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Abstract

Vascular gene therapy could potentially complement or replace current therapies for human atherosclerosis,
while avoiding their side effects. However, development of vascular gene therapy is limited by lack of a useful
vector. Helper-dependent adenovirus (HDAd) shows promise to overcome this barrier because, unlike first-
generation adenovirus, HDAd achieves durable transgene expression in the artery wall with minimal inflam-
mation. To begin to test whether HDAd, delivered to the artery wall, can limit atherosclerosis we constructed
HDAd that expresses rabbit interleukin (IL)-10, a potent atheroprotective cytokine, and tested its activity in a
rabbit model of early carotid atherogenesis. HDAd expressed immunoreactive, active IL-10 in vitro. In contrast to
other HDAd-expressed transgenes, IL-10 expression from HDAd increased significantly between 3 days and 2
weeks after infusion and remained stable for at least 8 weeks. Rising, persistent IL-10 expression was associated
with relative persistence of HDAdIL-10 genomes 4 weeks after infusion, compared with HDAdNull genomes.
Surprisingly, IL-10 expression had no significant effects on atherosclerotic lesion size, macrophage content, or
expression of either adhesion molecules or atherogenic cytokines. These results might be due to inadequate
protein expression in vivo or lack of suitability of this rabbit model to reveal IL-10 therapeutic effects. IL-10
remains a promising agent for vascular gene therapy and HDAd remains a promising vector; however, proof of
efficacy of HDAdIL-10 is elusive. Future preclinical studies will be aimed at increasing IL-10 expression levels
and improving the sensitivity of this animal model to detect atheroprotective effects.

Introduction

Atherosclerosis is a chronic inflammatory disease of the
blood vessel wall caused by growth of plaques made up

primarily of lipid and inflammatory cells (Lusis, 2000). Clin-
ical manifestations of atherosclerosis include heart attacks,
strokes, and lower limb amputations, all caused by obstruc-
tion of blood vessels by atherosclerotic plaques or super-
imposed thrombosis. Despite major advances in medical and
surgical therapies, atherosclerosis remains a leading cause of
death in Western societies and a growing cause of death in the
developing world (Gersh et al., 2010; Lloyd-Jones et al., 2010).
New, cost-effective approaches are needed for atherosclerosis
prevention and treatment.

For several reasons, gene therapy is an attractive approach
for preventing and treating atherosclerosis. First, much is
known about the molecular pathogenesis of atherosclerosis,
allowing rational selection of therapeutic genes (Lusis, 2000;

Rissanen and Ylä-Herttuala, 2007). Second, gene therapy can
potentially provide stable, lifelong treatment (Aiuti et al., 2009),
suitable for a lifelong disease such as atherosclerosis. Third,
gene therapy for atherosclerosis would likely be cost-effective.
A single dose of a gene therapy vector that durably treats or
prevents atherosclerosis would potentially cost far less than the
current therapeutic approach of lifelong multidrug therapy
with occasional superimposed percutaneous coronary inter-
vention and bypass surgery. Fourth, gene therapy for athero-
sclerosis that is delivered directly to the blood vessel wall could
potentially treat and prevent atherosclerosis without any sys-
temic side effects. The potential for gene therapy to deliver
strictly local therapy contrasts with current atheroprotective
drug therapies that, despite their general efficacy, are delivered
systemically and are often associated with bothersome side
effects (Hippisley-Cox and Coupland, 2010).

We and others have begun to develop blood vessel-
targeted atheroprotective gene therapy, using animal models
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of atherosclerosis. Several of these experiments, performed
primarily with first-generation adenoviral (FGAd) vectors,
show atheroprotective effects (Kawashiri Ma and Rader,
2000; Ylä-Herttuala and Martin, 2000). However, these
therapeutic effects have typically been of only brief duration
because expression from FGAd in the artery wall persists
in vivo for only about 2 weeks (Gruchala et al., 2004). In
addition, infusion of FGAd provokes a local inflammatory
response in the artery wall, and enhanced vascular inflam-
mation would likely accelerate atherosclerosis (Newman
et al., 1995; Gruchala et al., 2004). The advent of third-
generation or ‘‘helper-dependent’’ adenoviral (HDAd) vec-
tors (Chen et al., 1996; Parks et al., 1996) provides a potential
solution to both of these problems because HDAd can ex-
press a transgene for at least 8 weeks (the latest time point
tested) in the artery wall and for well over 2 years in other
tissues (Wen et al., 2004; Brunetti-Pierri et al., 2009). More-
over, in contrast to FGAd, infusion of HDAd to the artery
wall produces only mild inflammation (Wen et al., 2004).

To begin to test the ability of HDAd to deliver durable, yet
local atheroprotective vascular gene therapy, we constructed
HDAd vectors that express rabbit interleukin (IL)-10. IL-10 is
a potent antiinflammatory protein (de Vries, 1995) that has
been termed an ‘‘immunologic scalpel for atherosclerosis’’
(Terkeltaub, 1999). IL-10 is atheroprotective when delivered
to mice either systemically by germ line or somatic gene
transfer (Mallat et al., 1999; Pinderski Oslund et al., 1999; Von
Der Thusen et al., 2001; Pinderski et al., 2002; Namiki et al.,
2004; Potteaux et al., 2004; Yoshioka et al., 2004; Liu et al.,
2006), or locally by first-generation adenovirus (Von Der
Thusen et al., 2001). To move beyond murine studies and
closer to clinical application, here we tested the efficacy of
HDAd IL-10 in a large animal (rabbit) model of early carotid
artery atherogenesis (Schneider et al., 2000; Falkenberg et al.,
2002).

