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Our long-term goal is to prevent or reverse atherosclerosis by delivering gene therapy from stably transduced
endothelial cells (EC). We previously reported that EC-directed gene therapy with a helper-dependent adeno-
virus (HDAd) expressing apolipoprotein A-I (apo A-I) retarded development of atherosclerosis in rabbit carotid
arteries over a 1-month interval. However, a 70% decline in apo A-I expression during this time raised concerns
about long-term efficacy of this approach. Here we report use of several approaches aimed either at preventing
this decline or at increasing apo A-I expression from HDAd at all time points: codon optimization, deletion of 3¢
untranslated sequences, substitution of a synthetic mammalian-based promoter (4XETE) for the cytomegalo-
virus (CMV) promoter, and co-transduction with an HDAd expressing interleukin-10. We tested these ap-
proaches using plasmid transfection of cultured EC and in vivo transduction of rabbit carotid artery EC. Codon
optimization did not increase apo A-I expression. Deletion of 3¢ untranslated sequences extinguished apo A-I
expression.Bothsubstitutionof4XETEfortheCMVpromoterandexpressionof interleukin-10stabilizedapoA-I
expression in vivo, although at the cost of lower early (3-day) expression levels. Surprisingly, both interventions
stabilized apo A-I expression without altering the rate at which HDAd genomes were lost. These data establish
that transgeneexpressionfromHDAdinECis inherentlystable invivoandsuggest that theearlydeclineofCMV
promoter-driven expression from HDAd-transduced EC is due neither to active downregulation of transcrip-
tion nor to loss of HDAd genomes. Instead, apparent loss of expression from the CMV promoter appears to be a
consequence of early (3-day) upregulation of CMV promoter activity via inflammatory pathways. Our results
yield new paradigms to explain the early loss of genomes and transgene expression after in vivo gene transfer.
These new paradigms will redirect strategies for achieving high-level, stable expression of transgenes in EC.
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INTRODUCTION
VASCULAR ENDOTHELIAL CELLS (EC) line the lumen of
blood vessels and play critical roles in several im-
portant physiological processes including regula-
tion of blood pressure and tissue perfusion,
transport of macromolecules into tissues, regula-
tion of hemostasis and thrombosis, and trafficking
of leukocytes.1 Because they are in direct contact
with circulating blood, EC are attractive targets for
percutaneous gene delivery, for example by intra-
venous or intra-arterial vector injection. Moreover,
because EC overlie atherosclerotic plaques and

influence the biological processes that promote or
prevent development of atherosclerosis,2 EC are in
an ideal location to deliver gene therapy aimed at
preventing or treating atherosclerosis. Accord-
ingly, several groups have attempted to achieve
stable high-level transgene expression in EC.3–6

Achievement of stable high-level transgene ex-
pression in EC requires a vector with significant
endothelial tropism as well as a potent expression
cassette that maintains activity indefinitely. We and
others have shown that serotype 5 adenoviral vec-
tors have high tropism for both animal and human
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EC.7,8 However, transgene expression in EC trans-
duced in vivo with first- and second-generation ade-
noviral vectors is lost rapidly (*2 weeks) due to a
combination of immune system–mediated clearance
of transduced EC and direct toxicity of viral peptides
expressed from the adenoviral vector backbone.9

This limitation is overcome by use of helper-
dependent adenoviral (HDAd) vectors, which ex-
press no viral proteins10 and provide long-term (at
least 48 weeks) transgene expression in EC.11 How-
ever, in most cases, initial high levels of transgene
expression in HDAd-transduced EC decline sub-
stantially between 3 and 28 days after transduction
and then stabilize.11,12 This early decline in trans-
gene expression could limit the long-term efficacy of
EC-targeted gene therapy, especially in treating
a lifelong disease such as atherosclerosis. For
example, we previously reported that HDAdCMV-
gApoAI, which expresses rabbit apolipoprotein A-I
(apo A-I) from the cytomegalovirus (CMV) promoter,
could retard development of atherosclerosis in rab-
bit carotid arteries during a 1-month interval.11

However, a 70% decline in apo A-I expression within
one month after gene transfer raised concerns about
the long-term efficacy of this approach.

Here we tested several strategies aimed either at
increasing HDAd-mediated apo A-I expression in EC
at all time points or at stabilizing apo A-I expression
between day 3 and day 28 after gene transfer (after
day 28 HDAd appears to express apo A-I indefinitely
in EC).11–13 We first sought to increase translation of
transgene mRNA by using species-specific codon-
optimized transgene sequences. We next attempted
to increase transgene mRNA stability by removing
endogenous 3¢-untranslated (UTR) sequences. We
then tested whether a synthetic mammalian-derived
endothelial-selective promoter (4XETE, endothelin-
1 [ET-1] enhancer-promoter [ETE] with three addi-
tional ETEs added as direct repeats)14 would express
apo A-I at higher and more stable levels than the
CMV promoter. Finally, we tested the hypothesis
that co-expression of interleukin-10 (IL-10) along
with apo A-I would increase and stabilize apo A-I
expression. This hypothesis was based on our sur-
prising finding that—unlike other transgenes—-
in vivo HDAd-mediated expression of IL-10 in rabbit
EC does not decline over time.15 We found that codon
optimization did not improve transgene expression.
Complete removal of 3¢-UTR sequences substan-
tially increased HDAd-mediated IL-10 expression
but eliminated HDAd-mediated apo A-I expression.
We also found that both substitution of 4XETE for
CMV and co-expression of IL-10 eliminated the early
(3- to 28-day) decline of in vivo transgene expression
found with HDAdCMV-gApoAI. However, both ap-

proaches yielded stable expression by lowering early
(3-day) expression of apo A-I rather than raising 28-
day expression. It remains a challenge to increase
HDAd-mediated apo A-I expression above levels
obtained 3 days after infusion of HDAdCMV-gApoAI
and to maintain those high expression levels.

MATERIALS AND METHODS
Construction of 4XETEgApoAI-oPRE
expression cassette and HDAd vectors

We previously cloned the rabbit APOAI gene (in-
cluding 165 bp of 5¢-UTR, all apo A-I exons and in-
trons, and 52 bp of 3¢-UTR) and ligated it into the
plasmid pCIgApoAI.11 The CMV promoter (830 bp;
originally from the pCI plasmid; Promega, Madison,
WI) was excised from this plasmid by digestion with
BglII and NheI. The free ends of the plasmid were
blunt-ended with Klenow fragment. The murine
endothelin-1 (m-ET1) promoter was removed from
plasmid pqET-114 and ligated in place of the CMV
promoter to generate pmET1gApoAI.

The APOAI gene sequences described above
were then removed from pmET1gApoAI by digestion
with SalI and NotI and blunt-ended with Klenow
fragment. The plasmid pBshuttle-4XETE-cIL-10-
-optimal posttranscriptional regulatory element14

was digested with PmeI, to remove the IL10 cDNA.
The blunt-ended APOAI gene (from pmET1gApoAI)
was ligated in place of the IL10 cDNA to yield
pBshuttle-4XETE-gApoAI-oPRE. The expression
cassette (containing the 4XETE promoter, rabbit
APOAI gene, and the optimal posttranscriptional
regulatory element [oPRE]) was transferred to the
HDAd backbone plasmid pC4HSU (Microbix Bio-
systems, Toronto, Canada) by homologous recombi-
nation in BJ5183 cells, as described previously.14

HDAd virions were generated by transfection of the
recombinant plasmid into 293Cre4 cells and ampli-
fication with H14 helper virus (Microbix Biosys-
tems).14,16 ThisnewvectorwasnamedHDAd4XETE-
gApoAI-oPRE (Fig. 1a). Two other HDAd vectors
used in this study (HDAdCMV-gApoAI, and
HDAdCMV-Null), were reported previously.11,17 For
allHDAdused inthisstudy, concentratedviral stocks
ranged from 1 to 4 · 1012 viral particles (vp)/mL,
helper virus contamination was <1% (0.1–0.8%), and
E1A-containing genomes were below one in 1 · 106

viral genomes (essentially undetectable).

