
original article© The American Society of Gene & Cell Therapy

Molecular Therapy  vol. 18 no. 12, 2121–2129 dec. 2010 2121

Arterial endothelial cells (EC) are attractive targets for 
gene therapy of atherosclerosis because they are acces-
sible to hematogenous and catheter-based vector deliv-
ery and overlie atherosclerotic plaques. Vector-mediated 
expression—in EC—of proteins that mediate cholesterol 
transfer out of the artery wall and decrease inflamma-
tion could prevent and reverse atherosclerosis. However, 
clinical application of this strategy is limited by lack of a 
suitable gene-transfer vector. First-generation adenovirus 
(FGAd) is useful for EC gene transfer in proof-of-concept 
studies, but is unsuitable for atheroprotective human gene 
therapy because of limited duration of expression and 
proinflammatory effects. Moreover, others have reported 
detrimental effects of FGAd on critical aspects of EC phys-
iology including proliferation, migration, and apoptosis. 
Here, we investigated whether helper- dependent adeno-
virus (HDAd) either alone or expressing an atheroprotec-
tive gene [apolipoprotein A-I (apoA-I)] could circumvent 
these limitations. In contrast to control FGAd, HDAd did 
not alter any of several critical EC physiologic functions 
(including proliferation, migration, apoptosis, metabolic 
activity, and nitric oxide (NO) production) and did not 
stimulate proinflammatory pathways [including expres-
sion of intercellular adhesion molecule-1 (ICAM-1), 
vascular cell adhesion molecule-1 (VCAM-1), and inter-
leukin-6 (IL-6)]. Expression of apoA-I by HDAd reduced 
EC VCAM-1 expression. HDAd is a promising vector and 
apoA-I is a promising gene for atheroprotective human 
gene therapy delivered via EC.
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IntroductIon
Atherosclerosis, a common human disease, is caused by the accu-
mulation of blood-derived lipids and inflammatory cells in the 
artery wall.1 Dysfunctional arterial endothelial cells (EC) can 
contribute to the progression of atherosclerosis by attracting and 
retaining circulating leukocytes2 and by facilitating the influx of 
plasma lipids into the artery wall.3 When EC are lost from the arte-
rial luminal surface (through denudation, apoptosis, or necrosis), 

exposure of thrombogenic subendothelial molecules such as col-
lagen and tissue factor can trigger blood clot formation, leading 
to vessel occlusion, strokes, heart attacks, and death.4 In con-
trast, healthy EC are long-lived,5 resist leukocyte accumulation,6 
regulate vascular tone via production of nitric oxide (NO),7 and 
migrate and divide as needed to maintain an EC-lined, nonthrom-
bogenic vessel surface.

Because of the central role of EC in resisting the development 
of atherothrombotic disease, their accessibility to vector delivery, 
and their physical proximity to atherosclerotic plaques, several 
groups (including our own) have proposed gene-therapy strate-
gies that rely on expression of therapeutic genes from EC. In gen-
eral, these strategies aim to either block EC pathogenic activities 
(e.g., leukocyte adhesion and uptake of atherogenic lipoproteins)8,9 
or enhance EC protective roles (e.g., prevention of thrombosis).10 
None of these promising gene-therapy strategies has reached clin-
ical application, most likely because of lack of a suitable vector to 
deliver therapeutic genes to EC in vivo.11

To deliver effective, EC-based gene therapy, a vector must 
efficiently transduce EC without affecting their normal, salutary 
physiologic functions. First-generation adenoviral (FGAd) vec-
tors efficiently transduce EC both in vitro and in vivo.12,13 However, 
numerous in vitro studies show that FGAd can alter cellular pro-
liferation, migration, and apoptosis, and increase expression 
of inflammatory cytokines and adhesion molecules.14–22 These 
limitations (as well as the transient nature of FGAd expression 
in vivo)13 must be overcome before adenovirus (Ad)-mediated 
EC gene transfer can be applied clinically. Helper-dependent 
adenoviral (HDAd) vectors, which lack all viral genes, have sev-
eral advantages over FGAd, including larger cloning capacity, 
persistent transgene expression, and a diminished host immune 
response.23–25 HDAd express a transgene in EC in vivo for at least 
8 weeks, and cause significantly less vascular inflammation than 
FGAd.26 However, HDAd could potentially stimulate EC inflam-
matory pathways through a capsid-initiated response,14 and the 
effect of HDAd on normal EC physiology is unknown.

Here, we report in vitro studies that test the hypothesis that 
HDAd—but not FGAd—can transduce EC effectively without 
either altering normal EC physiology or stimulating EC proin-
flammatory pathways. We simultaneously tested whether normal 
EC physiology is affected by HDAd-mediated overexpression 
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of apolipoprotein A-1 (apoA-I). ApoA-I is an attractive candi-
date therapeutic gene for atherosclerosis because it can remove 
lipid from the artery wall and also has potent anti-inflammatory 
effects.27

results
FGAdApoAI- and HdAdApoAI-transduced  
ec express functional rabbit apoA-I protein
We first tested whether our FGAd and HDAd rabbit apoA-I vec-
tors (FGAdApoAI and HDAdApoAI; Figure 1a) expressed rab-
bit apoA-I in cultured bovine aortic EC (BAEC). ApoA-I protein 
was present in medium of BAEC transduced with HDAdApoAI 
and FGAdApoAI, but not in medium of cells transduced with 
the control vectors HDAdNull and FGAdNull (Figure 1b). 
ApoA-I expression was easily detectable in cells transduced 
with 1010 viral particles/ml and was expressed at similar levels 

in HDAdApoAI- and FGAdApoAI-transduced cells (~50 μg/106 
cells/24 hours). The transduction protocol used throughout this 
study yielded ~85% transduced EC, as determined with a green 
fluorescent protein (GFP)-expressing HDAd (Supplementary 
Figure S1).

