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To identify improved adenovirus vectors for cardiovascular gene therapy, a library of adenovirus vectors
based on adenovirus serotype 5 (Ad5) but carrying fiber molecules of other human serotypes, was generated.
This library was tested for efficiency of infection of human primary vascular endothelial cells (ECs) and smooth
muscle cells (SMCs). Based on luciferase, LacZ, or green fluorescent protein (GFP) marker gene expression,
several fiber chimeric vectors were identified that displayed improved infection of these cell types. One of the
viruses that performed particularly well is an Ad5 carrying the fiber of Ad16 (Ad5.Fib16), a subgroup B virus.
This virus showed, on average, 8- and 64-fold-increased luciferase activities on umbilical vein ECs and SMCs,
respectively, compared to the parent vector. GFP and lacZ markers showed that approximately 3-fold (ECs)
and 10-fold (SMCs) more cells were transduced. Experiments performed with both cultured SMCs and organ
cultures derived from different vascular origins (saphenous vein, iliac artery, left interior mammary artery, and
aorta) and from different species demonstrated that Ad5.Fib16 consistently displays improved infection in
primates (humans and rhesus monkeys). SMCs of the same vessels of rodents and pigs were less infectable with
Ad5.Fib16 than with AdS. This suggests that either the receptor for human Ad16 is not conserved between
different species or that differences in the expression levels of the putative receptor exist. In conclusion, our
results show that an Ad5-based virus carrying the fiber of Ad16 is a potent vector for the transduction of

primate cardiovascular cells and tissues.

Delivery of transgenes to the vessel wall in vivo is one of the
major challenges for those who are developing gene therapy
for treatment of cardiovascular disease, in particular for pre-
venting restenosis after angioplasty or bypass surgery. The
potency of several gene therapy approaches using genes such
as those encoding p21 (33, 34), ATF-BPTI (22), and nitric
oxide synthase (16, 28, 29) is now being tested in various in
vitro and in vivo models, using different gene delivery vehicles
(16, 28). However, progress with this gene therapy approach
has been seriously hampered due to the inefficient delivery of
genes to the vessel wall. The delivery vehicle of choice is a
replication-deficient adenoviral vector, which in most cases is
based on adenovirus 5 (AdS). This adenovirus was chosen
because of its broad host range, because of its high and tran-
sient levels of transgene expression, and because adenoviruses
are not complement inactivated such that in vivo delivery is
feasible (reviewed in reference 5). Unfortunately, subgroup C
adenoviruses, to which AdS belongs, transduce smooth muscle
cells (SMCs) very poorly, most likely because they require the
coxsackie adenovirus receptor (CAR) (14, 19), which is not
detectable on these cells using a flow cytometer. Experiments
performed by us and others have shown that SMCs can only be
transduced using high multiplicities of infection (MOIs) of
adenovirus per cell.

Thus, adenovirus as a gene delivery vehicle for treatment of
cardiovascular disease holds great promise but should be im-
proved in terms of gene transfer to SMCs. Several groups have
reported on improved adenoviral vectors for cardiovascular
tissues, showing approximately three- to eightfold improve-
ment in the transduction of either endothelial cells (ECs) or
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SMCs (10, 30). At present, 51 different human adenovirus
serotypes have been identified. Since the fiber molecule of an
adenovirus serotype determines its host range, we generated a
library of Ad5-based vectors carrying the fibers of alternative
serotypes. This strategy was chosen to maximize the chance
that a recombinant vector can be generated and propagated
reproducibly to high titers. From this library, several fiber
chimeric adenoviruses were tested on human SMCs taking
AdS5 as a reference. An AdS that carries the fiber of Ad16
(Ad5.Fib16) showed an improved transduction rate on human
SMCs. Furthermore, we tested the transduction capacity of
Ad5.Fib16 on organ cultures of blood vessels of various spe-
cies, including humans, pigs, rhesus monkeys, and rats. This
was done in order to identify suitable animal models for the
use of Ad5.Fibl6-based cardiovascular gene transfer. In sum-
mary, the present report shows that we have identified an
adenovirus vector, Ad5.Fib16, with improved infection charac-
teristics on SMCs and ECs compared to the parent vector. This
virus is expected to improve the therapeutic window for the
development of gene therapy for the treatment of cardiovas-
cular disease.

