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Abstract

A reduction in low density lipoprotein (LDL) cholesterol or an increase in high density lipoprotein (HDL) cholesterol
can reduce the risk of development of atherosclerosis through overlapping or independent mechanisms. However,
the clinical outcome of combined therapy remains in debate. In this study, we first characterized effects of various
constructs of helper-dependent adenoviral vector (HDAd) expressing apolipoprotein E3 or LDL receptor (LDLR) in
vivo on plasma cholesterol levels. Using this information, we designed experiments and compared the effects of
long-term (28 weeks) LDL cholesterol lowering or raising HDL cholesterol, or a combination of both on advanced
atherosclerosis in LdIr’™ mice, a mouse model of familial hypercholesterolemia. Our major findings are: (i) various
factors influence in vivo functional activity, which appear to be context dependent; (ii) apolipoprotein Al (APOAI)
gene transfer, which raises HDL cholesterol, retards progression of atherosclerosis but does not induce regression;
(iii) LDLR or LDLR and APOAI combination gene therapy induces lesion regression; however, LDLR gene transfer
accounts for the majority of the effects of combined gene therapy; (iv) LDLR gene therapy reduces interleukin-7,
which is a master regulator of T-cell homeostasis, but APOAI gene therapy does not. These results indicate that
LDL cholesterol lowering is effective and sufficient in protection against atherosclerosis and induction of regression

of pre-existing atherosclerosis.
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Introduction

Despite availability of primary and secondary preventions,
cardiovascular disease (CVD) is the leading cause of morbidity
and mortality in industrial countries and this trend is extending to
developing countries. Furthermore, an increasing incidence of obesity
and diabetes in industrial countries may exacerbate the incidence of
this disease [1]. Atherosclerosis is a chronic inflammatory disease
and the major cause of CVD. This disease is characterized by the
infiltration of immune cells and the presence of lipid-enriched
macrophages within the arterial wall. Lipid lowering is a primary
target for prevention of CVD associated with dyslipidemia [2] and
despite its progressive nature, atherosclerosis is a reversible process
[3]. Intensive statin (HMG-CoA reductase inhibitor) therapy has
been reported not only to reduce LDL cholesterol (LDL-C) but also to
induce regression of atherosclerosis in patients who require coronary
angiography for a clinical indication [4]. Post-hoc analysis combining
raw data from 4 prospective randomized trials in which 1455 patients
were analyzed has also reported over 5% atheroma regression in
patients with low LDLR-C and increased HDL-C [5]. However, statins
exhibit pleiotropic effects. Therefore, it remains elusive whether the
observed lesion regression is due to reduction of LDL-C, increase of
HDL-C a combination of both, or pleiotropic effects. Nevertheless,
there is considerable interest in the outcome of combined therapy that
takes advantage of different pathways, which might have synergistic

or additive effects on atherosclerosis, although combination therapy
to lower LDL-C by statins and to raise HDL-C through inhibition of
cholesteryl ester transfer from HDL to triglyceride-rich lipoproteins
failed in clinical trials [6].

Helper-dependent adenoviral vector (HDAJ) is a non integrating
viral vector that has a large cloning capacity (~36 kb). HDAd devoid of
all viral coding sequences contains only cis elements, inverted terminal
repeat for replication and the packaging signal. All necessary proteins
for packaging HDAd genome are supplied in trans using helper virus.
Therefore, HDAd has an intrinsic safety profile compared to first or
second generation Ad and allows sustained transgene expression in
vivo [7]. Upon intravenous injection, HDAd mainly is taken up by the
liver, which can result in relatively liver restricted expression especially
when combined with use of a liver-specific promoter. The size and
composition of HDAd influence vector stability and amplification
during production and the expression of transgene following gene
transfer [8,9]. Because of its large cloning capacity, various promoter
expression cassettes and inclusion of DNA sequences that influence
transcription and translation can be accommodated and compared.
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In this study, we constructed various helper-dependent adenoviral
vectors (HDAd) expressing human apolipoprotein E3 (apoE3) to study
regulatory elements that might influence hepatic transgene expression
in Apoe™" mice, a mouse model of hypercholesterolemia, and examined
the correlation between plasma cholesterol level and development of
atherosclerosis. We then tested the effects of various HDAd constructs
on plasma cholesterol levels through LDLR augmentation in Ldlr"
mice. Finally, we tested whether lowering LDL-C and raising HDL-C
have additive or synergistic effects on atherosclerosis. We induced
atherosclerosis in Ldlr”~ mice by feeding a high cholesterol diet and
treated with HDAd expressing LDLR to reduce LDL-C, or APOAI to
raise HDL-C, or both vectors, and compared atherosclerosis in these
mice. Despite the use of an expression cassette which lowered plasma
cholesterol only moderately, LDLR gene therapy had profound effects
on atherosclerosis and APOAI gene therapy did not provide additional
benefits to that of LDLR gene therapy alone.