Materials and Methods

Adenoviral vectors and cell culture

Three HDAds were used in this study: HDAdcIL-10,
HDAdgIL-10, and HDAdNull (Fig. 1a). HDAdcIL-10 and
HDAdgIL-10 express, respectively, a rabbit IL-10 cDNA (a
kind gift from H. Perkins, Australian National University,
Canberra, ACT, Australia) (Perkins et al., 2000) and a rabbit
genomic IL-10 clone generated in our laboratory (GenBank
accession no. DQ437508). In both vectors IL-10 expression is
driven by the cytomegalovirus immediate-early promoter.
HDAdNull contains the same backbone expression cassette
as the two IL-10 vectors, includes a synthetic intron, but
lacks any IL-10 sequences. Cloning of the rabbit IL-10 gene
and construction of the IL-10 and HDAdNull vectors are
described elsewhere (Dronadula et al., 2011). Vectors were
amplified and propagated in 293 Cre4 cells (Microbix Bio-
systems, Toronto, ON, Canada) (Chen et al., 1996) coinfected
with helper virus (H14) (Parks et al., 1996; Sandig et al.,
2000), and purified by cesium chloride density-gradient ul-
tracentrifugation. Vector concentrations, measured by spec-
trophotometry (Mittereder et al., 1996), were approximately
2–4�1012 particles/ml. All preparations had less than 1
E1A-containing genome in 106 vector genomes, and helper
virus contamination was less than 1% as measured by
quantitative real-time PCR (for primers and probes, see

Supplementary Table S1; supplementary data are available
online at www.liebertonline.com/hum). Before use in vivo,
both IL-10 vectors were tested for their ability to express IL-
10 mRNA after in vitro transduction of bovine aortic endo-
thelial cells (BAECs; Cell Applications, San Diego, CA)
(passage 7 or 8).

Animals and gene transfer surgery

Experiments were performed with specific-pathogen-free
adult male New Zealand White rabbits (3.0–4.0 kg; Western
Oregon Rabbit Company, Philomath, OR). All animal pro-
tocols were approved by the Office of Animal Welfare of the
University of Washington (Seattle, WA). In most experi-
ments rabbits were fed chow (100 g/day) containing 0.25%
cholesterol and 3% soybean oil (Dyets, Bethlehem, PA).
Plasma cholesterol was measured 2, 3, and 4 weeks after
beginning the high-fat diet and at the time of harvest (Abbott
Spectrum; Abbott Laboratories, Abbott Park, IL). On the
basis of their cholesterol levels at 4 weeks, rabbits were as-
signed to receive infusions of either HDAdNull or HDAd-
gIL-10 in such a manner that the mean cholesterol values of
the HDAdNull and HDAdgIL-10 groups in each experiment
were similar at the time of surgery (Supplementary Table
S2). Bilateral common carotid artery gene transfer was per-
formed as described (Schneider et al., 2000), with vectors
infused at 2�1011 particles/ml. This approach yields gene
transfer almost exclusively to luminal endothelium (Schulick
et al., 1995). Vectors used in the in vivo study were from a
single preparation each of HDAdgIL-10 and HDAdNull. We
used HDAdgIL-10 instead of HDAdcIL-10 in vivo because
preliminary data generated in chow-fed rabbits suggested
that HDAdgIL-10 expressed more IL-10 mRNA in vivo than
did HDAdcIL-10 (Dronadula et al., 2011).

FIG. 1. Helper-dependent adenoviral (HDAd) vectors ex-
press interleukin (IL)-10 protein in vitro. (a) Expression cas-
sette structure. CMV, cytomegalovirus promoter from pCI
plasmid; i, b-globin/IgG chimeric intron from pCI; MCS,
multiple cloning site; pA, simian virus 40 poly(A) signal; 5U,
50-untranslated region of the rabbit IL-10 gene; blocks 1, 2, 3,
4, and 5, rabbit IL-10 exons; 3U, 30-untranslated region of the
rabbit IL-10 gene. Drawing is not to scale. (b) HEK 293 cells
were transduced with HDAdNull, HDAdcIL-10, or HDAd-
gIL-10, at the viral doses indicated (particles/ml). Condi-
tioned medium was collected and analyzed by Western
blotting for IL-10. Each lane is from cells in a separate well.
Size marker is presented as kilodaltons (kDa).
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Western analysis

IL-10 was detected by Western analysis of medium condi-
tioned by transduced 293 Cre4 cells (Chen et al., 1996), BAECs,
or by explanted, in vivo-transduced rabbit carotid arteries.
Cells were transduced by incubation with HDAd at 1�1010 or
1�1011 particles/ml for 6 hr. Medium was then changed to
Dulbecco’s modified Eagle’s medium (DMEM), collected after
24 hr, and frozen at �808C. Carotid artery gene transfer was
performed with HDAdgIL-10 or HDAdNull, as described
previously, and arteries were removed 14 days after vector
infusion. Two segments were cut from each artery and placed
in culture, and conditioned medium was collected as de-
scribed further below. To optimize detection of IL-10 protein,
samples of conditioned medium from several arteries were
pooled and concentrated with centrifugal filter units (3K
NMWL [nominal molecular weight limit]; Millipore, Billerica,
MA) before analysis. Conditioned medium samples (50 ml)
were subjected to sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) (0.1% SDS, 15% polyacryl-
amide), and proteins were transferred to an Immobilon-P
membrane (Millipore). After blocking membranes with
10 mM Tris-HCl buffer, pH 8.0, containing 150 mM sodium
chloride, 0.1% Tween 20, and 5% (w/v) nonfat dry milk, IL-10
protein was detected by incubation with goat anti-human IL-
10 antibodies (R&D Systems, Minneapolis, MN) followed by
peroxidase-conjugated donkey anti-goat secondary anti-
bodies (Santa Cruz Biotechnology, Santa Cruz, CA) and
detection of bound antibody by chemiluminescence (Immun-
Star WesternC kit; Bio-Rad Laboratories, Hercules, CA).