We used a cholesterol-efflux assay to test the biological activ-
ity of vector-expressed apoA-I. EC were transduced with either 
HDAdNull or HDAdApoAI, and conditioned medium collected 
over 24 hours. The conditioned medium was added to cholesterol-
loaded baby hamster kidney (BHK) cells stably transfected with 
an inducible ATP-binding cassette A1 (ABCA1) transgene. In 
BHK cells expressing ABCA1, addition of conditioned medium 
from HDAdNull-transduced EC stimulated minimal cholesterol 
efflux (<1%; Figure 2). Addition of 5 µg/ml human apoA-I to this 
medium increased cholesterol efflux by 40-fold (11 ± 0.19 ver-
sus 0.28 ± 0.08%). Incubation of the BHK cells with conditioned 
medium from HDAdApoAI-transduced cells (containing ~7 µg/
ml rabbit apoA-I) stimulated cholesterol efflux similarly (8.0 ± 
0.47%). Addition of human apoA-I (5 μg/ml) alone had a simi-
lar effect. Control experiments performed without induction of 
ABCA1 confirmed that in all cases cholesterol efflux was ABCA1-
dependent. Therefore, apoA-I from HDAd-transduced EC can 
stimulate the critical first step of reverse cholesterol transport: 
ABCA1-dependent cholesterol efflux.

FGAd but not HdAd disrupts ec metabolic activity
To test whether transduction with FGAd or HDAd—either with 
or without apoA-I expression—was toxic to EC, we used the 
MTT assay to measure metabolism of vector-transduced- and 
mock-transduced EC. Hydroxyurea treatment28 and serum-
starvation were positive controls. After 24 hours, no difference 
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Figure 1 expression of rabbit apoA-I in bovine aortic endothelial 
cells. (a) Viral constructs used in this study all contain a cytomegalovirus 
(CMV) promoter, a synthetic intron (SI), and an SV40 polyadenylation 
signal (pA). Exons 1–4 and the 5′ and 3′ untranslated regions (5′U and 
3′U) of the rabbit apoA-I gene are indicated. E1 and E3 viral regions are 
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replaced with “stuffer” DNA. (b) Western analysis of apoA-I expression. 
Cells were incubated for 24 hours with one of the four Ad vectors at the 
concentrations indicated (viral particles/ml). Medium was removed and 
the cells incubated with serum-free DMEM for 24 hours. Conditioned 
media (20 μl/lane) were analyzed by western blot for apoA-I, using rab-
bit plasma as a quantitative control. Size markers are in kD. This experi-
ment was repeated four times with similar results. apoA-I, apolipoprotein 
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15

10

C
ho

le
st

er
ol

 e
ffl

ux
 (

%
)

5

0
+ + + + − − − −
− + − + − + − +
+ + − − + + − −
− − + − − − + −

Mifipristone

Human apoA-I

HDAdApoAI CM
HDAdNull CM

Figure 2 ApoA-I expressed by transduced endothelial cells increases 
cholesterol efflux. BHK cells were labeled with 3[H] cholesterol for 
24 hours then for an additional 24 hours with or without mifipristone 
to induce ABCA1 expression. The cells were then incubated with one 
or more of: purified human apoA-I, medium conditioned by HDAdNull-
transduced EC, or medium conditioned by HDAdApoAI-transduced EC. 
Cholesterol efflux was measured by counting 3[H] in medium and in 
cell extracts. Values are mean ± SEM for n = 3–6 for two independent 
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in MTT reduction was observed among the groups of vector- 
and mock-transduced EC (Figure 3a). After 48 hours, only the 
hydroxyurea-treated and serum-starved EC were less metaboli-
cally active than mock-transduced EC. By 72 hours, the meta-
bolic activity of both FGAdNull- and FGAdApoAI-transduced 
cells was significantly less than mock-transduced cells (20% 
decrease; P < 0.05).

We considered whether decreased MTT reduction in 
FGAd-transduced EC at 72 hours could be due to an effect 
of FGAd on cell proliferation. We therefore used a bromode-
oxyuridine (BrdU) incorporation assay to measure cell prolif-
eration directly. There was no difference in BrdU incorporation 
among mock-, HDAdApoAI- and FGAdApoAI-transduced EC 
(Figure 3b).

neither adenoviral transduction nor apoA-I 
expression alter ec migration or apoptosis
Migration of mock-, HDAd-, and FGAd-transduced cells was mea-
sured using a monolayer wound-healing assay performed 3, 6, and 
9 hours after wounding. To exclude a contribution of cell prolifer-
ation to these results, we included a group of  hydroxyurea-treated 
cells. As expected during this short time period, there was no evi-
dence that cell proliferation contributed to wound closure (com-
pare hydroxyurea-treated to mock- transduced cells; Figure 4). 
Cell migration was detected in all of the experimental groups, 
with no significant difference in migration among the groups at 
any of the time points. The FGAdApoAI-transduced cells tended 
to migrate less; however, this difference was not statistically 
significant.