Construction of expression cassettes with
codon-optimized APOAI and IL10 sequences

Oryctolagus cuniculus-specific codon optimiza-
tion of the APOAI and IL10 exon sequences was
done using proprietary algorithms (GenScript, Pis-
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cataway, NJ). A Kozak sequence ‘‘CCACC’’ was
introduced upstream of the start codon for all codon-
optimized and non-codon-optimized sequences.
Codon-optimized sequences of APOAI and IL10
were inserted in place of the corresponding native
genomic sequences in pBShuttle-4XETE-gApoAI-
oPRE and pBShuttle-4XETE-cIL-10-oPRE, respec-
tively (Fig. 1a). This was accomplished in several
steps: (1) Fragments of DNA extending from the

SgrAI site in the 4XETE promoter to the BSiWI site
in the oPRE (including part of the 4XETE promoter,
Kozak sequence, codon-optimized APOAI or IL10,
SV40 poly A signal, and part of the oPRE) were
synthesized by GenScript and assembled within
pUC57 plasmids; (2) fragments containing the codon-
optimized APOAI and IL10 sequences were then re-
moved from pUC57 by digestion with SgrAI and
BsiWI; and (3) the fragments were ligated to SgrAI/

Figure 1. Expression cassettes (a) incorporated into helper-dependent adenoviral (HDAd) vectors or (b) tested only in plasmids (all of these cassettes were
tested after cloning into pBShuttle14). Cassettes incorporated into HDAd were tested first in pBShuttle in vitro and then in HDAd in vitro and in vivo. Drawing is
not to scale. Striped yellow blocks (1, 2, 3, 4, and 5) are codon-optimized rabbit interleukin (IL)-10 or apo A-I exons; yellow blocks (1, 2, 3, 4, and 5) are rabbit IL-
10 or apo A-I exons; red arrows indicate 4XETE (endothelin-1 [ET-1] enhancer-promoter [ETE] present in ETE with three additional ETEs added as direct
repeats). 3U, 3¢-untranslated region of either rabbit IL10 or APOAI gene; 5U, 5¢-untranslated region of either rabbit IL10 or APOAI gene; CMV, cytomegalovirus
promoter from pCI plasmid; ET-1 EX-A and ET-1 EX-B, 5¢ and 3¢ segments of mouse ET-1 exon 1 (untranslated); ET-1 intron, 5¢ segment of mouse ET-1 intron 1; i,
b-globin/immunoglobin-G chimeric intron from pCI; IL, interleukin; MCS, multiple cloning site; mET-1, murine endothelin-1 enhancer-promoter; oPRE, optimal
woodchuck hepatitis virus post-transcriptional regulatory element; pA, SV40 poly A signal.
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BsiWI-digested pBShuttle-4XETE-gApoAI-oPRE or
pBShuttle-4XETE-cIL-10-oPRE, respectively. The
ligation products were termed pBShuttle-4XETE-
OPTI-gApoAI-oPRE and pBShuttle-4XETE-OPTI-
cIL-10-oPRE (Fig. 1b). Presence of codon-optimized
sequences was confirmed by DNA sequencing.

Codon optimization of rabbit cDNA encoding apo
A-I was also done using proprietary algorithms
(GeneArt, Grand Island, NY). The codon-optimized
sequence was used to replace the native APOAI
cDNA sequence in pBShuttle-CMV-cApoAI (Fig. 1b).
This was accomplished in several steps: (1) Frag-
ments of DNA extending from the SnaBI site in the
CMV promoter to the HpaI site in the SV40 poly
A signal (including part of the CMV promoter, Ko-
zak sequence, codon-optimized APOAI cDNA, and
part of SV40 poly A signal) were synthesized and
assembled into a pUC57 plasmid; (2) a fragment
containing the codon-optimized APOAI cDNA was
removed from pUC57 by digestion with SnaBI and
HpaI; and (3) the fragment was ligated to SnaBI/
HpaI -digested pBShuttle-CMV-cApoAI, replacing
the non-codon optimized APOAI cDNA with a
codon-optimized version. The ligation product was
termed pBShuttle-CMV-OPTI-cApoAI. Presence of
codon-optimized sequences was confirmed by DNA
sequencing. All codon-optimized sequences are in
Supplementary Fig. S1 (Supplementary Data are
available online at www.liebertpub.com/hum).

Deletion of IL10 and APOAI 3¢-UTR sequences
We deleted 446 bp of native rabbit IL10 3¢-UTR

sequence from pBshuttle-4XETE-cIL-10-oPRE by
using site-directed mutagenesis to insert MluI
restriction sites upstream and downstream of the 3¢-
UTR (QuikChange Lightning Site-Directed Muta-
genesis Kit; Agilent Technologies, Santa Clara,
CA). The plasmid was then digested with MluI,
and re-ligated to yield a new plasmid: pBshuttle-
4XETE-cIL-10-oPRE-w/o-3¢UTR (Fig. 1a). The ex-
pression cassette from this plasmid was inserted
into the HDAd backbone plasmid pC4HSU and
HDAd4XETE-cIL-10-oPRE-w/o-3¢UTR virions were
generated as described above. Essentially the same
approach was used to remove APOAI 3¢-UTR se-
quences (51 bp) from both pBshuttle-4XETE-
gApoAI-oPRE and pBshuttle-CMV-gApoAI (Fig. 1a).
The plasmid products were named pBshuttle-
4XETE-gApoAI-oPRE-w/o-3¢-UTR and pBshuttle-
CMV-gApoAI-w/o-3¢UTR, respectively (Fig. 1b).

IL-10 and apo A-I expression in vitro

Bovine aortic endothelial cells (BAEC) were
purchased (Cell Applications Inc., San Diego, CA).
Cells were grown in Dulbecco’s Modified Eagle’s

Medium (DMEM) (Gibco, Grand Island, NY) sup-
plemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin. Passages 6–8 were
used for experiments. We used BAEC because we
can no longer obtain rabbit EC. For experiments
that required transfection into rabbit cells (i.e.,
species-specific codon optimization experiments),
we used rabbit skin fibroblasts. Fibroblasts were
grown as explant cultures from New Zealand
White rabbit skin removed postmortem. Cells were
frozen in liquid nitrogen at passage 5, then thawed,
expanded in DMEM with 10% FBS, and used for
experiments at passage 8. Cells were transduced
by addition of HDAd diluted in DMEM with 10%
FBS to concentrations of 1–2 · 1010 vp/mL (multi-
plicity of infection approximately 2 · 104). Alter-
natively, cells were transfected with plasmid DNA
using the jetPRIME transfection reagent according
to the manufacturer’s protocol (Polyplus, New
York, NY). Five hours later, the cells were washed
twice with DMEM and 600 lL of DMEM was added
to the wells. Nineteen hours later, conditioned
medium was collected for protein analysis and cells
were harvested for RNA and DNA quantitation.