MATERIALS AND METHODS

Construction of pBr/Ad.BamRAFIB. Plasmid pBr/Ad.Bam-rITR contains the
Ad5 sequence from the BamHI site (nucleotide [nt] 21562) until the 3’ end. This
plasmid was used as a template for PCR to delete fiber sequences (nt 31042 to
32787). For this purpose, a PCR was performed using the oligonucleotides
NY-up (5'-CGACATATGTAG ATGCATTAGTTTG TGTT ATGTTTCAAC
GTG-3"), which contains both an Ndel site and an Nsil site, and NY-down
(5'-GGAGACCACTGCCATGTTG-3'). The expected 2,200-bp DNA fragment
was digested with SbfT (present just upstream of NY-down) and Ndel and was
subsequently cloned into an ShfI- and Ndel-digested plasmid, pBr/Ad.Bam-
rITR. The resulting plasmid, pBr/Ad.BamRAFIB, thus lacks part of the fiber
starting from the Ndel site until the stop codon but instead contains a unique Nsil
site directly after the fiber stop codon. The restriction sites Ndel and Nsil were
introduced into the tail of degenerate oligonucleotides used to amplify fiber
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sequences from alternative adenovirus serotypes and for subsequent cloning into
pBr/Ad.BamRAFIB. All human wild-type adenoviruses (from Adl to Ad51),
except for serotypes 40 and 41, were propagated on PER.C6 (11), after which
virus DNA was isolated from crude lysate as described previously (35). The
serotypes Ad40 and Ad41 were propagated to low titers on PER.C6 cells. Al-
though low titers were obtained, sufficient DNA could be isolated for PCR
amplification of fiber molecules.

The plasmid library generated was coded pBr/Ad.BamRAFIBXX (where
“XX?” represents the serotype number from which the fiber was amplified). The
amplified sequences inserted in the pBr/Ad.BamRAFIBXX constructs were se-
quenced to confirm the existence of an open reading frame. Protein sequences
were aligned and putative fiber domains, such as the trimerization domain
(TLWT), were localized. To maximize the chance of generating fiber chimeric
recombinant adenoviruses, an additional cloning step was performed. All pBr/
Ad.BamRFIBXX constructs, as well as plasmid pBr/Ad.AfllI-BamHI, were di-
gested with BamHI and Pacl, separated on a gel, and isolated using agarase
enzyme (Roche, Almere, The Netherlands) according to the instructions sup-
plied by the manufacturer. Contruct pBR/Ad.Aflll-BamHI contains the Ad5
viral genome sequence from AfIII to BamHI (nt 3534 to 21566). Just upstream of
AfiIL, a Pacl site was generated to allow Pacl-BamHI release of the Ad5 genome
sequence. This fragment, together with a BamHI-Pacl fragment isolated from
Pbr/Ad.BamHIRFibXX and a Pacl-digested pWE cosmid vector, results in the
formation of pWE/Ad.AflII-rITRFibXX construct. The fragments obtained were
subsequently cloned (three-point ligation) into a PacI-digested pWE.pac cosmid
using a packaging kit according to the instructions provided by the manufacturer
(Stratagene).

Cosmid pWE.pac was generated from pWE15 (Clontech) by inserting into the
EcoRlI sites a synthetic DNA fragment containing a Pacl restriction site. Cosmids
obtained were verified with restriction enzyme analysis. The cosmid library gen-
erated was coded pWE/Ad.AflIT-rITR.pac/FibXX. To generate recombinant ad-
enovirus, two DNA molecules were cotransfected on PER.C6 cells: (i) pWE/
Ad.AfIII-rITR/FibXX linearized with Pacl and (ii) a plasmid encoding the Ad5
sequence, in which the E1 region is replaced by a marker gene. This plasmid,
either coded pClip or pAdapt, contains the AdS sequence from nt 1 to 454 (left
ITR and packaging signal), a cassette for transgene expression containing the
cytomegalovirus (CMV) promoter (nt —601 to —14 [pClip] or nt —735 to +95
[pAdapt]), a polylinker, Simian virus 40 (SV40) intron-poly (A) from pcDNA1
(Hhal-AvrIl fragment; Invitrogen), and a second Ad5 sequence ranging from nt
3511 to 6095. pAdapt lacks the SV40 intron sequences. The AdS sequence (nt
3511 to 6095) enables the generation of recombinant adenovirus through ho-
mologous recombination with pWE/Ad.AflII-rITR/FibXX on PER.C6 cells.