We measured apoptosis 24, 48, and 72 hours after mock-, 
HDAd-, or FGAd- transduction (Figure 5a). Only low levels of 
apoptosis were detected and these levels did not differ among the 
groups. In contrast, treatment with camptothecin, which induces 
apoptosis through cleavage of topoisomerase I,29 significantly 
increased apoptosis at all time points, as shown by an increase in 
annexin V-positive, propidium iodide-negative EC (Figure 5b,c).

transduction with FGAd but not HdAd  
increases no production
We used electron paramagnetic resonance (EPR) spin trapping to 
measure NO production 24 hours after mock-, HDAd-, or FGAd- 
transduction (Figure 6). Cells were treated with the NO synthase 
(NOS) inhibitor NG-nitro-l-arginine methyl ester or the NOS 
cofactor tetrahydrobiopterin as positive controls for inhibition 
or stimulation of NO synthesis, respectively. Transduction with 
HDAdNull or HDAdApoAI did not significantly alter NO pro-
duction. However, EC transduced with FGAdNull or FGAdApoAI 
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Figure 3 FGAd but not HdAd vectors disrupt endothelial cell meta-
bolic activity. EC were transduced with the indicated vectors (1 × 1010 
viral particles/ml). (a) Metabolic activity was measured with the MTT 
assay performed 24–72 hours after transduction. (b) Cell proliferation 
was measured with a BrdU incorporation assay performed 72 hours after 
transduction. Positive controls included serum starvation and hydroxyu-
rea treatment. Values are spectrophotometer readings, and are pre-
sented as mean ± SEM with n = 14 from three independent experiments 
for (a), and n = 6 from one experiment for (b). The BrdU experiment 
was repeated with similar results (data not shown). **P < 0.01 versus 
mock-transduced cells. †P < 0.001 versus mock-transduced cells. BrdU, 
bromodeoxyuridine; EC, endothelial cells; FGAd, first-generation adeno-
virus; HDAd, helper-dependent adenovirus.
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produced significantly more NO than mock-transduced cells 
(80–90% more; P < 0.01 versus mock-transduced cells).

FGAdApoAI increases IcAM-1 expression whereas 
HdAdApoAI decreases VcAM-1 expression
To test whether Ad transduction or apoA-I expression altered 
EC expression of adhesion molecules or interleukin-6 (IL-6), 
we measured mRNA encoding intercellular adhesion mole-
cule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), 
and IL-6. RNA from cells treated with tumor necrosis factor–α 
served as a positive control. Tumor necrosis factor–α dramatically 
increased expression of ICAM-1, VCAM-1, and IL-6 at all time 
points (24, 48, and 72 hours; Figure 7a–c). In contrast, transduc-
tion with FGAdNull, HDAdNull, FGAdApoAI, and HDAdApoAI 
did not increase ICAM-1, VCAM-1, or IL-6 expression versus 
mock-transduced cells at 24 or 48 hours postinfection. However, 
at 72 hours, cells transduced with FGAdApoAI had increased 
ICAM-1 expression (80% increase versus mock-transduced cells; 
P < 0.001) and cells transduced with HDAdApoAI had decreased 
VCAM-1 expression (50% decrease versus mock-transduced cells; 
P < 0.01). None of the vectors significantly altered IL-6 expression 
at 72 hours (Figure 7a–c).

dIscussIon
We tested the hypothesis that transduction of EC with HDAd—
alone or expressing apoA-I—does not impair normal EC physiol-
ogy or stimulate EC proinflammatory pathways. We also tested 
whether apoA-I would enhance NO production and downregu-
late adhesion molecule expression in EC, as reported by others.30,31 

Our major findings were: (i) transduction of EC with HDAd alone 
did not alter cellular metabolic activity, proliferation, migration, 
apoptosis, or NO synthesis, and did not affect EC expression of 
ICAM-1, VCAM-1, or IL-6; (ii) transduction of EC with FGAd 
decreased cellular metabolic activity and increased NO synthesis; 
(iii) expression of apoA-I from HDAd—but not FGAd—decreased 
VCAM-1 expression; (iv) FGAd-driven expression of apoA-I 
increased ICAM-1 expression. Our findings suggest: neither 
transduction of EC with HDAd nor HDAd-mediated expression 
of apoA-I have significant detrimental effects on EC; HDAd-
mediated expression of apoA-I has a modest anti-inflammatory 
effect; and HDAd appears to be a more suitable vector for EC gene 
transfer than FGAd.

EC must proliferate to replace neighboring EC that are lost 
due to normal turnover or during interventional procedures such 
as angioplasty and stenting. A useful gene-therapy vector should 
not impair EC metabolic activity or affect the ability of EC to pro-
liferate. We are not aware that the MTT assay has been used previ-
ously to detect effects of Ad on EC health; however, others have 
reported significant effects of FGAd on proliferation of EC and 
other cell types, including both antiproliferative and mitogenic 
effects.15–17 Effects of HDAd on EC metabolic health and prolif-
eration have not yet been reported. Here, we found that FGAd—
but not HDAd—decreased EC metabolic activity, manifested as 
decreased MTT reduction 72 hours after transduction. However, 
neither FGAdApoAI nor HDAdApoAI altered EC proliferation at 
this time point.