IL-10 functional assay

We generated IL-10-containing and control medium by
transducing 293 Cre4 cells with one of the HDAdIL-10 vectors
or with HDAdNull (1�1010 particles/ml). To permit replica-
tion of the HDAd genomes and potentially generate higher
concentrations of IL-10 protein, helper virus was added at a
multiplicity of infection of 100. The 293 Cre4 cells were then
incubated in DMEM with 10% fetal bovine serum (FBS) for
6 hr, infection medium was removed, cells were washed twice
with DMEM without FBS, and DMEM was added. Condi-
tioned medium was collected after 24 hr, concentrated 12-fold
(to a final volume of 1 ml) with the centrifugal filter units
described previously, and stored at �808C. The presence of
IL-10 in the medium from HDAdIL-10-transduced cells and
the absence of IL-10 in medium from HDAdNull-transduced
cells was confirmed by Western blotting.

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from unoperated rabbits by ear vein phlebotomy,
centrifugation of blood for 15 min at 2000�g, removal of
plasma, and aspiration of the buffy coat layer. PBMCs were
pelleted at 600�g and 1 ml of room-temperature red blood
cell (RBC) lysis buffer (155 mM NH4Cl, 10 mM KHCO3,
1 mM EDTA) was added to the cells for 2 min. One milliliter
of ice-cold PBS with heparin (5 U/ml) and 2% FBS was then
added to the cells, followed by centrifugation at 600�g for
5 min at 48C. This process (RBC lysis followed by addition of
ice-cold PBS) was repeated and the PBMCs were then re-
suspended in RPMI 1640 with 10% FBS and 1% penicillin–
streptomycin. PBMCs from three to six animals were pooled,
and 1.2�106 cells per well were incubated overnight with
1 ml of medium in a 6-well tissue-culture plate at 378C.

Cytokine expression was induced by addition of lipopoly-
saccharide (LPS, 200 ng/ml) (L4391; Sigma-Aldrich, St. Louis,
MO) followed immediately by addition of 200ml of IL-10-
containing or control conditioned medium. After 5 hr, cells
were lysed and RNA was extracted with an RNeasy mini kit
(Qiagen, Valencia, CA).

Harvest of carotid arteries, peripheral
organs, and blood

Carotid arteries were harvested 3, 14, 28, and 56 days
postoperatively. To measure the consistency of gene transfer
along an artery, a group of arteries was harvested 3 days
after gene transfer and cut into four segments, and each
segment was analyzed for IL-10 mRNA (Supplementary Fig.
S1a). All other arteries were cut into seven pieces, to be used
for molecular and histological analyses (Supplementary Fig.
S1b). Of these seven segments, four evenly spaced segments
were embedded in O.C.T. compound for frozen sectioning;
two segments were placed in culture to generate conditioned
medium followed by extraction and measurement of vector
DNA and one segment was used for RNA analyses. Condi-
tioned medium was generated by placement of segments in
ice-cold DMEM, trimming their periadventitial tissue,
opening them longitudinally, and incubating them at 378C
for 1 hr followed by vigorous rinsing twice to remove re-
sidual plasma proteins. Segments were then placed in
DMEM at 378C for 24 hr, conditioned medium was collected
and frozen at �808C, and the segments were frozen for later
DNA extraction. We also harvested approximately 2 g of
spleen and liver during the 3-day artery harvests. Tissues
were snap-frozen in liquid nitrogen and RNA was extracted
later as described below for the arteries. Venous blood was
collected preoperatively and at the time of artery harvest for
measurement of plasma cholesterol, complete blood counts,
and serum chemistries (the latter two tests done by Phoenix
Central Laboratories, Everett, WA).

Quantification of IL-10 mRNA and vector DNA

RNA was extracted with an RNeasy mini kit (Qiagen). IL-10
mRNA was measured by quantitative reverse-transcriptase
(qRT)-mediated PCR, using the DDCt method (Schmittgen and
Livak, 2008) with RNA from a single HDAdNull-infused rabbit
carotid as the ‘‘calibrator.’’ IL-10 mRNA values were normal-
ized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA, measured in the same samples. DNA was extracted
from two segments per carotid artery with the DNeasy kit
(Qiagen), and quantified by spectrophotometry (NanoDrop
Products, Wilmington, DE). Vector copy numbers were mea-
sured in 100 ng of total DNA extracted from two segments per
artery and then combined, using quantitative real-time PCR
(qPCR) amplification of a sequence in the cytomegalovirus
(CMV) promoter and reference to a standard curve generated
with a CMV promoter-containing plasmid. Primers (Bioneer,
Alameda, CA) and probes (Life Technologies [Carlsbad, CA] or
Integrated DNA Technologies [Coralville, IA]) for measuring
IL-10, GAPDH, and CMV sequences are listed in Supplemen-
tary Table S1.