Cellular RNA and DNA were purified using
the AllPrep DNA/RNA mini kit (Qiagen, Valencia,
CA). RNA was digested with DNase I to remove
contaminating genomic DNA. RNA (100 ng) was
reverse-transcribed and amplified with a one-step
quantitative real-time PCR protocol using qRT-PCR
reagents from Thermo Scientific (Grand Island,
NY). HDAd vector copies were measured by real-
time PCR using ABsolute� Probe-Based Detection
qPCR Master Mix (Thermo Scientific). Apo A-I and
IL-10 mRNA levels were normalized to the number
of vector copies in the same cells. PCR primers and
protocols were as reported for apo A-I11 and IL-10.14

Apo A-I and IL-10 proteins were detected by
western blotting of conditioned medium, essentially
as decribed.11,14 The only exception was that the
secondary antibody used in this study was different
(SC-2033; donkey anti-goat immunoglobin-G conju-
gated to horseradish peroxidase (SantaCruz, Dallas,
TX). Protein levels were normalized to plasmid or
viral DNA in cell extracts, as described.14

To test whether vector-produced rabbit IL-10
protein altered expression of apo A-I from HDAd we
generated IL-10-containing and control conditioned
media by transducing BAEC in 6-well plates with
either HDAd4XETE-cIL-10-oPRE or HDAdCMV-
Null (1 · 1010 pt/mL) for 6 hr. The medium was as-
pirated, the cells were rinsed three times with
DMEM, and fresh DMEM medium was added. After
24 h, the conditioned medium was collected and
frozen at –80�C. We transduced other BAEC for 6 h
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with either HDAdCMV-gApoAI or HDAd4XETE-
gApoAI-oPRE (1 · 1010 pt/mL). The medium was
aspirated and the cells were rinsed three times
with DMEM. The cells were then fed with medium
conditioned by BAEC transduced with either
HDAd4XETE-cIL-10-oPRE (IL-10-containing me-
dium) or HDAdCMV-Null (control medium). The
newly fed BAEC were harvested 24 h later and
RNA was extracted for measurement of apo A-I
and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA.

In vivo gene transfer to rabbit carotid arteries
All animal protocols were approved by the Office of

Animal Welfare of the University of Washington.
Male New Zealand White rabbits (3–4 kg, Western
Oregon Rabbit Co.) were fed normal chow for one
week,andsurgically isolatedcommoncarotidarteries
were infused with HDAd vectors, as reported.18–20

Carotid arteries were harvested 3 or 28 days after
gene transfer and cut into five equal segments des-
ignated A, B, C, D, and E (cranial to caudal). Seg-
ments A, C, and E were snap-frozen in liquid nitrogen
for later extraction of RNA with the RNeasy mini kit
(Qiagen). Segments B and D (used for protein and
DNA analyses) were placed into 1 mL DMEM.

IL-10 and apo A-I expression in vivo

Artery segments B and D were placed with
DMEM in individual wells in a 48-well plate, then
incubated at 37�C with 5% CO2 for 3 h. The seg-
ments were rinsed three times with brief agitation
in 500 lL DMEM, then incubated an additional 3 h
in 1 mL DMEM. Segments were then rinsed three
times in 500 lL DMEM with brief agitation and
placed in a single well of a 96-well plate with 100 lL
DMEM and again incubated at 37�C with 5% CO2.
After 20 h, the media and vessel segments were
placed into separate tubes and frozen at -80�C for
protein and DNA analyses, respectively. To mea-
sure HDAd vector copy number, DNA was isolated
from each of the segments, using the DNeasy Blood
and Tissue kit (Qiagen). Total RNA extracted from
segments A, C, and E of the carotid arteries was
quantified by Nanodrop spectrophotometer (Ther-
mo Scientific; Wilmington, DE). Apo A-I and IL-10
mRNA were measured by quantitative reverse
transcriptase-mediated PCR, as described above.

Selection of a ‘‘housekeeping’’ gene
for normalizing transgene expression

As suggested,21–23 we used a panel of candidate
‘‘housekeeping’’ genes to develop a strategy for nor-
malizing transgene (apo A-I and IL-10) expression
in artery extracts. We purchased primers for 6

candidate reference genes (PPIA, ACTB, YWHAZ,
HPRT1, SDHA, and CANX) from Primerdesign Ltd.
(Southampton, United Kingdom; sequences not dis-
closed to us). We used these primers, along with our
own GAPDH primers,11 to measure expression of
GAPDH as well as these six candidate reference
genes in eight samples from each group in an in vivo
experiment comparing expression of apo A-I from
HDAdCMV-gApoAI and HDAd4XETE-gApoAI-oPRE.
We also measured expression of GAPDH and the
six candidate reference genes in 18 samples from
each group in an in vivo experiment comparing the
effect of coinfusion of HDAd4XETE-cIL-10-oPRE
or HDAdCMV-Null on the expression of apo A-I
from HDAdCMV-gApoAI. We used the website
RefFinder (compares algorithms from BestKeeper,
NormFinder, GeNorm, and the comparative delta-
Ct method) and the updated GeNorm algorithm
(QBase+) to analyze reference gene expression in
samples from these two experiments. These algo-
rithms differed as to their selection of the best
reference gene(s), suggesting that there was not a
single ‘‘best’’ reference gene or combination. More-
over, use of any of these algorithms for normali-
zation of either data set yielded results that were
qualitatively identical. Some authors report that
the rRNA:mRNA ratio is inconsistent within ex-
perimental samples, and discourage normalization
to 18S rRNA.22 However, using a subset of the
samples from one of the experiments, we found that
normalization of apo A-I expression to 18S rRNA
yielded results consistent with those obtained by
normalizing to the mRNA reference genes.

Normalization of experimental gene expression
to expression of one or more reference genes in the
same samples should decrease data variance and
thereby improve statistical efficiency.23 Surpris-
ingly, we found that use of the GeNorm-selected
reference genes increased the variability (and
therefore lowered the statistical efficiency) of our
gene-expression data compared with normalizing to
GAPDH alone. Because none of the reference gene
algorithms altered our results qualitatively and at
least one of them increased the data variability, we
decided to continue the economical and simple
practice of normalizing transgene expression to
GAPDH expression in the same samples.11,14,15

Statistics
Two groups were compared by t-test if conditions

of normality and equal variance were met; other-
wise we used the Mann-Whitney rank-sum test. We
used two-way ANOVA to test the effects of time and
3¢-UTR on IL-10 expression after plasmid transfec-
tion. For experiments with four groups we typically
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used two-way ANOVA with the Holm-Sidak method
for post-hoc pairwise multiple comparisons. For
some experiments with four groups, our hypotheses
were confined to only two of the groups. In these
cases two-group comparisons were performed as
above. In one experiment with four groups and
P ‡ 0.2 by 2-way ANOVA, we performed post-hoc t-
tests to more firmly establish a lack of pairwise
differences. In an experiment with four groups in
which conditions of normality and equal variance
were not met, we used linear regression to test for
significant interactions between the two experi-
mental factors.

RESULTS
Codon optimization does not improve
expression of IL-10 or apo A-I

We tested codon optimization as a strategy for
increasing transgene expression at all time points.
Optimization of codon sequences within exons of the
rabbit APOAI gene (by GenScript) resulted in syn-
onymous substitutions of 108 out of 267 codons
(40.5%). Codon optimization of the rabbit APOAI
cDNA (by GeneArt) resulted in 93 synonymous co-
don substitutions (34.8%). Codon optimization of the
rabbit IL10 cDNA (by GenScript) resulted in syn-
onymous substitutions of 87 of 178 codons (48.9%).
Calculated codon adaptation index24,25 (1.0 = ‘‘per-
fect’’; ‡0.8 = ‘‘good’’) was 0.84 for native APOAI and
increased to 0.85 and 0.95 for the APOAI genomic
cloneandcDNA, respectively. IL-10 codonadaptation
index increased from 0.73 to 0.87. Percent GC content
(high GC content can yield RNA secondary structure
that interferes with translation) was either essen-
tially the same or slightly less in codon-optimized
sequences: 63.1% in native APOAI versus 58% for the
codon-optimized APOAI genomic clone and 55% for
the codon-optimized APOAI cDNA; 55.1% for native
IL-10 versus 56.8% for codon-optimized IL10 cDNA.