A useful gene-therapy vector should also not prevent EC migra-
tion because EC must migrate laterally to replace neighboring EC. 
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Others have reported both increased and decreased EC migration 
after exposure to FGAd. For example, human microvascular EC 
transduced with FGAd migrated more readily toward insulin-like 
growth factor-1.17 However, human umbilical vein endothelial 
cells exposed to FGAd migrated less rapidly toward stromal cell 
derived factor-1 in one study, but more rapidly toward VEGF-A 
in another study.18,19 Curiously, in both human umbilical vein 
endothelial cell studies the effects of FGAd on migration were 
attributed to the E4 region of the adenoviral genome. Here, we 
found no effect of either FGAd or HDAd on EC migration. The 
reason for the discrepancy between our FGAd results and others’ 
is unclear; however, it could be because we used a lateral migra-
tion assay (essentially a wound-healing assay) whereas others 
used vertical migration assays (i.e., EC migration through a filter, 
typically used to study angiogenic activity). We chose the lateral 
migration assay because EC must migrate laterally, not vertically, 
to heal the surface of a denuded vessel.

We tested whether FGAd- or HDAd-affected EC apoptosis 
because enhanced EC apoptosis in vivo could expose thrombo-
genic subendothelium and would also lead to loss of transgene 
expression. Others have reported both pro- and antiapoptotic 
effects of FGAd.15,16,20 FGAd increased apoptosis of human airway 
cell lines and sensitized cells to tumor necrosis factor–α-induced 
apoptosis.15,20 Antiapoptotic effects of FGAd—specifically on 
EC—were attributed to proteins encoded by the E4 region and 
therefore should be absent in HDAd-transduced cells.16 Here, we 
found no effect of either FG- or HDAd on EC apoptosis. Inclusion 
of a positive control (camptothecin) and the absence of FGAd or 

HDAd-associated increases in either MTT reduction or BrdU 
incorporation (Figure 3) suggest that we would have detected 
both pro- and antiapoptotic effects of FGAd and HDAd if they 
were present. Our results do not directly conflict with others’ 

HDAdN
ull

M
oc

k

HDAdA
po

AI

FGAdN
ull

FGAdA
po

AI

L-
NAM

E
BH 4

0

1

F
ol

d 
in

cr
ea

se
 v

er
su

s 
m

oc
k

2
** **

3

Figure 6 FGAd but not HdAd vectors increase endothelial cell nitric 
oxide production. Bovine aortic EC were seeded in 100-mm dishes. 
After 24 hours, the cells were mock-transduced or incubated for 6 hours 
with one of the indicated vectors (1 × 1010 vp/ml). Nω-nitro-l-arginine 
methyl ester (L-NAME) and tetrahydrobiopterin (BH4) were used as con-
trols for inhibition and stimulation of nitric oxide synthase, respectively. 
Twenty-four hours after transduction or addition of the control reagents, 
cells were analyzed for NO by electron paramagnetic resonance spin-
trapping. Values are expressed as a ratio to NO production by mock-
transduced cells (relative value = 1) and are presented as mean ± SEM 
for n = 5 independent experiments. **P < 0.01 versus mock-transduced 
cells. †P < 0.05 versus mock-transduced cells. FGAd, first-generation ade-
novirus; HDAd, helper-dependent adenovirus.

30a

20

10

3

IC
A

M
-1

 m
R

N
A

 (
A

U
)

2

1

0
24 48 72

b

c

V
C

A
M

-1
 m

R
N

A
 (

A
U

)

0

1

2

3

200

400

600

800

24 48 72

IL
-6

 m
R

N
A

 (
A

U
)

0

1

2

3

20

40

60

80

100

24 48

Time after transduction (hours)

72

Mock

TNF-α
***

**

FGAdApoAI

FGAdNull

HDAdApoAI

HDAdNull

Figure 7 FGAdApoAI increases IcAM-1 expression and HdAdApoAI 
decreases VcAM-1 expression. Bovine aortic endothelial cells were 
seeded in 6-well plates. After 24 hours, the cells were mock-transduced 
or incubated for 24 hours with one of the indicated vectors (1 × 1010 
vp/ml). Other cells were treated with tumor necrosis factor–α (TNF–α) 
to generate positive control RNA. Total RNA was extracted 24–72 hours 
after transduction or exposure to TNF-α for measurement by qRT-PCR 
of: (a) ICAM-1; (b) VCAM-1; and (c) IL-6. Values are expressed as a ratio 
to mRNA levels in mock-transduced cells (relative value = 1) and are pre-
sented as mean ± SEM for n = 3 (one well in each of three independent 
experiments). **P < 0.01 versus mock-transduced cells. ***P < 0.001 
versus mock-transduced cells. FGAd, first-generation adenovirus; HDAd, 
helper-dependent adenovirus; ICAM-1, intercellular adhesion mole-
cule-1; IL-6, interleukin-6; VCAM-1, vascular cell adhesion molecule-1.



2126 www.moleculartherapy.org  vol. 18 no. 12 dec. 2010    

© The American Society of Gene & Cell Therapy
Helper-dependent Adenovirus and Endothelial Cells

because of differences in EC type, culture conditions, and trans-
duction protocols.