Histochemical and immunohistochemical staining

O.C.T. compound blocks containing four evenly spaced
artery segments were cut into 6-mm-thick sections. To
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maximize the likelihood that intact sections from each of the
four segments would be available for analysis, two sets of
step sections from each block, 180 mm apart, were placed on a
single slide. Serial sections taken at each step were placed on
separate slides and stained with hematoxylin and eosin
(H&E) or Verhoeff–Van Gieson (VVG) stains, as well as with
antibodies that detect macrophages (RAM-11, 1:50 dilution;
Dako, Carpinteria, CA), vascular cell adhesion molecule
(VCAM)-1, and intercellular adhesion molecule (ICAM)-1
(Rb1/9 and Rb2/3, both at 1:50 dilution; from M. Cybulsky,
University of Toronto, Toronto, ON, Canada). The specificity
of the primary antibody binding was tested by substituting
an isotype-matched antibody (for RAM-11) (14-4714;
eBioscience, San Diego, CA) or by omitting the primary an-
tibody (for VCAM-1 and ICAM-1).

Analysis of histological sections

Digital images of sections were obtained with the Leica
DFC295 system (Leica Microsystems, Wetzlar, Germany)
and analyzed by observers blinded to the identity of the
specimens. Some of the analyses were performed with an
image analysis program (Image-Pro Plus; Media Cybernetics,
Bethesda, MD). Intimal and medial areas were calculated on
the basis of planimetry of the luminal surface, internal elastic
lamina, and external elastic lamina. Intimal area staining
positive for RAM-11 was measured with the image analysis
program and color thresholding, and the percentage area of
RAM-11-stained area was calculated by dividing the RAM-
11-positive area by the total intimal area measured on the
same slide. The extent of intimal ICAM-1 and VCAM-1
staining per section was scored according to a semiquanti-
tative scale (Newman et al., 1995). Four sections per vessel
(one section from each of the four embedded segments) were
analyzed for each end point and the mean of these four
values was used as a single value for each artery. These mean
values (one per artery) were used for group comparisons.

Cytokine expression

Levels of mRNAs encoding tumor necrosis factor (TNF)-a,
monocyte chemotactic protein (MCP)-1, IL-6, IL-1b, and
interferon (IFN)-g were measured by qRT-PCR, using the

DDCt method. For each assay, the sample with the lowest Ct

value was used as the calibrator, and values for cytokine
mRNA were normalized to GAPDH mRNA measured in the
same samples. Primers and probes are listed in Supplemen-
tary Table S1.

Measurement of serum anti-adenoviral antibodies

Serum was collected from rabbits preoperatively and at
the time of vessel harvest (both 14 and 28 days postopera-
tively) and frozen until use. Antibodies to human adenovirus
type 5 were detected as described (Wen et al., 2000), using
serum samples diluted 1:500 and wells coated with an ade-
novirus type 5-based vector.

Statistical analyses

Results are reported as means� SEM or as medians and
interquartile ranges for data not normally distributed. Nor-
mally distributed data with equal group variances were
compared by unpaired t test. Except as noted, other data
were compared by Mann–Whitney rank-sum test. Compar-
isons between multiple groups were made by one-way
analysis of variance (ANOVA). These tests and the sample
size calculations were performed with the SigmaStat soft-
ware package (Systat Software, San Jose, CA).

Results

HDAdgIL-10 produces biologically active IL-10

Immunoreactive IL-10 was detected by Western analysis of
medium conditioned by cells transduced with either HDAd-
gIL-10 or HDAdcIL-10, but not in medium conditioned by
cells transduced with HDAdNull (Fig. 1b). Concentrated
conditioned media from both HDAdgIL-10- and HDAdcIL-
10-transduced cells were used for the IL-10 activity assay.

Treatment of rabbit PBMCs with LPS in the presence of
conditioned medium from HDAdNull-transduced 293 Cre4
cells increased TNF-a and IL-1b mRNAs (30- and 3-fold,
respectively; p< 0.001 for both; Fig. 2). Exposure of PBMCs
to vector-expressed IL-10 (in medium conditioned by 293
Cre4 cells transduced with either HDAdgIL-10 or HDAdcIL-
10) substantially reduced both baseline and LPS-stimulated

FIG. 2. Activity of vector-expressed IL-10. Rabbit peripheral blood mononuclear cells were treated with conditioned me-
dium generated by transduction of 293 Cre4 cells with HDAdNull, HDAdgIL-10, or HDAdcIL-10. Aliquots of cells in all three
groups were treated with LPS. After 5 hr, RNA was extracted and the expression of (a) TNF-a and (b) IL-1b was measured by
qRT-PCR. Columns represent means of n¼ 3 separate wells of treated cells per group, with normal distribution assumed
based on extrapolation from a larger experiment (Supplementary Fig. S2).
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expression of both cytokines (�95% reduction of LPS-stim-
ulated cytokine expression; p� 0.001 for both; Fig. 2). This
assay was performed two more times with the more abun-
dant HDAdcIL-10-generated protein (Fig. 1b), and yielded
similar results (Supplementary Fig. S2).

IL-10 mRNA is expressed evenly along
the length of transduced carotid arteries

Because for our in vivo studies we planned to collect data
from separate segments harvested along the length of each
transduced artery, we tested the underlying hypothesis that
vector-mediated transgene expression was equivalent along
the length of each transduced artery. Mean IL-10 mRNA
expression did not vary significantly along the length of ar-
teries of chow-fed rabbits infused with HDAdgIL-10 (see
Supplementary Fig. S3; p¼ 0.4 by one-way ANOVA).