Generation and purification of fiber chimeric adenovirus. To generate recom-
binant virus, both plasmids described above were transfected in PER.C6 using
Lipofectamine according to the instructions provided by the manufacturer (Life
Technologies). At 24 h prior to transfection, PER.C6 cells were seeded at a cell
density of 3.5 X 10° cells in poly-L-lysine-coated T25 flasks and cultured over-
night at 37°C. Six days after transfection, cells were harvested, freeze-thawed,
centrifuged for 5 min at 3,000 rpm, and stored at —20°C. Of the crude lysate, 3 to
5 ml was used to inoculate 4XT175 three-layer flasks containing 70% confluent
layers of PER.C6 cells. Usually a full cytopathic effect is obtained within 2 to 4
days. The virus is purified using a two-step CsCl purification method. Finally, the
virus was stored in aliquots at —85°C. The number of virus particles per ml was
determined by high-pressure liquid chromatography as described elsewhere (26).
The production yields in virus particles per milliliter of batches of fiber chimeric
viruses used in the experiments were as follows: Ad5.Luc (three batches, 2.2 X
10', 1.6 X 10'2, and 4.3 X 10'?), Ad5.GFP (two batches, 8.4 X 10'" and 5.1 X
10'"), Ad5.LacZ (two batches, 1.3 X 10'? and 5.0 X 10'"), Ad5.Fib11.Luc (1.1 X
10'?), Ad5.Fib35.Luc (two batches, 1.4 X 10'? and 2.0 X 10'?), Ad5.Fib16.Luc
(six batches, range of 9.0 X 10'" to 3.6 X 10'?), Ad5.Fib51.Luc (three batches,
1.0 X 10'%, 3.2 X 10'%, and 5.1 X 10'?), AdS5.Fib16.GFP (two batches, 4.8 X 10'!
and 5.1 X 10'"), Ad5.Fib16.LacZ (three batches, 4.6 X 10'2, 5.3 x 10'!, and
5.2 % 10", and Ad5.Fib51.LacZ (2.1 X 10'?). Luciferase and LacZ are driven
by the weak CMV promoter (pClip), whereas green fluorescent protein (GFP) is
driven by the normal CMV promoter (pAdapt).

Isolation and transduction of SMCs and ECs. ECs and SMCs were isolated
and cultured as described previously (15, 21, 31). Cultures of primary SMCs and
ECs, isolated and used in all experiments described, were tested for purity using
SMC-a-actin antibodies, Dil-AcLDL uptake, or antibodies against CD31 or van
Willebrand factor (data not shown). Cells were seeded in 24-well plates at 4 X
10* cells per well. At 24 h after seeding, cells were washed with medium con-
taining 0.1% human serum albumin (HSA) and incubated for 2 h in 200 pl of
medium containing increasing amounts of virus particles. Cells were subse-
quently washed with medium containing 0.1% HSA, and fresh medium, without
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virus particles, supplemented with serum was added. Cells were analyzed for
transgene expression after 48 h at 37°C in 5% CO,. LacZ, luciferase, and GFP
expression as markers for gene transfer have been reported previously (4, 7-9,
20). Cell staining for expression of the CAR and «,-integrins has been described
previously (23).