In addition to its role in maintaining vascular tone, EC-derived 
NO can decrease adhesion molecule expression, and prevent 
platelet aggregation.32,33 Modest increases in NO production by 
EC are generally considered desirable and several groups have 
developed vascular gene therapies based on increasing EC NO 
synthesis by NOS gene transfer.34–37 We were surprised that trans-
duction of EC with either FGAd increased NO bioavailability 
almost twofold. This degree of increased NO is similar to the dou-
bling of NO activity in aorta of endothelial NOS-transgenic mice, 
in which arterial blood pressure is significantly reduced and arter-
ies have a decreased response to NO-mediated vasodilators.38,39 
Therefore, the magnitude of increased NO in FGAd-transduced 
EC appears to be physiologically significant and could be detri-
mental. Increased NO bioavailability in FGAd-transduced EC has 
not been reported by other groups developing NOS-based gene 
therapy; however, some have used Ad-β-galactosidase as a control 
vector instead of AdNull34,35,37 and others have relied on surrogate 
endpoints for detection of increased NO, such as western blotting 
for endothelial NOS.36 In contrast, we used the highly sensitive 
EPR spin-trapping technique to measure NO content. Stimulation 
of NO production by FGAd might be explained by FGAd activa-
tion of PI3-kinase/Akt signaling,19 which can activate NOS, lead-
ing to increased NO synthesis.40 Others have reported increased 
NOS activity in EC incubated with apoA-I protein;30 however, 
we found no effect of apoA-I on NO levels. Possible explanations 
include exposure to a lower concentration of apoA-I, use of a dif-
ferent type of EC, or use of a different method for measuring NO 
in the present study.

Several groups report activation of inflammatory pathways 
after exposure of cells to Ad. Experiments using UV-inactivated 
FGAd and HDAd suggest that a substantial part of this activa-
tion does not require Ad gene expression.41 Because enhanced 
inflammation—especially upregulation of adhesion molecules 
and atherogenic cytokines—would likely accelerate atheroscle-
rosis, we tested whether FGAd and HDAd increased EC expres-
sion of ICAM-1, VCAM-1, and IL-6. We focused on these three 
molecules because others have reported upregulation of ICAM-1 
and VCAM-1 in FGAd-transduced EC,21 and IL-6 is a marker of 
the early innate immune response to Ad.41 This early response is 
independent of Ad-mediated gene expression and could occur in 
both FGAd- and HDAd-transduced EC. We also tested whether 
apoA-I, which can block inflammatory pathways,27,31 would 
decrease expression of these inflammatory molecules.

We found no effect of FGAdNull or HDAdNull on expres-
sion of ICAM-1, VCAM-1, or IL-6. However, FGAdApoAI 
increased ICAM-1 expression whereas HDAdApoAI reduced 
VCAM-1 expression. Because these two vectors express similar 
amounts of apoA-I protein (Figure 1) the effects of FGAdApoAI 
and HDAdApoAI on ICAM-1 and VCAM-1 cannot be attributed 
solely to apoA-I and must instead reflect an interaction of the EC 
responses to vector delivery and apoA-I. Vector–transgene inter-
actions, also reported by others,22 are likely complex. The most 
significant aspects of this experiment are that HDAdNull did 
not activate EC and that HDAdApoAI had an anti-inflammatory 
effect (lowering VCAM-1 expression).

In summary, aortic EC can be transduced with HDAd with-
out impairing normal EC physiology or upregulating expression 
of three important inflammatory markers. HDAd expression of 
apoA-I in EC has a modest anti-inflammatory effect. Our study 
has limitations because it was performed in vitro (in the absence 
of immune cells), and with only one concentration of virus. 
However, our in vitro transduction protocol would tend to accen-
tuate the inflammatory effects of Ad because it includes a much 
longer exposure of EC to high-concentration Ad than occurs 
in vivo. Several issues remain to be addressed before HDAd is 
used clinically, including development of large-scale, standard-
ized production methods and thorough examination of potential 
side effects of stuffer DNA. Nevertheless, when combined with 
our positive initial experience with HDAdNull in vivo in normal 
arteries,26 the present study supports the safety of HDAd for vas-
cular gene transfer and provides a strong rationale for continuing 
to develop HDAdApoAI for vessel wall-targeted gene therapy that 
would prevent or reverse atherosclerosis.

MAterIAls And MetHods
Cell culture. BAEC (Cell Applications, San Diego, CA), human embry-
onic kidney 293 cells (American Type Culture Collection, Manassas, VA), 
293-Cre cells (Microbix Biosystems, Toronto, ON, Canada),42 and BHK 
cells (American Type Culture Collection) were grown in high-glucose 
Dulbecco’s modified Eagle medium (DMEM; GIBCO, Grand Island, NY) 
with 10% fetal bovine serum (Hyclone, Logan, UT), 100 IU/ml penicillin 
and 100 µg/ml streptomycin (GIBCO) at 37 °C in a 5% CO2 atmosphere. 
Culture medium was supplemented with geneticin (400 µg/ml final con-
centration) for growth of 293-Cre cells. For EPR spin-trapping assay, cells 
were cultured in low-glucose DMEM (GIBCO). BAEC were used between 
passages 4 and 6.