Selection of dose of HDAdgIL-10
for atheroprotection studies

Preliminary data, generated for a separate study focused
on expression cassette development, showed that although
HDAdcIL-10 expressed more IL-10 than HDAdgIL-10 in
BAECs (as in Fig. 1b), HDAdgIL-10 tended to express more
IL-10 than HDAdcIL-10 in vivo in carotid arteries of chow-fed
rabbits (Dronadula et al., 2011). We repeated a small ex-
pression study in fat-fed rabbits, and found similar expres-
sion from HDAdcIL-10 and HDAdgIL-10 (Supplementary
Fig. S4). Therefore we used HDAdgIL-10 for in vivo experi-
ments that tested the efficacy of IL-10 for atheroprotective
gene therapy. To identify an optimal dose of HDAdgIL-10,
we infused HDAdgIL-10 into carotids of chow-fed rabbits at
concentrations ranging from 5�109 to 8�1011 particles/ml
and harvested arteries 3 days later. Increasing vector con-
centration from 5�109 to 2�1011 particles/ml yielded stea-
dily higher amounts of vector DNA ( p¼ 0.002 by one-way
ANOVA), with no further increase in vector DNA in arteries
infused with 8�1011 particles/ml (Fig. 3a). IL-10 mRNA was
detectable in arteries infused at 5�109 particles/ml, in-
creased steadily as the vector dose was increased to 8�1011

particles/ml ( p< 0.001 by one-way ANOVA), but did not
differ significantly between 2�1011 and 8�1011 particles/ml

(Fig. 3b). We therefore selected 2�1011 particles/ml for the
remainder of the studies.

Rabbit plasma cholesterol, blood counts,
and serum chemistries

Plasma cholesterol levels did not differ significantly at any
time point between groups of cholesterol-fed rabbits that
received infusions of either HDAdgIL-10 or HDAdNull
(Supplementary Table S2). Complete blood counts per-
formed 14 and 56 days after vector infusion revealed occa-
sional borderline low hematocrits in rabbits receiving either
vector, with no other abnormalities and no differences be-
tween the two groups (Supplementary Table S3). Serum
chemistries measured 14 days after vector infusion showed
no significant abnormalities in rabbits receiving either of the
vectors and no differences between the two groups (Sup-
plementary Table S3).

IL-10 mRNA and HDAd vector DNA persist
for 8 weeks in vivo in arteries of cholesterol-fed rabbits

IL-10 mRNA was increased in HDAdgIL-10 versus
HDAdNull arteries harvested 3, 14, 28, and 56 days after
vector infusion (4- to 17-fold; p� 0.001; Supplementary Fig.
S5). Surprisingly, the relative increase in IL-10 mRNA in
HDAdgIL-10 versus HDAdNull arteries was larger at 14–56
days than at 3 days after gene transfer, with the largest rela-
tive increases at 28 and 56 days (11- to 17-fold). To more di-
rectly test whether vector-mediated IL-10 expression
increased over time, we measured IL-10 mRNA simulta-
neously in extracts from all of the HDAdgIL-10 arteries har-
vested at the four time points. An extract from a single
HDAdNull artery was used as the ‘‘calibrator’’ for DDCt cal-
culations. These measurements confirmed that IL-10 mRNA
increased significantly (4-fold; p¼ 0.003) between 3 and 14
days, and then remained stable through 56 days (Fig. 4a).

To begin to investigate mechanisms of persistent IL-10 ex-
pression in HDAdgIL-10 arteries, we measured vector copy
number in DNA extracted from HDAdgIL-10 and HDAdNull
arteries. DNA of both vectors declined substantially (60–70%)
between 3 and 14 days, with relative persistence/slower de-
clines from 14 to 56 days (Fig. 4b). Vector DNA was relatively

FIG. 3. Identification of an optimal in vivo dose for HDAdgIL-10. (a) HDAdgIL-10 was infused at the indicated concen-
trations and arteries were harvested 3 days later. Vector genomes (measured by qPCR) are expressed as genomes per vascular
wall cell, calculated on the basis of total DNA in the extracts. (b) RNA was extracted from the arteries in (a), from five
additional HDAdgIL-10-infused arteries from a separate study (5�1010 particles/ml; Supplementary Fig. S3), and from
control arteries infused with HDAdNull. IL-10 mRNA was measured by qRT-PCR and normalized to GAPDH mRNA in the
same extracts. Data points represent individual arteries; bars indicate group means.
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more persistent in HDAdgIL-10 than in HDAdNull arteries at
both 28 days (3-fold; p¼ 0.01) and 56 days (2-fold; p¼ 0.07).
One-way ANOVA revealed a significant time-related decline
from 3 to 56 days in HDAdNull arteries ( p< 0.001) but only a
trend in HDAdgIL-10 arteries ( p¼ 0.1).