Organ cultures. The culture of the vessel wall segments was done as described
previously (22). All human vessel specimens were obtained according to the
guidelines of the Institutional Review Board. Briefly, segments were collected in
sterile RPMI 1640 tissue culture medium supplemented with 20 mmol of HEPES
buffer (Life Technologies) per liter, 4 TU of sodium heparin (Leo Pharmaceu-
ticals, Weesp, The Netherlands) per ml, 2.5 g of gentamicin per ml, 100 U of
penicillin per ml, 100 pg of streptomycin per ml, 2 mmol of L-glutamine per liter,
and 2.5 ng of amphotericin B per ml. Excess fat and adventitial connective tissue
were gently removed. Vessel segments were either cut into 5S-mm rings or opened
longitudinally along their upper aspects and separated into small pieces of 5 by
5 mm. After infection, the vessel segments were cultured for 48 h at 37°C in a
humidified atmosphere of 5% CO, in air in the culture medium described above
without heparin but supplemented with 30% heat-inactivated fetal calf serum
(FCS). Infections were performed at 37°C for 1 to 1.5 h. The vessel segments
were transferred from the infection medium to the culture medium (RPMI
1640-30% FCS) and cultured for 48 h. Tissue segments were fixed in 2%
formaldehyde-0.25% glutaraldehyde in phosphate-buffered saline (PBS) for 15
min, washed with PBS for 15 min, and stained for B-galactosidase activity for 6
h at 37°C. Samples were fixed overnight poststaining and subsequently stored in
PBS at 4°C. Macroscopic pictures were taken using digital imaging equipment.
Segments were embedded in paraffin, cross-sectioned at 10 wm, and counter-
stained with hematoxylin-phloxin-saphrane.

RESULTS

Human SMCs and ECs. A small panel was initially chosen
from the adenovirus fiber library to test whether the infection
efficiency of human SMCs could be improved. The panel con-
sisted of the parent vector (AdS) and the fiber mutants 12, 16,
28, and 40-L, representing subgroups C, A, B, D, and F, re-
spectively. Fiber 40-L represents the “long” fiber of human
serotype 40. Based on luciferase transgene expression mea-
sured in human umbilical vein SMCs 48 h after infection, the
subgroup B fiber 16 chimeric virus, Ad5.Fib16, gave the highest
transgene expression, which proved to be approximately 100-
fold higher than that with Ad5 (Fig. 1A). AdS5.Fib16.Luc was
subsequently compared in several experiments (n = 8) to
Ad5.Luc on the SMCs from human umbilical vein. On average,
Ad5.Fib16.Luc yielded (64 = 20)-fold (mean =* the standard
error of the mean [SEM])-increased luciferase transgene ex-
pression compared to AdS.Luc.

Next, several other subgroup B members were tested to
investigate whether the improved infection of human SMCs
could be obtained with any subgroup B fiber. Ad5-based vec-
tors carrying the fibers of serotypes 11, 16, 35, and 51 were all
superior to AdS, although small differences in the levels of
transgene expression were observed between the subgroup B
fibers (Fig. 1B and C).

To investigate whether the improved transduction observed
with Ad5.Fib16 was consistent for SMCs from different vascu-
lar origins, we isolated and transduced SMCs from the iliac
artery, the left interior mammary artery (LIMA), aorta, and
the saphenous vein. The results (Fig. 2) indicated that in hu-
man SMCs, AdS5.Fib16 yields 10- to 100-fold-increased lucif-
erase transgene expression compared to the parent vector. The
variability in luciferase activity measured in SMCs of different
origins reflect differences in the transduction efficiencies of
SMCs, since these cell types were seeded, infected, and ana-
lyzed simultaneously.

To exclude the possibility that differences in the transgene
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FIG. 1. (A) Luciferase activity, expressed in relative light units
(RLU) per microgram of total cellular protein, in human umbilical
vein SMCs at 48 h after a 2-h exposure to 50, 250, 1,250, 2,500, or
5,000 virus particles of Ad5, AdS5.Fib12, Ad5.Fib16, Ad5.Fib28, or
Ad5.Fib40-L per cell. Values represent the mean = the standard
deviation (SD) of three samples. (B) Luciferase activity in human
umbilical vein SMCs 48 h after a 2-h exposure to 312, 625, 1,250,
2,500, 5,000, or 10,000 virus particles of AdS, AdS.Fibl1l, AdS.Fible,
Ad5.Fib35, or Ad5.Fib51 per cell. Values represent the mean = the
SD of three samples. (C) GFP expression measured 48 h after a 2-h
exposure to 250 (white bar) or 2,500 (black bar) virus particles of Ad5,
Ad5.Fib16, AdS.Fib35, or AdS.Fib51 per cell. Cells not exposed to
virus were used to set the flow cytometer at a background level of 1%.
Values represent the average of two samples.

expression levels observed between fiber chimeric vectors are
due to the efficiency of virus production, AdS was compared to
Ad5.Fib16 in several experiments (n = 6) using either LacZ or
GFP as a marker; representative results are shown in Fig. 3.
Analysis of GFP expression indicated that a 10-fold-lower dose
of Ad5.Fib16 can be used to obtain comparable levels of trans-
gene expression in umbilical vein SMCs (Fig. 3A). Scoring for
LacZ-positive cells revealed that approximately 10-fold-more
B-galactosidase-positive cells were obtained after transduction
with Ad5.Fib16 compared to transduction with AdS (Fig. 3B).