Adenoviral vectors. Four vectors were used in these experiments 
(Figure 1a): two FGAd (FGAdNull and FGAdApoAI), and two HDAd 
(HDAdNull and HDAdApoAI). HDAd were made with reagents available 
from Microbix. The construction of FGAdNull (contains a cytomegalo virus 
promoter-driven empty expression cassette) was described.26 To construct 
FGAdApoAI, a rabbit apoA-I complementary DNA (cDNA) was cloned by 
reverse transcription and PCR amplification of RNA from rabbit terminal 
ileum.43 Briefly, RNA was extracted with Trizol (Invitrogen, Carlsbad, CA), 
reverse-transcribed, and amplified using the Accuscript High-Fidelity 
RT-PCR kit (Stratagene, La Jolla, CA). The amplicon was digested with 
BamHI and ClaI, and ligated into pBluescript II (Stratagene). The result-
ing plasmid was digested with KpnI and SpeI to release the apoA-I cDNA, 
which was then ligated between the KpnI and NheI sites of pCI (Promega, 
Madison, WI), to yield pCIApoAI. Digestion of pCIApoAI with BglII 
and ClaI released an expression cassette comprising the apoA-I cDNA 
flanked by the cytomegalovirus promoter and SV40 polyadenylation sig-
nal. This cassette was ligated into the FGAd shuttle vector pdE1SP1A 
(Microbix). The shuttle vector plasmid was linearized by StuI digestion and 
FGAdApoAI virions produced.44

To construct HDAdApoAI, we first generated a shuttle vector to 
facilitate insertion of the apoA-I expression cassette into the HDAd 
backbone plasmid pC4HSU (Microbix). A 2,649 base pair EcoRI fragment 
containing an AscI site was removed from pC4HSU and ligated into 
pBluescript II, to generate “pBShuttle.” The apoA-I expression cassette 
was removed from pCIApoAI and linkers were used to add AscI sites 
to both ends of the cassette, which was then ligated into the AscI site of 
pBShuttle. This ligation placed the apoA-I expression cassette between 
fragments from pC4HSU, enabling insertion of the expression cassette 
into pC4HSU by homologous recombination. The expression cassette and 
flanking regions were released from pBShuttle by digestion with EcoRV 
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and SacII. This fragment was electroporated into the recombination-
permissive BJ5183 bacterial strain (Stratagene) along with AscI-digested 
pC4HSU. The bacteria were plated onto selective media and colonies 
screened by PCR for evidence of successful recombination. DNA 
was extracted from colonies showing evidence of expression cassette 
insertion, and used to transform DH10B cells (Invitrogen). Plasmid 
DNA from these cells was mapped by restriction digestion to verify 
integrity of the expression cassette, then used, along with 293-Cre cells 
and helper virus to generate and amplify HDAdApoAI.23,42 HDAdNull 
was produced similarly to HDAdApoAI, except that the apoA-I cDNA 
was not present in the expression cassette excised from pCI. HDAdGFP 
was produced with these same methods, using a pC4HSU-based 
plasmid containing a cytomegalovirus promoter-driven GFP transgene 
(Microbix).

Viral preparations. After purification of virions by CsCl ultracentrifuga-
tion and dialysis, virus concentration was measured by spectrophotometry 
at 260 nm.45 Viral preparations used here ranged from 5 × 1011 to 1.1 × 1013 
viral particles/ml. For both HDAd and FGAd preps, DNA was extracted 
from purified virions using phenol chloroform and Phase Lock Gel tubes 
(Eppendorf, Hamburg, Germany), and E1A contamination determined by 
quantitative real-time PCR using ABsolute QPCR Low ROX Mix (Thermo 
Fisher Scientific, Waltham, MA) with primers and FAM/TAMRA-labeled 
probes (Applied Biosystems, Foster City, CA) for cytomegalovirus (to 
quantify total viral genomes) and E1A. Primers and probes used for real-
time PCR are listed in Table 1. Only preparations with <1 E1A copy/106 

viral genomes were used. For HDAd preparations, helper virus contamina-
tion was determined by quantitative PCR.

In vitro transduction. Cells were plated at various densities on 6, 24, and 
96-well culture dishes and incubated for 24 hours before transduction. 
Virus was resuspended at 1 × 1010 viral particles/ml in cell culture medium 
and added to cells. After 6 hours, cells were washed twice in phosphate-
buffered saline before fresh medium was applied. For experiments in which 
ICAM-1, VCAM-1, and IL-6 mRNA were measured, cells were exposed to 
virus for 24 hours, after which the infection medium was removed and cells 
washed. Viral vectors were resuspended in normal high-glucose growth 
medium for most transductions except those for which NO measurements 
were planned. In this case, low-glucose growth medium was used.

Transduction efficiency. EC were seeded at 2 × 105 cells/well in 6-well 
plates and either mock-transduced or transduced with HDAd. After 24 
hours, cells were trypsinized and resuspended in 500 µl of phosphate-buff-
ered saline. GFP expression was detected with a FACScan cytometer and 
CellQuest Pro acquisition software (Becton Dickinson, Franklin Lakes, 
NJ). Flow cytometry data were analyzed using FlowJo software (Tree Star, 
Ashland, OR). A gate was established using mock-transduced EC and then 
applied to analyze data from EC transduced with either HDAdNull or 
HDAdGFP. GFP-expressing EC were identified as positive for green fluo-
rescence (x-axis; 530 nm filter) but negative for autofluorescence (y-axis; 
575 nm filter). Ten thousand events were measured for each sample.

