessel cul-
ture continued for 7 weeks at 37°C and 10% COQO,, after
which time the center silicone tube was removed from
the lumen of the engineered construct in preparation for
endothelialization.

Seeding of engineered blood vessels with GFP-
expressing endothelial cells

On day 7 postinfection, PAECs infected with PG13-
derived vector were harvested and sorted for high GFP
expression as described above. To ensure robust gene ex-
pression, only PAECs demonstrating EGFP expression 2
standard deviations above nontransfected levels were
used to seed the vessel lumen. PAECs were replated at
106 cells/mL in 75-cm? culture flasks for 48 h in stan-
dard growth medium. PAECs were then trypsinized, and
107 cells were resuspended in 2.5 mL of standard growth
medium, and the suspension was injected into the lumen
of the engineered blood vessel. Cells were allowed to at-
tach to the lumenal surface for 90 min under static con-
ditions. A pulsatile pump (Cole-Parmer) then perfused
EC standard culture medium through the lumen. Flow
was controlled to approximate venous blood flow with
shear rates increased to 3.6 dyn/cm? over the course of
24 h. Endothelial cell culture continued for a total of 72 h.
After EGFP-expressing PAECs were cultured in engi-
neered blood vessels, the vessels were removed from the
culture system and processed for frozen sectioning. Ves-
sel segments were visualized for EGFP fluorescence with
a Zeiss microscope, and images were acquired via an Ax-
iovert 135 digital camera.

Statistical analysis

Results are shown as averages == SEM. Significance was
determined by Student’s # test, with a threshold of p << 0.05.
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FIG. 1.

EGFP expressionin cultured ECs, 7 days after initial infection with PG13-derived retroviral vector. (A) NIH 3T3 cells,

not infected with vector, serving as a negative control; (B) HMECs; (C) HUVECs; (D) PAECs. Original magnification: (A-D)

X10.

RESULTS

Retroviral transfer is efficient in ECs

Retroviral constructs derived from both PA317 and
PG13 packaging cell lines demonstrated excellent ability
to infect ECs in vitro. EGFP expression was visualized
as early as day 4 via fluorescence microscopy, and was
maximal on day 7 (Fig. 1). PG13-derived retroviral vec-
tor infected HMECs, HUVECs, and PAECs with good
efficiency as indicated by fluorescence microscopy.

Qualitative impressions of infection efficiency were
confirmed by quantitative flow cytometry results (Fig. 2).
Infection efficiencies were studied in HUVECs, HMECs,
PAECs, and NIH 3T3 cells. Apart from NIH 3T3 cells,
retroviral vectors derived from both packaging lines in-
fected all types of ECs studied with high efficiency. In
particular, PA317- and PG13-derived constructs infected
PAECs with similar efficiency. The PA317 construct was
chosen for further studies in PAECs of retained EGFP
expression, and engineered vessel seeding.

Retroviral EC gene expression is superior to
adenoviral

We studied the long-term stability of transgene prod-
ucts in PAECs that were transfected with Adeno-f3-gal

and PG13-derived retroviral construct. PAECs treated
with both vectors were monitored for 30 days of culture
by flow cytometry (Fig. 3). Cells infected with PG13-de-
rived retrovirus retained EGFP with 85% efficiency af-
ter 30 days, whereas cells infected with adenovirus re-
tained either EGFP or -galactosidase at significantly

100
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HMEC PAEC NIH 3T3
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FIG. 2. Efficiency of EGFP expression. Percentage of cells
strongly expressing EGFP after infection with both PA317- and
PG13-derived retroviruses (dark and light columns, respec-
tively). Overall infection efficiency is high for multiple EC
types, and is similar between two vectors.
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FIG. 3. Retention of adenoviral versus retroviral gene products. PAECs monitored for 30 days in culture exhibited decrement
in transgene expression, but PG13-derived retrovirus resulted in significantly greater expression (versus both EGFP and -Gal)
than adenovirus at 15 days ("p < 0.05) and 30 days (“"p < 0.001).