HDAdgIL-10 does not significantly alter
intimal growth or macrophage accumulation
in arteries of cholesterol-fed rabbits

In contrast to results generated in similar studies per-
formed with FGAd (Schneider et al., 2000; Falkenberg et al.,
2002), only minimal intimal growth was present in arteries
infused with either HDAdNull or HDAdgIL-10 and har-
vested 14 days after vector infusion. Intimal areas of sections
from HDAdNull arteries were 0.01� 0.002 mm2 versus
0.017� 0.006 mm2 for HDAdgIL-10 arteries ( p¼ 0.6; Fig. 5a
and c). Intimas of 28-day arteries were larger, on average,
than intimas of 14-day arteries, but most arteries had virtu-
ally no intimal lesions and there was no significant difference
between these two groups (0.045� 0.02 vs. 0.031� 0.01 mm2

for HDAdNull vs. HDAdgIL-10 arteries; p¼ 0.6; Fig. 5a and
d). Intimal growth in 56-day arteries was similar to intimal
growth in 14-day arteries, and therefore less than in 28-day
arteries (0.015� 0.004 vs. 0.019� 0.009 for HDAdNull vs.
HDAdgIL-10 arteries; p¼ 1.0; Fig. 5a and e). Intimal lesions
at all three time points had a fairly low percentage of area
that stained for a macrophage marker (generally< 10–15% of
lesion area; Fig. 5b). At 14 and 28 days, the percentage of
lesion area occupied by macrophages was lower in HDAd-
gIL-10 than in HDAdNull arteries (2.3� 1.2 vs. 7.2� 2.2%
and 3.9� 1.8 vs. 7.0� 1.8%, respectively); however, these
differences were of only borderline significance ( p¼ 0.09 and
0.08, respectively; Fig. 5b).

HDAdgIL-10 does not significantly alter
adhesion molecule or cytokine expression
in arteries of cholesterol-fed rabbits

Intimal expression of ICAM-1 and VCAM-1 was relatively
low in both HDAdgIL-10 and HDAdNull arteries at all time

points (Fig. 6a and b). Median ICAM-1 expression scores
were �1.6 and VCAM-1 expression scores were <1.0 in all
groups, with a score of 1.0 corresponding to ‘‘rare positive
cells or staining clearly visible at low power’’ (Newman et al.,
1995). Many sections did not show any ICAM-1 or VCAM-1
expression (score, 0). The ICAM-1 and VCAM-1 scores did
not differ significantly between HDAdgIL-10 and HDAd-
Null arteries at any time point ( p� 0.15 for all comparisons).
Because vector-expressed IL-10 can substantially blunt in-
duction of cytokine expression in vitro (Fig. 2), we also
measured mRNAs encoding several atherogenic cytokines in
arteries infused with HDAdgIL-10 or HDAdNull and har-
vested 3–56 days later. Expression of IL-10 had no significant
effect on expression of mRNA for TNF-a, MCP-1, IL-6, IL-1b,
or IFN-g at any time point (Supplementary Fig. S6; p� 0.06
for all comparisons).

HDAdgIL-10 infusion does not have systemic
immunosuppressive effects

When expressed systemically, IL-10 can have immuno-
suppressive effects including reduction of cytokine expres-
sion in liver and spleen (Von Der Thusen et al., 2001; Namiki
et al., 2004) and promotion of tolerance to exogenous anti-
gens (Akdis and Blaser, 2001). The stability over time of IL-10
expression in transduced carotids (Fig. 4a) and the relative
persistence of HDAdgIL-10 versus HDAdNull vector DNA
in the artery wall (Fig. 4b) both suggested that vector-ex-
pressed IL-10 might suppress immune responses to the
HDAdgIL-10 vector. However, neither splenic mRNAs for
TNF-a and IFN-g nor hepatic mRNA for IFN-g were reduced
after bilateral carotid infusion of HDAdgIL-10 versus
HDAdNull (Fig. 7a and b). Moreover, anti-adenoviral capsid
antibodies were elevated to similar levels in serum of rabbits
infused with either HDAdgIL-10 or HDAdNull (Fig. 7c).

Discussion

We used a rabbit model of early atherogenesis to test
whether local expression of IL-10 from HDAd could prevent

FIG. 4. Persistence of IL-10 expression and vector genomes after HDAd infusion. (a) Arteries were infused with HDAdgIL-
10 (solid circles) or HDAdNull (open circles) and harvested at the indicated times. IL-10 mRNA was measured in all samples
simultaneously by qRT-PCR and normalized to GAPDH mRNA in the same extracts. RNA from a single HDAdNull-infused
artery harvested on day 3 served as the ‘‘calibrator’’ for DDCt calculations (Schmittgen and Livak, 2008). Data points represent
individual arteries; bars indicate group means. (b) Arteries were infused with either HDAdNull (open circles) or HDAdgIL-
10 (closed circles) and harvested at the indicated times. Vector DNA was measured by qPCR and expressed as a percentage of
vector DNA measured in arteries infused with the same vector and harvested on day 3 (set at 100% for both groups). Data
represent means� SEM, with n¼ 8–14 arteries per group. *p¼ 0.01; **p¼ 0.07 versus HDAdNull.

964 DU ET AL.



atherosclerotic lesion formation and vascular inflammation.
Our major findings were as follows: (1) The HDAdIL-10
vectors (cDNA and genomic) both express immunoreactive,
active rabbit IL-10; (2) infusion of HDAd results in stable IL-
10 expression in the carotid artery wall, with no initial de-
cline in gene expression and stable expression for at least 8
weeks; and (3) atherosclerotic lesion formation was limited
and expression of IL-10 had no significant effects on lesion
size, macrophage content, and adhesion molecule or ath-
erogenic cytokine expression.