Western blotting. BAEC were seeded at 2 × 105 cells/well in 6-well plates and 
transduced with viral vectors. Twenty-four hours later, vector- containing 
medium was removed, cells were washed twice with phosphate-buffered 
saline and incubated with 600 µl of serum-free DMEM for an additional 
24 hours. This conditioned medium (20 µl) was added to 7.7 µl of 4× load-
ing buffer (50% glycerol, 125 mmol/l Tris-HCl, 4% sodium dodecyl sulfate, 
0.08% bromophenol blue) and 3.2 µl of β-mercaptoethanol, and heated for 
5 minutes at 95 °C. Samples were separated by 12% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis and transferred to an Immobilon-P 
membrane (Millipore, Billerica, MA). Membranes were incubated with 
goat antihuman apoA-I primary antibody (Rockland, Gilbertsville, PA) 
and bound antibody detected with a peroxidase conjugated anti-goat 
antibody (Rockland) and the ECL Plus Western Blotting Detection Kit 
(GE Healthcare, Piscataway, NJ).

Cholesterol-efflux assay. EC were seeded at 1.5 × 106 cells/dish in 100-mm 
dishes and transduced with either HDAdNull or HDAdApoAI. Transduced 
EC were incubated with 4 ml of serum-free DMEM for 24 hours, which was 
then collected and analyzed by western blot. Medium from HDAdNull EC 
contained no detectable apoA-I; medium from HDAdApoAI cells contained 
~7 µg/ml of rabbit apoA-I. Cholesterol efflux in BHK cells with inducible 
ABCA1 expression was measured as described.46 Briefly, BHK cells were 
labeled with 3[H] cholesterol (0.5 µCi/ml, 40–60 Ci/mmol; Amersham 
Pharmacia Biotech, Piscataway, NJ) for 24 hours, washed three times, then 
cultured for an additional 24 hours either with or without added mifipristone 
(10 nmol/l) to induce ABCA1 expression. BHK cells were then incubated 
with: conditioned medium from HDAdNull-transduced EC with or without 
added human apoA-I (5 µg/ml); conditioned medium from HDAdApoAI-
transduced EC; human apoA-I (5 µg/ ml) in DMEM with 1 mg/ml bovine 
serum albumin; or DMEM/bovine serum albumin alone for 2.5 hours at 
37 °C. The medium was collected, centrifuged to remove detached cells, and 
counted for 3[H]. Cellular cholesterol was extracted using hexane/isopropa-
nol and 3[H] counted. ApoA-I-mediated lipid efflux was calculated as the 
amount of 3[H] in the medium divided by total 3[H] (medium + cell extract) 
after subtraction of background cholesterol-efflux values from BHK cells 
incubated with DMEM/bovine serum albumin alone.

MTT assay. Addition of 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-
tetrazolium bromide (MTT; American Type Culture Collection) to known 

table 1 Primer and probe sequences

Primers/probes sequences (5′–3′)

VCAM-1 forward TTGGATGGTGTTTGCAGTTTCT

VCAM-1 reverse AGTCAGTGAAACAGAGTCACCAATCT

VCAM-1 probe AGCTTCCCAAATCGACATATTCCCAAGTG

ICAM-1 forward CTCTGTCCATGGGATTCTGACA

ICAM-1 reverse GTTTCATGTGACCCTGTGGTGTAG

ICAM-1 probe CAGGCCTAAATGTGGTGCTCACTCCTTCAT

GAPDH forward TGACCCCTTCATTGACCTTCA

GAPDH reverse GCCTTGACTGTGCCGTTGA

GAPDH probe TCCAGTATGATTCCACCCACGGCAA

IL-6 forward CCAGAGAAAACCGAAGCTCTCA

IL-6 reverse CTCATCATTCTTCTCACATATCTCCTTT

IL-6 probe AGCGCATGGTCGACAAAATCTCTGC

ApoA-I forward AGAATATGTGGCCCAGTTTGAAG

ApoA-I reverse TCCCAGTTGTCCAGGAGCTT

ApoA-I probe CTCCGCCTTTGGAAAGCAACTCAACC

CMV forward CATCTACGTATTAGTCATCGCTATTACCA

CMV reverse TGGAAATCCCCGTGAGTCA

CMV probe ACCGCTATCCACGCCCATTGGTGT

Helper virus forward TCTGAGTTGGCACCCCTATTC

Helper virus reverse GTTGCTGTGGTCGTTCTGGTA

Helper virus probe TTCAGGGATGCCACATCCGTTGA

E1A forward AATGGCCGCCAGTCTTTTG

E1A reverse AAATGGCTAGGAGGTGGAAGATT

E1A probe TCAGCCAGTACCTCTTCGATCAGCTGGT

Abbreviations: CMV, cytomegalovirus; GAPDH, glyceraldehyde 3 phosphate 
dehydrogenase; ICAM-1, intercellular adhesion molecule-1; IL-6, interleukin-6; 
VCAM-1, vascular cell adhesion molecule-1.
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numbers of EC in a control experiment revealed a linear relationship 
between cell number and absorbance (data not shown). EC were seeded at 
2 × 103 cells/well in 96-well plates and transduced with viral vectors. As a 
positive control for an antiproliferative effect, some wells were treated with 
2 mmol/l hydroxyurea instead of virus. MTT reagent (10 μl) was added at 
24, 48, and 72 hours after transduction, and incubated at 37 °C for 3 hours. 
One hundred micro liters of detergent reagent was then added and the 
plates incubated in the dark for 3 hours at room temperature. Absorbance 
at 572 nm was measured using a spectrophotometer (Molecular Devices, 
Sunnyvale, CA).