We tested the efficacy of codon optimization by
transfecting plasmids expressing either the native
or codon-optimized sequences (Fig. 1) into cultured
rabbit fibroblasts. Apo A-I and IL-10 protein were
measured by western blot and normalized to the
amount of plasmid DNA in extracts of the trans-
fected cells. Surprisingly, codon optimization did
not increase expression of either apo A-I or IL-10
protein (Supplementary Figs. S2, S3).

Complete removal of 3¢ UTR sequences
has opposite effects on expression
of IL-10 and apo A-I

We transfected plasmids containing the rabbit
IL10 cDNA either with or without the 5¢-most 446
bases of the 3¢-UTR (Fig. 1a; compare 4XETE-cIL-

10-oPRE and 4XETE-cIL-10-oPRE-w/o-3¢UTR) into
cultured bovine aortic endothelial cells (BAEC) and
measured IL-10 mRNA 24, 48, 72, and 96 h later. We
anticipated that absence of the 3¢ UTR would remove
miRNA binding sites that contribute to mRNA si-
lencing or degradation, thereby increasing IL-10
mRNA levels at all time points.26 Removal of the
3¢-UTR sequences significantly increased IL-10
mRNA expression at early but not at late time points
(P = 0.001; Fig. 2a). Based on this encouraging re-
sult, we attempted the same strategy with apo
A-I. We removed the residual 51 bases of the endog-
enous APOAI 3¢-UTR from both pBshuttle-4XETE-
gApoAI-oPRE and pBshuttle-CMV-gApoAI (Fig. 1a,
b; compare 4XETE-gApoAI-oPRE and 4XETE-
gApoAI-oPRE-w/o-3¢UTR as well as CMV-gApoAI
and CMV-gApoAI-w/o-3¢UTR). We transfected plas-
mids with each of these 4 expression cassettes into
BAEC. Surprisingly, in both cases removal of the 3¢-
UTR sequences resulted in near-complete loss of apo
A-I mRNA. Apo A-I mRNA decreased by 94% after
removal of the 3¢-UTR sequences from pBshuttle-
4XETE-gApoAI-oPRE and by 91% after removal of
the 3¢-UTR sequences from pBshuttle-CMV-gApoAI
(P = 0.002 for both; data not shown).

We hypothesized that the plasmid transfection re-
sults (Fig. 2a) underestimated the impact of 3¢-UTR-
removal on IL-10 expression because the plasmid and
mRNA are present only transiently. We therefore
incorporated the 3¢-UTR-deleted IL-10 expression
cassette into an HDAd vector (HDAd4XETE-cIL-10-
oPRE-w/o-3¢UTR; Fig. 1a) and compared it to the
parent HDAd 4XETE-cIL-10-oPRE vector14 (Fig. 1a)
in vitro in BAEC and in vivo in rabbit carotid
arteries. In vitro, IL-10 mRNA was increased by 3.5-
fold incells transduced with thevector lacking the3¢-
UTR (P = 0.007; Fig. 2b) and protein expression was
increased by *18-fold (P = 0.01; Fig. 2c, Supple-
mentary Fig. S4). In vivo, deletion of the 3¢-UTR
increased IL-10 mRNA 4- to 5-fold at both 3 days
and 28 days after gene transfer (P < 0.001 for both;
Fig. 2d). We could not reliably detect IL-10 protein in
the artery explant culture medium, precluding
comparison of protein levels. This experiment
also revealed that the remarkable early stability
(i.e., between 3 and 28 days after transduction) of
in vivo expression that we reported for HDAdCMV-
gIL-1015 was present for both HDAd4XETE-cIL-10-
oPRE-w/o-3¢UTR and the parent HDAd 4XETE-cIL-
10-oPRE vector (Fig. 2d).

Co-expression of IL-10 in vivo results in stable
apo A-I expression between 3 and 28 days

In contrast to the stable-to-increasing in vivo
expression of IL-10 from HDAd (whether expressed
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from the CMV or 4XETE promoter), expression of
apo A-I from HDAdCMV-gApoAI (in a previous
study) declined *70% between 3 and 28 days after
infusion into rabbit carotids.11 We hypothesized that
IL-10 prevented early loss of IL-10 transgene ex-
pression via local anti-inflammatory effects.15,27,28

Accordingly, we tested whether co-expression of IL-
10 in arteries transduced with HDAdCMV-gApoAI
would stabilize and possibly increase apo A-I ex-
pression between 3 and 28 days. An advantage of
HDAd is that it has a large cloning capacity (>35
kilobases) that could potentially accommodate
expression cassettes for both apo A-I and IL-10.
However, in this initial study we used two sepa-
rate vectors (both of which were already proven
in our previous work)11,14 to test this concept.
We infused HDAdCMV-gApoAI along with either

HDAd4XETE-cIL-10-oPRE or HDAdCMV-Null (as
a control). All vectors were infused at a concentration
of 2 · 1011 pt/mL (total vector concentration = 4 · 1011

pt/mL: twice the total vector concentration used
previously).11,15 Co-infusion of HDAdCMV-gApoAI
with HDAdCMV-Null resulted in a large decline in
apo A-I transgene expression between 3 and 28 days
(79% decrease; P < 0.001; Fig. 3a). In contrast, co-
infusion of HDAdCMV-gApoAI with HDAd4XETE-
cIL-10-oPRE eliminated the significant decline
in apo A-I expression between 3 and 28 days
( P = 0.4). Improved stability of apo A-I expression
in HDAd4XETE-cIL-10-oPRE co-transduced arteries
is more apparent when apo A-I levels are normalized
to 100% at day 3 in both groups (Fig. 3b). However,
compared to arteries co-infused with HDAdCMV-
Null, co-infusion of HDAd4XETE-cIL-10-oPRE was

Figure 2. Increased IL-10 expression after removal of 3¢ UTR. (a) Bovine aortic endothelial cells (BAEC) were transfected either with a plasmid (Fig. 1)
containing 446 bp of the native IL10 3¢ UTR (pBshuttle-4XETE-cIL-10-oPRE) or with a plasmid lacking any 3¢ UTR sequences (pBshuttle-4XETE-cIL-10-oPRE-w/o-
3¢UTR). IL-10 mRNA was measured by qRT-PCR 24, 48, 72, and 96 hours after transfection. IL-10 expression is calculated as a percentage of the mean
expression from the 3¢ UTR-containing vector at 24 hours (arbitrarily set to 100%). Data are mean and SD; n = 3; *P < 0.001 versus UTR-containing vector; two-
way analysis of variance (ANOVA) with post-hoc correction for pairwise comparisons. (b) BAEC were transduced with HDAd-4XETE-cIL-10-oPRE vectors
either with the IL10 3¢ UTR sequences (+ 3¢UTR) or without the 3¢ UTR (–3¢UTR). IL-10 mRNA was measured 24 hours after transduction by qRT-PCR and
normalized to GAPDH mRNA and vector DNA in cell extracts. (c) IL-10 protein was measured in conditioned medium of the same cells as in (b) by western blot,
also at 24 hours. The density of bands was normalized to vector DNA in cell extracts. For (b) and (c), data points are individual wells; bars indicate means; P
values are from t-tests. (d) Rabbit EC were transduced in vivo by infusion of same HDAd vectors used in (b) and (c). 3 and 28 days later, transduced carotids
were removed, RNA extracted, and IL-10 mRNA measured by qRT-PCR with normalization to GAPDH mRNA in the same extracts. Data points are individual
arteries; bars are means. (d) P values are from two-way ANOVA with post-hoc correction for pairwise comparisons.
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associated with lower expression of apo A-I from
HDAdCMV-gApoAI 3 days after gene transfer
(58% decrease; P < 0.001; Fig 3a) and co-infusion of
HDAd4XETE-cIL-10-oPRE (versus co-infusion of
HDAdCMV-Null) did not significantly increase
apo A-I at 28 days (P = 0.4).