Human ECs express low amounts of the CAR, in contrast to
human SMCs, which are negative for CAR (Fig. 4A). As a
consequence, ECs can be better transduced with recombinant
AdS5 vectors. Ad5 was compared to Ad5.Fib16 in several ex-
periments (n = 9) with luciferase, LacZ, or GFP as a marker.
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Representative experiments are shown in Fig. 4B and C. Based
on the data presented in Fig. 4C, an (8 = 3)-fold (mean =*
the SEM)-better transduction was consistently observed with
Ad5.Fib16 compared to AdS. However, ECs derived from var-
ious origins, i.e., microvascular, aortic, or umbilical-vein ECs
displayed differences in adenovirus susceptibility both for Ad5
and for Ad5.Fibl6, in such a way that although all ECs were
better infected by Ad5.Fibl16, the fold improvement in trans-
ducibility by Ad5.Fib16 differed per type of EC, as did the
absolute degree of transduction by either Ad5 of Ad5.Fib16
(data not shown).

Human organ culture. To extend our investigations into
the efficiency of transduction of AdS.Fib16, organ cultures
of blood vessel segments were used. As a target tissue for the
prevention of restenosis following percutaneous transluminal
coronary angioplasty (PTCA), we focused on the left and right
coronary arteries descending (LAD and RCD, respectively).
For these experiments, Ad5.LacZ and AdS.Fibl6.LacZ were
used. Small pieces of both the LAD and the RCD (ca. 3 to 5
mm) derived from a human hypertrophic heart were exposed
for 2 h to 10'° virus particles and were stained 48 h later for
LacZ expression. Histological analysis on both arteries dem-
onstrated that the transduction of endothelial cells is much
more effective when using AdS5.Fib16 than when using AdS5
(Fig. 5). The difference between AdS and AdS5.Fib16 in these
experiments proved to be much higher than expected based on
cell culture experiments. The experiments described above
thus indicate that Ad5.Fib16 is superior to AdS for the genetic
modification of human SMCs and ECs. The data shown dem-
onstrate consistency, not only between cells derived from var-
ious origins, but also using different batches of fiber chimeric
virus, as well as batches of fiber chimeric viruses carrying dif-
ferent marker genes.

Nonhuman SMCs. We next turned to SMCs from different
species to identify a suitable in vivo animal model for testing
Ad5.Fib16. We focused on the pig, the rhesus monkey, and the
rat. For these three species, SMCs derived from the aorta were
tested. Infection of SMCs from rhesus monkeys with Ad5.Fib16
is superior (ca. fivefold) to Ad5 infection, based on luciferase
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FIG. 2. Luciferase transgene expression in human SMCs of various
origins measured 48 h after a 2-h exposure to 50 (black bars) or 2,500
(gray bars) virus particles of Ad5 or Ad5.Fibl6 per cell. (A) Iliac
artery. (B) LIMA. (C) Umbilical vein. (D) Aorta. (E) Saphenous vein.
Values represent the mean = the SD of three samples.
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FIG. 3. (A) Human umbilical vein SMCs were exposed for 2 h
to 500 (black bars) or 5,000 (gray bars) virus particles of AdS or
Ad5.Fib16 per cell. Cells not exposed to virus were used to set a
background fluorescence level of 3. Shown is the median fluorescence
of GFP expression as measured by the flow cytometer 48 h after virus
exposure. (B) Human aorta SMCs were exposed for 2 h to 5,000 virus
particles of AdS or Ad5.Fib16 per cell. The percentage of cells positive
for B-galactosidase activity was determined by cell count and proved in
this particular experiment to be 4.8-fold higher with Ad5.Fib16 than
with Ad5 (n = 3 wells per virus).