BrdU incorporation. A BrdU incorporation assay (Calbiochem, Gibbstown, 
NJ) was used to measure cell proliferation at 72 hours after transduction. 
EC were seeded at 2 × 103 cells/well in 96-well plates and transduced with 
viral vectors. After 48 hours, cells were incubated with 50 µl of BrdU label 
(1:2,000 dilution in culture medium) for 24 hours, fixed, and incubated in 
anti-BrdU antibody (1:100 dilution) for 1 hour. Wells were washed three 
times with buffer and peroxidase-labeled goat anti-mouse immunoglobu-
lin G (1:2,000 dilution) was added for 30 minutes. After three more washes, 
100 µl of substrate solution was added, the reaction stopped after 15 min-
utes and absorbance in each well measured at 450 nm. Hydroxyurea was a 
positive control for antiproliferative effects.

Cell migration. Cell migration was measured with a monolayer wound-
healing assay.47 BAEC were seeded at 6 × 104 cells/well in 24-well plates and 
transduced with viral vectors. Twenty-four hours after transduction, paral-
lel wounds—1 cm apart—were made on cell monolayers using a pipette 
tip. Wounds were photographed immediately (t = 0) and again after 3, 6, 
and 9 hours. Using the photographs and computer-assisted planimetry, the 
total area of a 1 mm-long section of each wound was measured at each 
time point. To quantify cell migration, the area of the 1-mm long wound 
section at 3, 6, and 9 hours was subtracted from the area at t = 0 to give 
the average distance covered by migrating cells. To determine whether cell 
proliferation during this 9-hour period contributed to wound coverage, a 
control well of untransduced BAEC was treated with hydroxyurea to block 
proliferation (2 mmol/l final concentration; Sigma-Aldrich, St Louis, MO) 
and migration in this well was compared to migration in a well without 
hydroxyurea.48

Apoptosis. Apoptosis was measured with the Vybrant Apoptosis Kit #3 
(Invitrogen). BAEC were seeded at 2 × 105 cells/well in 6-well plates and 
transduced with viral vectors. Cells were trypsinized at 24, 48, and 72 hours 
after transduction, washed in cold phosphate-buffered saline and resus-
pended in 500 µl of 1× annexin-binding buffer. Fluorescein isothiocyanate-
annexin V (2.5 µl) and propidium iodide (1 µl of 100 µg/ml) were added, 
and the cell suspension incubated at room temperature for 15 minutes. 
An aliquot of cells treated with camptothecin (5 µmol/l final concentra-
tion) was used as a positive control. Flow cytometry and data analysis were 
performed using the equipment and software described above. Apoptotic 
cells were identified as annexin V-positive (519 nm filter) and propidium 
iodide-negative (617 nm filter). A gate to identify apoptotic cells was estab-
lished using data from mock-transduced cells, and this gate was applied to 
all samples. For each sample, 10,000 events were recorded.

Measurement of NO. NO was measured by EPR spin trapping.38 BAEC 
were seeded at 1.5 × 106 cells/dish in 100 mm dishes and transduced with 
viral vectors. Twenty-four hours after transduction, the cells were washed 
with Krebs-HEPES buffer (99 mmol/l NaCl, 4.7 mmol/l KCL, 1.2 mmol/l 
KH2PO4, 1.9 mmol/l CaCl2, 25 mmol/l NaHCO3, 20 mmol/l HEPES) and 
incubated for 1 hour in a trap solution containing iron sulfate heptahydrate 
(Sigma-Aldrich) and DETC (Alexis, Lausen, Switzerland) (798 µmol/l 
C5H10NS2·Na·3H2O and 62 µmol/l FeSO4·7H2O dissolved in Krebs-HEPES 
buffer, previously deoxygenated using argon gas). Cells were washed in 
Krebs-HEPES buffer, removed with a cell scraper, and resuspended in 
100 µl of buffer. The cell suspension was transferred to a 1 ml syringe and 

frozen in liquid nitrogen to mould a pellet, which was stored at −80 °C. 
EPR signals were measured with a Miniscope MS 200 EPR spectrometer 
(Magnettech, Berlin, Germany). Instrument settings were: Bo 3,275 G; 
modulation frequency 115 kHz; sweep-time 60 seconds; passes 10; micro-
wave power 10 mW; Gain 9 E 1; modulation amplitude 7,000 mG. The 
resulting EPR signal amplitude was measured and normalized to protein 
content of each sample. Protein was measured with the DC Protein Assay 
(Bio-Rad, Hercules, CA).

Detection of gene expression by quantitative reverse-transcriptase-
mediated PCR. Total RNA was extracted using Trizol (Invitrogen) and 
the RNeasy kit (Qiagen, Valencia, CA). RNA samples were adjusted to  
50 ng/µl and genomic DNA removed by DNase I treatment (Fermentas, 
Glen Burnie, MD). Verso 1-Step qRT-PCR kit (Thermo Fisher Scientific) 
was used for both cDNA synthesis and amplification. ICAM-1 and 
VCAM-1 primers and probes were as described.49 ICAM-1, VCAM-1, and 
IL-6 mRNA levels were quantified by the comparative CT method using 
RNA from mock-transduced cells as the calibrator.50

Statistics. Data are expressed as mean ± SEM. One-way ANOVA with 
the Holm–Sidak correction for multiple comparisons was used to assess 
the significance of differences between the vector-transduced and mock-
transduced groups. Student’s t-test was used, as appropriate, to assess the 
significance of differences between the mock-transduced and the positive 
control groups. SigmaStat 3.1 (Systat, San Jose, CA) statistics software was 
used for all calculations.

suPPleMentArY MAterIAl
Figure S1. Transduction efficiency.
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