To help interpret these results, we measured IL-
10 expression in the same arteries. As expected,
3 days after gene transfer, IL-10 mRNA was in-
creased in all arteries co-infused with HDAd4XETE-
cIL-10-oPRE (Fig. 3c). By 28 days, IL-10 expression
dropped by 48%. Although this drop was not statis-

tically significant (P = 0.1), it differs from the stable
or increasing IL-10 expression we observed when an
IL-10-expressing vector is infused alone, both in this
study (Fig. 2d) and previously.15 Because our finding
of increased IL-10 expression between 3 and 28 days
in arteries infused with HDAdCMV-gIL-10 (Fig. 1a;
Du et al., 201115) provided an important rationale
for the IL-10/apo A-I co-infusion studies, we re-
peated the original (published) experiment compar-
ing in vivo expression from HDAdCMV-gIL-10 at
days 3 and 28. We again found that IL-10 expression
increased between 3 and 28 days (70% increase;
P = 0.06; Supplementary Fig. S5), reproducing this
important precedent.

A 4XETE promoter–containing expression
cassette stably expresses apo A-I in vivo

In parallel to the IL-10 co-infusion experiments,
we tested whether use of our expression cassette
containing the 4XETE promoter14 (which is present
in 4XETE-cIL-10-oPRE; Fig. 1a) instead of the CMV
promoter would also stabilize in vivo expression of
apo A-I between 3 and 28 days. We reported previ-
ously that this 4XETE promoter-containing cassette
expressed IL-10 at levels at least as high as the
CMV promoter both in vitro and in vivo, 3 days after
infusion.14 Moreover, because it is a nonviral pro-
moter, 4XETE might be less susceptible to promoter
attenuation in vivo.29,30 BAEC transduced with
HDAd4XETE-gApoAI-oPRE expressed approxima-
tely 70% higher levels of apo A-I mRNA than BAEC
transduced with HDAdCMV-gApoAI (P = 0.06;
Fig. 4a). In rabbit carotids (in vivo), however, apo
A-I expression from HDAd4XETE-gApoAI-oPRE
at 3 days after infusion was significantly lower
than expression from HDAdCMV-gApoAI (78%
less; P < 0.001; Fig. 4b). As expected, between 3
and 28 days, expression from HDAdCMV-gApoAI
declined by 70% (P < 0.001). In contrast, expression
from HDAd4XETE-gApoAI-oPRE was stable be-
tween 3 and 28 days (P = 0.8). Stable expression from
HDAd4XETE-gApoAI-oPRE is more apparent when
apo A-I levels are normalized to 100% at day 3 in both
groups (Fig. 4c). Therefore, both co-infusion of an IL-
10 vector (when apo A-I is expressed from the CMV
promoter; Fig. 3a) and use of a 4XETE promoter to
express apo A-I (Fig. 4b) yield stable apo A-I expres-
sion between 3 and 28 days, but both approaches
yield lower apo A-I expression 3 days after infusion.

Co-expression of IL-10 does not decrease
apo A-I expression from a 4XETE
promoter–containing expression cassette

We hypothesized that lower apo A-I expression
3 days after co-infusion of HDAdCMV-gApoAI with

Figure 3. Co-expression of IL-10 in vivo stabilizes apo A-I expression
between 3 and 28 days. Rabbit EC were transduced in vivo by infusion of
the indicated vectors. Each vector was infused at 2 · 1011 pt/mL (total
4 · 1011 pt/mL per infusion). Transduced carotids were removed after 3 days
and 28 days, and apo A-I and IL-10 RNA were measured by qRT-PCR.
(a) apo A-I mRNA (normalized to GAPDH). (b) Data from (a), expressed as
percentage of mean day-3 values for each vector. (c) IL-10 mRNA (nor-
malized to GAPDH). Data points are individual arteries; bars are means.
(a) P values are from 2-way ANOVA with post-hoc correction for pairwise
comparisons. (c) P value is from Mann–Whitney rank-sum test.
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HDAd4XETE-cIL-10-oPRE (Fig. 3a) was due to
local anti-inflammatory effects of IL-10 that sup-
pressed early (3-day) expression from the CMV
promoter. This hypothesis was based on four
premises: (1) the likelihood that a local inflamma-
tory response occurs after open surgical manipu-
lation of a carotid artery; (2) others’ data showing
that expression from the CMV promoter is upre-
gulated by inflammatory signals;31,32 (3) our own

data showing that expression from a CMV pro-
moter in HDAd is upregulated (more than 50-fold)
in vivo by co-infusion of a first-generation Ad vector
and ex vivo by treatment of transduced arteries
with phorbol myristate acetate (six-fold; both first-
generation Ad and phorbol myristate acetate are
potent inflammatory stimuli);12 and (4) the well-
established anti-inflammatory activities of IL-10,
which include inhibition of local inflammation after
adenoviral vector infusion.27,28 Accordingly, we
hypothesized that local IL-10 expression would not
suppress expression of apo A-I from the 4XETE
promoter, because this promoter is less likely to be
upregulated by local inflammatory signals than the
CMV promoter. To test this hypothesis, we com-
pared apo A-I expression from 4XETE-gApoAI-
oPRE-infused arteries that were co-infused with
either HDAdCMV-Null or HDAd4XETE-cIL-10
(total vector concentration 4 · 1011 pt/mL). Com-
pared to arteries co-infused with HDAdCMV-Null,
co-infusion of HDAd4XETE-cIL-10-oPRE with
HDAd4XETE-gApoAI-oPRE did not decrease apo
A-I at 3 days after gene transfer (P = 0.9; Fig. 5a).
Moreover, expression of apo A-I from HDAd4XE-
TEgApoAI was stable whether co-infused with
HDAdCMV-Null or HDAd4XETE-cIL-10-oPRE
(P = 0.4 for an effect of time on apo A-I expression by
two-way ANOVA; P ‡ 0.6 for t-tests comparing apo
A-I expression at 3 and 28 days; Fig. 5a). To help
interpret these results, we measured IL-10 ex-
pression from the transduced arteries. Similar to
results obtained in the previous co-infusion exper-
iment (Fig. 3c), IL-10 expression in arteries infused
with HDAd4XETE-cIL-10-oPRE was elevated at
3 days, but fell significantly by 28 days (55% de-
crease; P = 0.002; Fig. 5b).

Increased IL-10 expression lowers apo A-I
expression from HDAdCMV-ApoAI in vivo

This second co-infusion experiment supported our
hypothesis that the apparent stabilization of apo A-I
expression either by co-expression of IL-10 (Fig. 4a)
or by substitution of the 4XETE promoter for the
CMV promoter (Fig. 5b) was due primarily to de-
creased apo A-I expression at day 3 rather than in-
creased apo A-I expression at day 28. However, in
the first IL-10 co-expression experiment (Fig. 3) IL-
10 levels decreased between day 3 and day 28
(Fig. 3c). This drop in IL-10 expression contrasted
with our findings that HDAd-mediated IL-10 ex-
pression either remained stable or increased from 3
to 28 days when an IL-10-expressing vector is in-
fused alone (Fig. 2d, Supplementary Fig. S5, and Du
et al.15). This discrepancy left open the possibility
that achievement of stable or elevated IL-10

Figure 4. A 4XETE promoter-containing expression cassette expresses
apo A-I at least as well as a CMV promoter-containing expression cassette
in vitro and achieves lower, but stable apo A-I expression in vivo. (a) BAEC
were transduced with the indicated vectors. Apo A-I mRNA was measured
by qRT-PCR 24 hours after transduction and normalized to GAPDH and
vector DNA in cell extracts. Data points are individual wells; bars are
means; P value is from t-test. (b) Rabbit EC were transduced in vivo by
infusion of the same vectors, both at 2 · 1011 pt/mL. Transduced carotid
arteries were removed after 3 and 28 days and apo A-I mRNA was mea-
sured and normalized to GAPDH mRNA in the same extracts. (c) Data from
(b), expressed as percent of mean day 3 values for each vector. (b) and (c)

Data points are individual arteries; bars are means. (b) P values are from
two-way ANOVA with post-hoc correction for pairwise comparisons.
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expression levels at 28 days would boost expression
from a co-infused apo A-I–expressing vector.