IL-10 is an extremely promising agent for atheroprotective
gene therapy. Numerous studies in atherosclerosis-prone
mice reveal that deletion of the IL-10 gene accelerates ath-
erosclerosis and that systemic IL-10 overexpression limits
plaque growth (Mallat et al., 1999; Pinderski Oslund et al.,
1999; Von Der Thusen et al., 2001; Pinderski et al., 2002;
Namiki et al., 2004; Potteaux et al., 2004; Yoshioka et al., 2004;
Liu et al., 2006). Human studies also support a salutary role
for systemic IL-10 levels in coronary artery disease. Serum
IL-10 levels are lower in patients with unstable versus stable

FIG. 5. Intimal area and macrophage content in arteries infused with HDAdNull or HDAdgIL-10. Carotid arteries of cho-
lesterol-fed rabbits were removed at the indicated time points after vector infusion, sectioned, and stained. (a) Mean intimal
areas. (b) Mean percentages of intimal area occupied by macrophages. (c–e) Representative sections of HDAdNull-infused
arteries harvested at 14, 28, and 56 days, respectively. Arrows indicate intimal lesions. Total intimal areas were as follows: (c)
0.02 mm2; (d) 0.038 mm2; (e) 0.032 mm2. Data points in (a) and (b) are from individual arteries and are means of areas measured
on four step sections per artery; bars represent group means. Sections in (c)–(e): Verhoeff–Van Gieson stain; size bars, 200mm.

FIG. 6. HDAdgIL-10 does not alter expression of adhesion molecules (ICAM-1 and VCAM-1) in rabbit carotid artery intima.
Carotid arteries were transduced with HDAdNull or HDAdgIL-10 and harvested 14, 28, or 56 days later. (a and b) Sections of
arteries were stained, and intimal ICAM-1 and VCAM-1 staining intensity was scored, using semiquantitative immuno-
histochemistry. Data points represent individual arteries; bars indicate group means.
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angina (Smith et al., 2001) and elevated serum IL-10 is as-
sociated with improved endothelial function in patients with
coronary artery disease (Fichtlscherer et al., 2004).

Expression of transgenes in vascular endothelial cells is a
potent means of altering the biology and structure of the
underlying vascular wall (Schulick et al., 1998; Schneider et al.,
2000). Therefore, expression of therapeutic transgenes in en-
dothelium is a promising approach for atheroprotective gene
therapy. The ability of IL-10 to exert atheroprotective effects
directly on the artery wall is less well established. Most of the
murine studies cited previously involve manipulation of IL-10
expression in nonvascular cells (including T cells, macro-
phages, splenocytes, skeletal muscle, and hepatocytes), leav-
ing open the question of whether atheroprotection by IL-10 is
mediated outside the artery wall, for example, via effects on
systemic immunity (Pinderski et al., 2002; Namiki et al., 2004;
Potteaux et al., 2004) or even on plasma cholesterol (Von Der
Thusen et al., 2001; Yoshioka et al., 2004). However, one study
showed that IL-10 expressed from a locally infused first-
generation adenoviral vector was almost as effective at lim-
iting mouse carotid atherosclerosis as was systemic IL-10
overexpression (Von Der Thusen et al., 2001) and one report
showed that macrophage-specific overexpression of IL-10
significantly decreased plaque volume without altering plas-
ma IL-10 or cholesterol levels (Han et al., 2010). These two
studies suggest that IL-10 can retard atherosclerosis via direct
actions on the artery wall, supporting our strategy of ex-
pressing IL-10 in endothelium.

The extensive data demonstrating atheroprotective effects
of IL-10, including effects on the artery wall, along with our
discovery that HDAd (unlike first-generation Ad) could ex-
press a transgene in the artery wall for at least 8 weeks (Wen
et al., 2004), prompted us to test whether HDAdIL-10 could
suppress carotid atherogenesis. Because HDAd expresses
transgenes for years in both rodents and primates (Brunetti-
Pierri et al., 2009), HDAd-IL-10 expression from the artery
wall might eventually be developed as an atheroprotective
human gene therapy that durably prevents lesion growth

without any dangerous systemic immunosuppressive effects.
Efficacy in an informative large animal (rabbit) model of early
lesion formation (Schneider et al., 2000; Falkenberg et al., 2002)
would represent an important step toward clinical applica-
tion. If effective in a large animal model, IL-10 could later be
tested as a local gene therapy for human vein graft disease
(Bhardwaj et al., 2008) or, after incorporation into a vascula-
ture-targeted vector (White et al., 2008; Chen et al., 2009), as a
systemically delivered atheroprotective gene therapy.

Unfortunately, HDAdgIL-10 did not significantly sup-
press atherogenesis and had no significant effects on other
end points including adhesion molecule and cytokine ex-
pression. We considered several possible explanations for
these results. First, the level of IL-10 expression in vivo may
be inadequate. This possibility is difficult to exclude because
neither published study that shows atheroprotection by local
IL-10 expression includes quantitation of IL-10 protein (Von
Der Thusen et al., 2001; Han et al., 2010), and—because rabbit
IL-10 is not detected by commercially available ELISAs for
mouse and human IL-10 (data not shown and communica-
tions from manufacturers)—we do not have a sensitive
method of measuring IL-10 secretion from transduced ar-
teries. Only by pooling and concentrating medium from
several arteries were we able to detect immunoreactive IL-10
secreted by HDAdgIL-10-transduced arteries (Supplemen-
tary Fig. S7), suggesting that IL-10 protein expression in vivo
is relatively low. The question of whether higher levels of IL-
10 expression would be effective will be answered only by
construction and testing of higher-expressing HDAds (Dro-
nadula et al., 2011).