transgene expression (Fig. 6). In contrast, AdS5.Fib16.Luc gave
approximately 5- to 10-fold and 100-fold less luciferase activity
in pig and rat SMCs, respectively, compared to Ad5.Luc. To
obtain detectable transgene expression in SMCs derived from
pig aorta in this experiment, the dose of adenovirus needed to
be much higher than the dose needed for the transduction of
SMC derived from either the rat or the rhesus monkey. Fur-
thermore, a panel of SMCs derived from different origins of
pig or rhesus monkey was infected. The panel consisted of the
iliac artery, the LIMA, and the saphenous vein. These exper-
iments confirmed that SMCs from pig are less susceptible to
Ad5.Fib16 than to AdS. The observed transduction was clearly
virus dose dependent (Fig. 7). To compare the susceptibility of
saphenous vein SMCs derived from different species toward
Ad5 and AdS5.Fibl16, cells derived from pig, rhesus monkey,
and human sources were cultured, infected, and analyzed si-
multaneously. The virus used either carried GFP or luciferase
as a marker gene. This experiment confirms that Ad5.Fib16
does not infect porcine SMCs with a higher efficiency than that
of AdS5, whereas it does in primates. Also, the results show that
for AdS5 a 5- or 50-fold-higher virus dose is required on porcine
SMCs to obtain transgene expression levels similar to those
observed in human or rhesus monkey SMCs, respectively. The
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latter finding indicates that for AdS5 differences also exist in the
transduction efficiency of SMCs derived from different species
(Fig. 8).

Saphenous vein organ culture. To extend the observations
from cell culture experiments, small slices of saphenous vein
(ca. 5 mm) derived from human, pig, or rhesus monkey sources
were exposed for 2 h to 10'° virus particles and were stained
48 h postinfection to determine B-galactosidase expression.
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FIG. 4. (A) Flow cytometric detection for expression on human
umbilical vein (HUV) SMCs and ECs of the CAR or integrin o35 or
a,Bs. Cells stained only with the secondary antibody (RAM-PE) were
used to set a background level of 1%. Values represent the percentages
of cells scored positive for expression of CAR, «o,f3, or a,Bs. (B)
Human ECs derived from the aorta were exposed for 2 h to 500 virus
particles of Ad5 or Ad5.Fib16 per cell. Shown is the median fluores-
cence of GFP expression 48 h after virus exposure. Values represent
the average of two samples. (C) Human ECs derived from the aorta
were exposed for 2 h to 50, 250, 1,000, 2,500, 5,000, or 10,000 virus
particles of Ad5 or Ad5.Fib16 per cell. Luciferase activity was mea-
sured 48 h after virus exposure. Values represent the mean * the SD
of three samples.
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FIG. 5. Histologic sections of the LAD and the RCD. Arteries
were dissected from a hypertrophic human heart and exposed for 2 h
to 10" virus particles of Ad5.LacZ or Ad5.Fibl6.LacZ. Cells were
fixed and stained for B-galactosidase expression 48 h post-virus expo-
sure. Cells positive for B-galactosidase expression were scored as ECs
with an occasional macrophage-like cell. An extensive neointima for-
mation (dark red area) is clearly visible between the EC layer and the
SMC layer (light red area).

Macroscopic and microscopic histological analysis of the sa-
phenous vein samples (Fig. 9) showed that, in agreement with
the cell culture experiments, AdS5.Fib16 is superior to Ad5 for
infecting primate vascular tissues. As observed on human cor-
onary arteries, the difference between AdS and AdS5.Fib16 on
primate saphenous vein samples is more striking than that seen
in cell culture experiments. These experiments were performed
with an adenoviral vector containing a short CMV promoter
(Ad.Clip), known to be less potent than the normal CMV
promoter, Ad.Adapt, in order to make the effect of the differ-
ence in transfection efficiency more pronounced. In contrast to
the cell culture experiments, Ad5 performs better on saphe-
nous vein slices in pig vessels compared to primates, as evi-
denced by the LacZ-positive cells. The reason for this obser-
vation is difficult to understand, but it must be related to
differences in the cellular susceptibility to the adenoviruses of
cultured cells compared to that of intact tissue.