Weconsideredthepossibility that thedrop inIL-10
expression between days 3 and 28 in the co-infusion
experiment (versus stability of IL-10 expression
when an IL-10-expressing vector is infused alone)
was due to toxicity associated with use of a two-fold
higher total vector dose in the co-infusion exper-
iments. To address this, while attempting to pre-
serve expression of both apo A-I and IL-10, we
lowered the HDAdCMV-gApoAI dose by 25%
(to 1.5 · 1011 pt/mL) and substituted the higher-
expressing HDAd4XETE-cIL-10-oPRE-w/o-3¢UTR
vector (at 0.5 · 1011 pt/mL) for HDAd4XETE-cIL-10-
oPRE. This strategy lowered the total vector dose to
2 · 1011 pt/mL, a concentration associated with sta-
ble or increased expression of IL-10 at 28 days
(Fig. 2d, Supplementary Fig. S5, and Du et al.,
201115). This new co-infusion strategy prevented
loss of IL-10 expression: IL-10 mRNA levels in-
creased between 3 and 28 days (110%; P = 0.001;

Fig. 6a). However, compared to co-infusion of
HDAdCMV-Null (also at 0.5 · 1011 pt/mL), co-infusion
of HDAd4XETE-cIL-10-oPRE-w/o-3¢UTR tended not
to stabilize apo A-I expression from HDAdCMV-
gApoAI between 3 and 28 days (58% drop; P < 0.08;
Fig.6b).Moreover,apoA-I levelswerenot increased in
28-day arteries with increased IL-10 expression
(P > 0.8 compared with 28-day arteries co-infused
with HDAdCMV-Null). Therefore, elevated IL-10
expression at 28 days did not increase HDAdCMV-
gApoAI expression between 3 and 28 days. In addi-
tion, elevated IL-10 expression at day 3 decreased
apo A-I expression from HDAdCMV-gApoAI (44%
lower apo A-I expression in HDAd4XETE-cIL-
10-oPRE-w/o-3¢UTR-co-infused arteries versus
HDAdCMV-Null arteries; P < 0.02; Fig. 6b).

IL-10 does not directly suppress expression
from HDAdCMV-gApoAI in vitro

The in vivo data showed that co-transduction
with an IL-10-expressing vector does not increase
apo A-I expression from HDAdCMV-gApoAI at
28days; rather, it suppressesapoA-Iexpression from
HDAdCMV-gApoAI at 3 days (Figs. 3a, 6b). This
suppression could result from cell-autonomous ef-
fects of IL-10 on HDAdCMV-gApoAI-transduced
endothelial cells. Alternatively, IL-10 might sup-
press HDAdCMV-gApoAI expression indirectly, via
actions on other cell types, including immune cells.
To test the hypothesis that IL-10 protein acts directly
on transduced endothelial cells to suppress expres-
sion from HDAdCMV-gApoAI, we transduced BAEC
with HDAdCMV-gApoAI then treated them with
conditioned medium that either contained or lacked
rabbit IL-10. Presence/absence of IL-10 protein in
conditioned media was confirmed by western blot
(data not shown). We performed the same experi-
ment with BAEC transduced with HDAd4XETE-
gApoAI-oPRE. IL-10-containing medium had no
significant effect on expression from HDAdCMV-
gApoAI, and modestly increased expression from
HDAd4XETE-gApoAI-oPRE(SupplementaryFig.S6).

Stabilization of Apo A-I gene expression
is independent of effects on HDAd
genome loss

Our initial in vivo experiments with HDAdCMV-
gIL-10 suggested that stability of IL-10 mRNA was
associated with—and was potentially caused by—a
local effect of IL-10 that increased the persistence
of HDAd genomes.15 To test the hypothesis that
in vivo stability of apo A-I expression in the present
studies—either in arteries co-infused with IL-10
(Fig. 3) or in arteries infused with HDAd4XETE-
gApoAI-oPRE (Fig. 4)—was associated with

Figure 5. Co-expression of IL-10 does not decrease in vivo apo A-I ex-
pression from a 4X-ETE promoter-containing expression cassette. Rabbit EC
were transduced in vivo by co-infusion of the indicated vectors, at 2 · 1011

pt/mL each (total 4 · 1011 pt/mL per infusion). Transduced carotid arteries
were removed after 3 and 28 days. (a) apo A-I mRNA and (b) IL-10 mRNA,
both normalized to GAPDH mRNA in the same extracts. Data points are
individual arteries; bars are means. (a) Two-way ANOVA showed no effect
of either IL-10 or time on apo A-I mRNA levels (P ‡ 0.2); P values are from
t-tests. (b) P value is from Mann–Whitney rank-sum test.
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improved persistence of HDAd genomes, we mea-
sured HDAd genomes in segments from the same 3-
and 28-day arteries in which we measured apo A-I
mRNA. Neither co-expression of IL-10 nor substi-
tution of the 4XETE expression cassette for the CMV
promoter altered the extent of HDAd genome loss
between 3 and 28 days. Co-infusion of HDAd4XETE-
cIL-10 was associated with a 41% drop in median
HDAd genomes at 28 days versus 42% with
HDAdCMV-Null (P = 1.0 for an interaction between
time and presence of IL-10; Fig. 7a). Loss of genomes
between 3 and 28 days was essentially identical for
HDAdCMV-gApoAI and HDAd4XETE-gApoAI-
oPRE genomes (77% and 76% median loss, respec-
tively; P = 0.5 for an interaction between time and
expression cassette; Fig. 7b).

DISCUSSION

We tested several strategies aimed either at in-
creasing HDAd-mediated apo A-I expression at all
time points or at preventing early loss of apo A-I

expression after in vivo gene transfer to EC. We
also tested whether two of these strategies could
increase expression of IL-10 from HDAd. Our ma-
jor findings were: (1) Codon optimization did not
increase synthesis of either apo A-I or IL-10 pro-
tein. (2) Complete removal of 3¢-UTR sequences
significantly increased IL-10 expression but es-
sentially eliminated apo A-I expression. (3) Co-
infusion of IL-10-expressing vectors stabilized
in vivo expression from HDAdCMV-gApoAI by
lowering apo A-I expression 3 days after gene
transfer. (4) Substitution of the 4XETE promoter for
the CMV promoter also stabilized in vivo expression
from HDAdCMV-gApoAI by lowering apo A-I
expression 3 days after gene transfer. (5) Locally
expressed IL-10 can significantly downregulate
CMV promoter-driven expression—but not 4XETE
promoter-driven expression—from HDAd. (6)
HDAd-mediated transgene expression in EC is in-
herently stable in vivo and early (3- to 28-day) de-
clines measured in transgene expression from the
CMV promoter are due to upregulation of CMV
promoter activity at 3 days. (7) Significant early (3-
to 28-day) loss of HDAd genomes does not result in
loss of HDAd-mediated transgene expression.