Another possible explanation for our negative results is
that this rabbit model is an insensitive experimental setting
in which to detect atheroprotection by IL-10. Virtually all
work showing atheroprotection by IL-10 has been done in
mice, and IL-10 might not be atheroprotective in rabbits. A
study in hyperlipidemic rabbits, however, showed that in-
fusion of human IL-10 suppressed both intimal growth and
intimal macrophage accumulation (Feldman et al., 2000), and

FIG. 7. No evidence of systemic immunosuppression in rabbits expressing IL-10 in carotid arteries. (a and b) Liver and
spleen RNA were harvested 3 days after carotid artery infusion with HDAdNull or HDAdgIL-10. IL-1b and IFN-g mRNA
were measured by qRT-PCR. Expression of IFN-g in the liver (data not shown) was at or below the limit of detection in all
samples. (c) Serum was collected from rabbits before arterial transduction with HDAdNull or HDAdgIL-10 (preoperative)
and then again at harvest (14 or 28 days postoperative). Antibodies to human adenovirus type 5 were measured by ELISA,
using a substrate that absorbs light at 405 nm (OD405). Data points represent individual rabbits; bars indicate group means.
*p� 0.2 for comparison of these HDAdgIL-10 groups with the HDAdNull control groups at the same time point.
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rabbit leukocytes are clearly reactive to IL-10 (Fig. 2), so this
seems unlikely. Alternatively, atherosclerotic lesions in this
model may be at a stage at which IL-10 has no net effect.
Early lesion growth in this model may be driven primarily
by extracellular lipid accumulation and adenovirus-induced
inflammation (Schneider et al., 2000); processes that may be
relatively insensitive to IL-10. Moreover, IL-10 appears to
exert atheroprotective effects largely via actions that increase
both lipid uptake and efflux (Halvorsen et al., 2005; Han et al.,
2009). It is possible that IL-10-mediated lipid uptake could
predominate during early lesion formation, and increased
lipid uptake alone would likely not affect lesion size. Last,
lesions in this model might be too small to easily reveal an
atheroprotective effect of IL-10. On the basis of the result
obtained here with HDAdNull (Fig. 5), a large number of
rabbits would be required to detect or exclude a 50% de-
crease in lesion size at 4 weeks (>100 arteries per group with
a¼ 0.05 and b¼ 0.8). The small lesion size was surprising to
us, because lesions in arteries infused with a first-generation
AdNull are consistently larger, permitting us to detect sig-
nificant (50–100%) increases in lesion area with n¼ 5–18 ar-
teries per group (Schneider et al., 2000; Falkenberg et al.,
2002). Minimal lesion growth in arteries of cholesterol-fed
rabbits infused with HDAdNull bodes well for the use of
HDAd for vascular gene therapy; however, the lack of lesion
growth also lessens the utility of this animal model to detect
atheroprotective versus atherogenic effects of HDAd-
expressed transgenes. We are currently developing methods,
including coinfusion of FGAd, periarterial collar placement
(Booth et al., 1989), and use of a higher concentration of di-
etary cholesterol (Kaul et al., 1992), to accelerate lesion
growth after HDAd infusion, with a goal of easier detection
of therapeutic transgene effects.

In contrast to the atherosclerosis data, our findings of
persistent expression of IL-10 and, in particular, the lack of
an early decline in transgene expression from HDAdgIL-10
(Fig. 4a) are exciting and promising results. Persistent ex-
pression of IL-10 differs from results we obtained with two
other HDAd-expressed transgenes in this model (urokinase
and apoA-I), the expression of which declined significantly
and substantially (50–70%) between 3 and 28 days (Wen et al.,
2004; and data not shown). The mechanism through which
IL-10 expression persists compared with these other trans-
genes is unclear. Our data suggest that IL-10 expression in-
creases HDAd genome persistence (Fig. 4b), which would in
turn increase IL-10 expression. However, genome persistence
does not seem to be the only explanation for increased IL-10
expression because HDAdgIL-10 genomes are no longer
significantly increased at 56 days, yet IL-10 expression re-
mains stable (Fig. 4). Systemic immunosuppression by IL-10,
if present, could explain increased vector persistence, but we
found no evidence of a diminished systemic adaptive im-
mune response to adenovirus in rabbits infused with
HDAdgIL-10. Transcription from HDAd also appears to be
regulated by the innate immune system, via intracellular
signals initiated by ligands to Toll-like receptor-2 (Suzuki
et al., 2010). Local expression of IL-10 in the artery wall could
antagonize these signals, thereby increasing IL-10 expres-
sion. Future work will be aimed at identifying these path-
ways and investigating their modulation by IL-10.

In summary, HDAdgIL-10 expresses IL-10 stably in the
artery wall but does not significantly affect atherogenesis in

this rabbit model. Achievement of higher expression levels
and modification of the animal model to yield larger lesions
are the next steps toward realizing the substantial promise of
IL-10 as a local atheroprotective gene therapy.
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Ylä-Herttuala, S., and Martin, J.F. (2000). Cardiovascular gene
therapy. Lancet 355, 213–222.

Yoshioka, T., Okada, T., Maeda, Y., et al. (2004). Adeno-
associated virus vector-mediated interleukin-10 gene transfer
inhibits atherosclerosis in apolipoprotein E-deficient mice.
Gene Ther. 11, 1772–1779.

Address correspondence to:
Dr. David A. Dichek

Department of Medicine
University of Washington

1959 NE Pacific Street, Box 357710
Seattle, WA 98195-7710

E-mail: ddichek@uw.edu

Received for publication August 27, 2010;
accepted after revision January 3, 2011.

Published online: January 3, 2011.

968 DU ET AL.