DISCUSSION

To identify an adenovirus with improved infection charac-
teristics in SMCs and ECs for the treatment of cardiovascular
disease, we generated a library of Ad5-based vectors carrying
the fiber from alternative human serotypes. An initial screen-
ing, using a few fiber chimeric viruses representing different
subgroups of human adenoviruses, resulted in the identifica-
tion of subgroup B fiber chimeric viruses as being superior to
AdS for infecting human SMCs and ECs. Further analysis
identified AdS.Fib16 as the most potent variant.

The present study, aimed to identify improved adenovirus
vectors for cardiovascular tissues, revealed several interesting
phenomena that have implications in the search for improved
vectors for application in vascular gene therapy.

First, it was observed that the efficiency to infect SMCs
derived from various vascular tissues varied, indicating that the
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expression of the receptor(s) mediating binding and internal-
ization of these viruses was variable in SMCs of different ori-
gins. This finding is important for the identification of vectors
needed for application in a specific vascular tissue, e.g., coro-
nary artery-specific infection after PTCA or saphenous vein-
specific infection during bypass vein graft surgery.

A second interesting observation is the fact that, although all
of the subgroup B-derived fiber chimeric vectors showed a
better infection of human vascular cells compared to the par-
ent Ad5 vectors, small but consistent differences were found in
the levels of transgene expression obtained using different
Ad5-based vectors carrying subgroup B fibers. Studies per-
formed by Roelvink et al. (24) have demonstrated that sub-
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FIG. 6. Luciferase transgene expression in aortic SMCs derived
from various species as determined 48 h post-virus exposure. Rat and
rhesus monkey aortic SMCs were exposed for 2 h to 156, 312, 625,
1,250, 2,500, or 5,000 virus particles of Ad5 or Ad5.Fib16 per cell.
Porcine aortic SMCs were exposed for 2 h to 780, 1,560, 3,125, 6,250,
12,500, or 25,000 virus particles of Ad5 or Ad5.Fib16 per cell. Values
represent the mean = the SD of three samples.
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FIG. 7. Transgene expression upon infection with Ad5 or Ad5.Fibl6
of SMC:s derived from porcine or rhesus monkey iliac artery, LIMA, or
saphenous vein. Porcine and rhesus monkey SMCs were exposed for
2 h to 780, 1,560, 3,125, 6,250, 12,500, or 25,000 (pig) or 156, 312, 625,
1,250, 2,500 or 5,000 (monkey) virus particles per cell and analyzed
48 h after virus exposure for luciferase activity. Values represent the
mean * the SD of three samples.

group B adenoviruses do not utilize the CAR. An adenovirus
subgroup B receptor has not yet been identified. The differ-
ences in transgene expression levels between viruses carrying
the fiber of serotypes 11, 35, and 51 might reflect differences in
receptor usage of subgroup B adenoviruses or differences in
the affinity to bind to a certain receptor. This hypothesis is
supported by recent findings of Shayakhmetov et al., who dem-
onstrated that Ad3 and Ad35 might recognize different recep-
tors (27).

It should be realized that batches of fiber chimeric adeno-
viruses cannot be quantified based on the amounts of infec-
tious units. The amount of infectious units or PFU is usually
determined using cell lines such as 293 or HER.911 (12), which
are known to express CAR. However, it is not known how
many molecules acting as a receptor for a particular fiber
chimeric virus are expressed. Therefore, infection experiments
conducted to compare different fiber chimeric adenoviruses
have to be performed using equal amounts of virus particles
per cell. Since virus titrations on the basis of virus particles per
cell could be less accurate compared to titrations made on the
basis of IU or PFU per cells, a set of criteria had to be fulfilled
in order to identify a vector with impoved infection character-
istics for human SMCs and ECs. These criteria were defined to
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exclude that differences in transgene expression are related to
differences in virus quality. These criteria included the use of
different virus batches of a particular virus, different cell iso-
lations, and different marker genes. We thus tested several
batches of AdS5.Fib16 and Ad5 on SMCs originating from dif-
ferent vessels, using GFP, LacZ, or luciferase as a marker.
Since the results of all experiments performed were consistent,
we conclude that AdS.Fib16 represents the most potent vector
of the panel tested. This vector was further analyzed on the
SMC:s of different species.