We began by testing whether codon optimization
could increase transgene expression. This ap-
proach is based on a belief that native DNA se-
quences do not direct the highest possible levels of
protein expression, and that replacing native codons
with more optimal codons can facilitate higher,
potentially nonphysiologic levels of expression. Ap-
proaches for achieving codon optimization are com-
plex, species-specific, and beyond the scope of this
article.24,33 Others have reported impressive success
with codon optimization,34,35 but there are also fail-
ures.36,37 Here we took the common approach of re-
lying on confidential algorithms of commercial DNA
synthesis companies, designed in part with a goal of
improving the codon adaptation index.25,33 We were
uniformly unsuccessful, illustrating the imperfect
state of this approach.38 Nevertheless, we acknowl-
edge that other codon-optimization algorithms might
be effective in increasing expression of rabbit apo A-I
and IL-10.

Our attempts to increase transgene expression
by elimination of 3¢-UTR sequences yielded mixed
results. 3¢-UTR sequences are well-known media-
tors of mRNA degradation that function as targets
for miRNA-mediated RNA catabolism.26 Accord-
ingly, many builders of gene therapy vectors rou-
tinely delete large segments of endogenous 3¢-UTR
both for this reason and to accommodate vector-
specific limits on genome size. However, 3¢-UTR
sequences that mediate mRNA stability also exist

Figure 6. Increased IL-10 expression at 28 days does not increase apo A-I
expression from HDAdCMVgApoAI in vivo. Rabbit EC were transduced in vivo
by co-infusion of the indicated vectors. HDAdCMVgApoAI was infused at
1.5 · 1011 pt/mL and the other vectors at 0.5 · 1011 pt/mL (total 2 · 1011 pt/mL
per infusion). Transduced carotid arteries were removed after 3 and 28 days.
(a) IL-10 mRNA and (b) apo A-I mRNA, both normalized to GAPDH mRNA
in the same extracts. Data points are individual arteries; bars are means.
(a) P value is from Mann–Whitney rank-sum test. (b) P values are from two-
way ANOVA with post-hoc correction for pairwise comparisons.

STABLE TRANSGENE EXPRESSION IN ENDOTHELIAL CELLS 265



and incorporation of these sequences can increase
transgene mRNA stability and transgene protein
expression.26,39,40 A recent study suggests that sta-
bilizing elements are common in human 3¢-UTRs;41

our results indicate that the proximal 3¢-UTR of
rabbit apo A-I contains a strong stabilizing element.
Future studies will determine whether insertion of
this element into the 3¢-UTR of other genes can
stabilize mRNA and increase protein expression.

Our efforts to increase vector-driven apo A-I ex-
pression by co-expression of IL-10 or by substitution
of the 4XETE promoter for the CMV promoter were
based on a working model that was derived from our

previous experimental data.11,14,15 These efforts also
anticipated that co-expression of IL-10 with apo A-I
might provide additional atheroprotection, either
by direct anti-inflammatory effects of IL-10 or
by increased apo A-I-mediated cholesterol efflux.42

Our working model (Supplementary Fig. S7a) pos-
tulated that early loss of apo A-I expression from
HDAdCMV-gApoAI11 was caused by a combination
of downregulated expression from the CMV pro-
moter (either by epigenetic modification29,43 or by
cytokine-mediated effects32) and loss of HDAd ge-
nomes due to immune-mediated clearance of trans-
duced EC. Because we did not find an early decline in
transgene expression after infusion of HDAdCMV-
gIL-10 in the same model, and because stable IL-10
expression was associated with modestly increased
stability of HDAd genomes,15 we hypothesized that
IL-10 acted via local immunomodulatory effects27,28

that either prevented modification/downregulation
of the CMV promoter or blocked immune-mediated
clearance of transduced cells (Supplementary
Fig. S7b). Accordingly, we hypothesized that co-
expression of IL-10 would prevent loss of apo A-I
expression from HDAdCMV-gApoAI (Supplemen-
tary Fig. S7c). Moreover, because the 4XETE pro-
moter is not viral-based, because it expressed IL-10
in vivo at levels at least as high as those obtained
with the CMV promoter,14 and because we deleted 5¢
sequences that mediate regulation by some inflam-
matory stimuli from the mouse endothelin promoter
fragment included in 4XETE,44–46 we hypothesized
that substituting 4XETE for CMV would reduce
early loss of transgene expression that occurs either
via epigenetic or cytokine-mediated pathways (Sup-
plementary Fig. S7d).

In contrast to our expectations (Supplementary
Fig. S7c), the predominant effect of IL-10 co-
expression (Fig. 3a, b) was to decrease early (3-day)
apo A-I expression from the CMV promoter while
leaving 28-day expression levels unaltered (Sup-
plementary Fig. S8a). When IL-10 expression was
increased at 28 days by use of a more potent vector
(Fig. 6), there was a trend towards reduced expres-
sion from HDAdCMV-gApoAI, compared with 3-day
expression from the same vector (Supplementary
Fig. S8b). The absence of reduced apo A-I expression
in this experiment in 28-day arteries cotransduced
with the 4XETE-cIL-10-oPRE-w/o-3¢UTR vector
compared to 28-day arteries cotransduced with
HDAdCMV-Null (Fig. 6) could be due either to
achievement of maximal IL-10 effects in 28-day IL-
10–cotransduced arteries (i.e., IL-10 cannot sup-
press expression below a certain baseline level) or to
promoter competition that concurrently suppressed
expression in HDAdCMV-Null–cotransduced EC.

Figure 7. Neither IL-10 co-transduction nor use of the 4XETE expression
cassette stabilizes HDAd genomes. Rabbit EC were transduced in vivo by
infusion of the indicated vectors. (a) Each of the vectors was infused at
2 · 1011 pt/mL (total 4 · 1011 pt/mL per infusion). (b) Each vector was infused
at 2 · 1011 pt/mL. Transduced carotid arteries were removed after 3 days
and 28 days. HDAd genomes were measured by qPCR and normalized to the
number of cells represented by total DNA in each extract. Data points are
individual arteries; bars are medians. Analysis with linear regression yiel-
ded (a) P = 1.0 for interaction between time and presence of IL-10; and
(b) P = 0.5 for interaction between time and expression cassette.
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Importantly, the suppressive effects of IL-10 on ex-
pression from HDAdCMV-gApoAI cannot be attrib-
uted to promoter competition between the IL-10 and
apo A-I vectors, because promoter competition
would be far more likely to occur with the control
HDAdCMV-Null vector than with the experimental
4XETE-IL-10 expression cassettes.

The unanticipated suppression of HDAdCMV-
gApoAI expression by co-expression of IL-10
in vivo, the lack of suppression of apo A-I expres-
sion when IL-10 was co-expressed in vivo with
HDAd4XETE-gApoAI-oPRE, and the failure of IL-
10-containing CM to suppress apo A-I expression
from HDAdCMV-gApoAI-transduced EC in vitro
led us to develop a new working model (Supple-
mentary Fig. S8c). We now hypothesize that vector-
produced IL-10 acts in vivo on vascular cells to block
acute inflammatory effects associated either with
the gene transfer surgery itself or with the acute
infusion of HDAd particles. These effects—likely
cytokine mediated—acutely increase expression
from the CMV promoter but not the 4XETE promoter
(Supplementary Fig. S8d). Therefore, vector-
produced IL-10 prevents cytokine-mediated
upregulation of the CMV promoter. This model can
explain the results of all of our co-infusion experi-
ments (Figs. 3, 5, 6). This model of cytokine-
mediated acute upregulation of the CMV promoter
and blockade of this effect by IL-10 may also have
important implications for other studies. First, it
provides a novel explanation for early declines
in transgene expression from the CMV promoter,
declines that are often attributed to promoter
shutdown.29,43 Second, it suggests that vectors
expressing IL-10 may downregulate their own ex-
pression if they contain an inflammation-responsive
promoter, and that higher levels of IL-10 expression
could exacerbate this problem. Co-expression of apo
A-I and IL-10—especially when these ather-
oprotective genes are placed in the same vector—
might yet be an effective means of delivering gene
therapy for atherosclerosis. However, we no longer
anticipate that co-expression of IL-10 would in-
crease or stabilize apo A-I expression.