lower levels (5 and 8% of cells, respectively, after 30
days; p < 0.05 on day 15, p <0.001 on day 30 when
compared with PG13-derived retrovirus). When contin-
ued in culture past 30 days, GFP expression was main-
tained but PAEC replication substantially diminished,
possibly reflecting the known finite life span of cultured
ECs in vitro.?8

Expression of EGFP in situ in ECs of engineered
blood vessels

To verify the applicability of this approach to engi-
neered grafts, we cultured porcine vessels under pulsatile
conditions. After endothelialization with EGFP-express-
ing PAECs, vessels were harvested from bioreactors and
prepared for frozen sectioning. Eight-micron sections
were examined by fluorescence microscopy. A dense

layer of GFP-expressing cells lined the lumenal vessel
surface (arrows, Fig. 4), demonstrating the feasibility of
this gene transfer approach to tissue-engineered blood
vessels.

DISCUSSION

The field of tissue engineering is developing at a rapid
rate. Design of artificial tissues offers a means to replace
a variety of diseased body parts, including cartilage, bone,
bladder, and blood vessel.®29-32 Because of the prevalence
of vascular disease, vascular tissue engineering has the po-
tential to affect a large portion of the adult population. The
effective design of engineered vascular prostheses also
could present the opportunity to deliver engineered cells
or molecules of interest directly to the bloodstream.

Lumen

Vessel Wall

FIG. 4. EGFP is expressed on engineered vessel lumen. Arrows indicate PAEC monolayer expressing EGFP. Vessel wall and

lumen are indicated.
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To date, the critical limitation in successful imple-
mentation of artificially designed blood vessels is the
high rate of vessel thrombosis.>7-33 The adhesion, den-
sity, and phenotype of the endothelial layer in the vessel
is responsible for its thrombogenic potential 3* Molecules
expressed by the ECs, such as tissue factor, can actively
promote coagulation, while loss of endogenous antico-
agulants such as thrombomodulin can increase thrombo-
sis risk. Thus, modulation of the endothelial cell pheno-
type may represent a means to prevent vessel failure by
thrombosis, both in tissue-engineered constructs and po-
tentially in native arteries.

One way to alter the phenotype of the ECs is by the
introduction of a gene of interest, but stable transfection
of ECs has often been problematic. Gene transfection has
been used as a therapeutic measure in both the liver and
the pulmonary system.3%-36 Other previous studies have
indicated that transient (i.e., 10-20 days) EC transfection
may be a useful means to control the thrombogenicity
rate of the vasculature?” In this article we have demon-
strated the ability to stably infect ECs with a marker gene
encoding enhanced green fluorescent protein. Infection
efficiencies exceeded 60%, and illustrated the feasibility
of using this technique for ECs derived from a variety of
sources. Protein expression was preserved over time
(>30 days) and in tissue-engineered vessels, indicating
the potential for continued expression in vivo.

Thrombomodulin (TM) may represent a good poten-
tial target for overexpression, because if its inhibitory ef-
fect on tissue factor in the coagulation cascade.?® Loss
of TM expression in implanted venous grafts has been
indicated as a cause of decreased resistance to thrombo-
sis.3” In order for TM overexpression to have physiologic
impact in a porcine model, however, the species-specific
gene sequence is required. Previous studies have shown
that species discordance in the TM cascade can decrease
enzymatic efficiency by two orders of magnitude*0-4!
Hence, for antithrombotic molecules in this pathway to
be bioactive in vivo, the porcine gene product is required.
To this end, the porcine thrombomodulin gene is cur-
rently being closed for future infection.

We have demonstrated the potential power of EC gene
therapy combined with tissue engineering. A tissue-en-
gineered blood vessel may be the optimal gene delivery
or drug delivery vehicle. Endothelial cell gene expres-
sion allows direct access to the blood stream for the ther-
apeutic molecule of interest. This technology could be
extended to other therapeutic genes such as thrombolyt-
ics or hormones. Gene therapy combined with vascular
tissue engineering is a potentially powerful therapeutic
tool for the treatment of human disease.
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