This analysis led to another interesting observation that re-
lates to the fact that the susceptibilities of SMCs derived from
different species toward the chimeric Ad5.Fib16 are variable.
We have shown that AdS5.Fib16 improves transgene expres-
sion, compared to AdS, in SMCs derived from humans and the
rhesus monkey. In contrast, rat or pig cardiovascular tissues
and cells were only poorly transduced with Ad.5Fib16. These
latter two animals are most frequently used for cardiovascular
studies. It should therefore be realized that the evaluation of
Ad5.Fib16, as an imported vector for gene therapy treatment
of human cardiovascular disease, could not be performed in
animal models such as the rat or the pig. This certainly has
major implications in identifying relevant in vivo animal
models for testing the efficacy, safety, and toxicity of this
fiber-modified adenovirus. The preferred animals for testing
Ad5.Fib16 should be nonhuman primates, i.e., baboons, rhesus
monkeys, or cynomolgus monkeys, to perform preclinical
cardiovascular studies. Several groups have reported that cor-
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FIG. 8. (A) GFP expression in saphenous vein SMCs of different
origins. Cells were exposed for 2 h to 0, 100, 1,000, or 5,000 virus
particles of Ad.5 (black bar) or Ad5.Fib16 (white bar) per cell. Shown
is the percentage of cells positive for GFP, as determined by flow
cytometry, at 48 h after infection. (B) Luciferase transgene expression
in saphenous vein SMCs. Cells were exposed for 2 h to 100, 1,000,
5,000, 10,000, or 20,000 virus particles per cell. Luciferase transgene
expression, measured 48 h after infection, is expressed in RLU per
microgram of total protein.
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FIG. 9. Saphenous vein sections (macroscopic [A] and histological
microscopic [B]) stained for LacZ expression 48 h after a 2-h virus
exposure (AdS or AdS.Fib16). Sections derived from human or rhesus
monkey saphenous veins were found to be negative for LacZ upon
transduction with Ad5. With Ad5.Fib16, ECs were stained bright blue.
Sections derived from pigs demonstrated a few blue cells with Ad5,
whereas no blue cells were detected in sections derived from saphe-
nous vein transduced with Ad5.Fibl16.

onary artery atherosclerosis and hypercholesterolemia in non-
human primates is very similar to human disease, thus dem-
onstrating that these nonhuman primates provide a suitable
model for studying gene therapy approaches for the treatment
of cardiovascular disease (1, 2, 6, 13, 17, 25).

The findings presented here also stress the importance of
identifying the route of entry, the attachment molecules em-
ployed, and the tissue-specific expression patterns of molecules
that can be utilized by adenovirus vectors genetically modified
to enter specific cells of human or nonhuman origin. This latter
characteristic certainly will help to predict whether results ob-
tained with an adenovirus gene transfer method can be directly
extrapolated from animals to human patients and vice versa.
Moreover, detailed knowledge concerning the efficiency of an
adenovirus to infect a particular tissue from different animals
will help to predict the severity of adenovirus-related toxicity,
since this feature of an adenovirus is most likely closely corre-
lated with the ability of the virus to infect a tissue.

Another interesting observation is the discrepancy in the
observed transduction efficiencies when either cells or tissues
were used. The findings indicate that the susceptibilities to ade-
novirus of cells in their “native” environment or cells in culture
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dishes differ strikingly. Usually, results obtained in vivo are dis-
appointing. In the experiments presented here Ad5.Fib16 proved
even more superior to Ad5 in organ culture experiments than
in cell culture experiments, indicating that vector selection
based only on cell transduction experiments is insufficient.

In summary, we have developed a library of Ad5-based vec-
tors carrying the fiber molecule of alternative human adeno-
virus serotypes. Studies performed with SMCs derived from
different species demonstrated the superiority of Ad5.Fib16 in
human- and rhesus-derived cardiovascular cells and tissues.
However, this superiority could not be reproduced in rat and
pig cells, indicating that the attachment molecule utilized by
Ad5.Fib16 is not conserved between species or that differences
in the levels of expression of the putative attachment molecule
exist.

The identification of an adenovirus vector with increased
transduction efficiency for SMCs combined with tissue-specific
promoters, such as SM22a (3, 18, 32), further confined by us-
ing local delivery strategies, should increase efficacy and re-
duce vector-related toxicity and therefore create more favor-
able conditions for the treatment of cardiovascular disorders.
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