As with the co-infusion experiments, some of the
results we obtained on substituting 4XETE for the
CMV promoter were unanticipated. For example,
our in vitro results showed that HDAd4XETE-
gApoAI-oPRE expressed at least as much apo A-I
mRNA as HDAdCMV-gApoAI. Based on this result
and on analogous experiments with the IL-10-
expressing vectors HDAd4XETE-cIL-10-oPRE and
HDAdCMV-cIL-10 (in which HDAd4XETE-cIL-10-
oPRE expressed at least as much IL-10 mRNA as
HDAdCMV-cIL-10 3 days after in vivo gene trans-

fer), we expected HDAd4XETE-gApoAI-oPRE to ex-
press at least as much apo A-I mRNA as HDAdCMV-
gApoAI in vivo. However, HDAd4XETE-gApoAI-
oPRE expressed far less apo A-I mRNA than
HDAdCMV-gApoAI in vivo. On the other hand, our
expectation that substitution of the 4XETE pro-
moter for the CMV promoter would stabilize apo A-I
expression in vivo was borne out (although stability
was at a lower level than expected).

These results with HDAd4XETE-gApoAI-oPRE
also led us to modify our working model. We now
hypothesize that HDAd containing the 4XETE
promoter stably express transgenes in EC in vivo
because—unlike the CMV promoter—the 4XETE
promoter is not acutely upregulated by local in-
flammatory events that occur early after gene
transfer. This model also explains our observation
that a 4XETE-containing cassette—but not a
CMV-containing cassette—stably expresses apo A-
I in vivo (Supplementary Fig. S8e, f). Our model
can also explain why CMV-driven expression of
IL-10 increases in vivo between 3 and 28 days
(Du et al., 2011,15 and Supplementary Fig. S5);
whereas 4XETE-driven expression of IL-10 is sta-
ble between 3 and 28 days (Fig. 2d). The model
attributes this difference to IL-10 blockade of fac-
tors that are present 3 days after gene transfer and
that typically upregulate CMV promoter activity
but do not upregulate 4XETE promoter activity.
Our model fits all results obtained when 4XETE-
and CMV-containing apo A-I or IL-10 vectors are
infused alone. The model also explains why
HDAd4XETE-gApoAI-oPRE expresses at least as
much apo A-I mRNA as HDAdCMV-gApoAI
in vitro: there is no host inflammatory response
in vitro to upregulate expression from the CMV
promoter in HDAdCMV-gApoAI. Finally, stable
transgene expression from the HDAd4XETE-
gApoAI-oPRE between days 3 and 28 argues that
significant EC proliferation and consequent di-
lution/loss of transgene expression does not occur
during this interval.

Measurements of vector DNA made in parallel
with measurements of transgene expression tested
another aspect of our initial model: that loss of
transgene expression was due, at least in part, to
loss of vector genomes (Supplementary Fig. S7a).
Surprisingly, we found that in two settings in which
apo A-I transgene expression is completely stable
between 3 and 28 days (co-expression of IL-10 and
use of the 4XETE promoter) HDAd genomes were
lost at the same rate as in parallel experiments in
which transgene expression declined by 70–80%.
Moreover, when we plot transgene expression ver-
sus vector genomes measured in individual arteries
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harvested at the same time point and containing the
same vectors, these 2 measurements are usually
only weakly correlated and sometimes are not cor-
related at all (data not shown). Our revised model
fits these new data (compare Supplementary
Figs. S7a and S8e; Fig. S8e does not include a role
for genome loss). We now hypothesize that a sig-
nificant percentage of vector genomes in transduced
carotid arteries are not transcriptionally active;
therefore, their loss does not affect transcription. An
HDAd genome could be transcriptionally inactive
either because it is inside a virion that is extracel-
lular or because it did not enter the nucleus and
become chromatinized.47,48 Our data indicate that
loss of HDAd genomes from carotid arteries is an
epiphenomenon caused by passage of time, that this
genome loss does not impact expression from either
the CMV or 4XETE promoters, and that prevention
of genome loss should not always be a primary tar-
get of efforts to stabilize transgene expression.

We did not achieve our initial goals of increasing
apo A-I expression from HDAd and sustaining apo
A-I expression at a high level. Nevertheless, there
are positive aspects to this study. Most impor-
tantly, we discovered that in vivo transduction
of EC with HDAd can reproducibly confer stable
transgene expression from 3 to 28 days. We showed
previously that HDAd expresses a transgene stably
in EC from 28 days through at least 48 weeks;11

therefore, it now appears that HDAd transduction
of EC in vivo can stably express transgenes from
3 days onward. Accordingly, no further efforts are
required either to prevent early loss of HDAd ge-
nomes or early loss of transgene expression. We
also discovered that elimination of the IL-10 3¢-
UTR dramatically increases HDAd expression of
IL-10. Lack of atheroprotective effects of IL-10 in a
previous study were likely due to low expression
levels,15 and it will be valuable to repeat this study
with the higher-expressing IL-10 vector. Finally,
we identified a 51 bp segment of the apo A-I
3¢-UTR that likely plays a major role in mRNA
stability in EC.

There are limitations to our study. These include
variations in vector structure that are not perfectly
controlled in individual experiments. For example,
the 4XETE vectors all contain the oPRE, whereas
the CMV vectors do not. Although it is possible that
differences between 4XETE and CMV promoter
performance (e.g., data in Fig. 4b showing lower
and more stable expression from 4XETE) could be
attributed to the oPRE, this seems unlikely be-
cause the oPRE increases transgene expression in
this system and in others;14,49 whereas, in this

experiment (Fig. 4b) the 4XETE/oPRE-containing
construct expresses at levels equal to or far below
those obtained with the CMV promoter. Another
limitation is that some of our experiments were
performed in vitro, and may not predict in vivo re-
sults. However, we tested rabbit codon-optimization
approaches in cultured rabbit cells (fibroblasts), in
which rabbit-specific codon optimization should be
effective. We also initially tested the 3¢-UTR dele-
tion approach in vitro. In this case, our positive re-
sults in vitro results were replicated—even more
impressively—in vivo. Our use of cultured bovine
EC rather than rabbit EC could also yield in vitro
results that are not applicable to our in vivo model.
This concern is somewhat mitigated by our finding
that rabbit IL-10-containing conditioned medium
regulated expression of the 4XETE-containing vec-
tor present in bovine EC, showing that bovine EC
likely respond to rabbit IL-10. Unfortunately, we are
no longer able to obtain rabbit EC.

In conclusion, when compared to previous work
that addresses either transcriptional control in
HDAd or optimization of transgene expression in
EC in vivo,43,50 our results reveal new factors that
influence the level and time course of transgene
expression after in vivo transduction of EC with
HDAd. These factors include susceptibility of the
vector promoter to acute upregulation as well
as feedback effects of transgene products (such as
IL-10) on transgene expression. The CMV pro-
moter is suitable for applications in which an ini-
tial pulse of transgene expression is desirable. At
28 days, the CMV and 4XETE promoters perform
similarly. We did not compare their performance
at later time points, although both appear to ex-
press stably beyond 4 weeks.11,15 Because the CMV
promoter is not cell-type specific and is susceptible
to downregulation in vivo, future efforts to develop
HDAd for treatment of chronic vascular diseases such
as atherosclerosis will be focused on increasing ex-
pression from stably expressing mammalian-derived
endothelial-selective promoters such as 4XETE.
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