Methods

Construction of recombinant helper-dependent adenoviral
vector (HDAd)

HDAd expressing human apoE3 or LDLR with various
promoters were constructed using the C4HSU [10], pA21 [11] or
pA28 backbone [12]. The construction of phosphoenolpyruvate
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carboxykinase (PEPCK) expression cassette has been described
previously [12]. The Woodchuck hepatitis virus post-transcriptional
regulatory element (WPRE) [13] and the 1.7 kb Pstl fragment
containing APOE liver control region (LCR) [14] were added to
this basic PEPCK expression cassette (Figure 1A). To construct the
APOAI promoter expression cassette containing WPRE and LCR,
the basic APOAI expression cassette [15] was used (Figure 1B). The
human APOE promoter expression cassette was generated from a
human APOE gene fragment. In brief, that fragment that contains
5’-flanking region to exon 2 was amplified by PCR using the following
primers: 5 ~-GAATTCTAGCCGTCGATTGGAGAAC- 3’ and 5 -
TGATCAGCGGCCGCCCGGGCCAATTGATCGATTGTCGAC
- 3 (artificial cloning sites are underlined). The exon 4 containing
a polyadenylation signal was amplified using the following
primers: 5 - GTCGACCTCCGCGCAGCCTGCAGC - 3’ and 5-
GAATTCATACACGACACAGATGGAG - 3’. The 5.1 kb HindIII/
AatIl human APOE gene fragment, the 0.39 kb AatII/Dral fragment
and the 0.43 kb Dral/Sall fragment derived from the PCR product
containing the part of exon 2 were ligated to 1.9 kb Sall/BamHI
fragment consisting of 0.2 kb Sall/EcoRI fragment that contains
the part of exon 4 and the LCR into the HindIII/BamHI sites of the
modified pLPBL-1 [12] (Figure 1C). To compare DNA stuffer, human
APOE gene and LCR were cloned into both C4HSU [10] and pA21
[11] (Figure 1C and D). LDLR ¢cDNA was cloned into the basic PEPCK
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Figure 1: Structure of helper-dependent adenoviral vectors expressing APOE3. A. Schematic presentation of helper-dependent adenoviral vectors (HDAd) containing
phosphoenolpyruvate carboxykinase (PEPCK) promoter on C4HSU backbone. L-ITR and R-ITR indicate left and right adenovirus (Ad) inverted terminal repeat
sequence, respectively; W, Ad packaging signal; PEPCKpr, PEPCK promoter; Al intron, human apolipoprotein Al intron, hGH polyA, human growth hormone
polyadenylation signal; WPRE, Woodchuck hepatitis virus post-transcriptional regulatory element; LCR, human APOE gene liver control region. B. HDAd containing
human APOE gene promoter and liver specific enhancer, LCR. In HDAd-E-E3, the fragment containing exon 2-4 was removed and replaced with APOE3 cDNA.
HDAd-gE3 contains APOES3 5’ flanking region as well as all exons. C. HDAd containing human APOAI promoter and 3’ flanking region. In HDAd-AI-E3, the APOAI
gene corresponding to exon 2 to exon 4 was removed and replaced with APOE3 cDNA. D. HDAd containing human APOE3 gene and LCR on pA21 backbone. HPRT,
intron region of human genomic HPRT; C346, cosmid C346 human genomic stuffer sequence.
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Figure 2: Structure of HDAd expressing low-density lipoprotein receptor (LDLR). A. HDAd vector containing LDLR cDNA on pA28 or pA21 backbone. HDAd-P-LDLR
has the pA28 backbone and HDAd-AI-LDLR and HDAd-AI-LDLR-E4 have the pA21 backbone. AdE4, Ad E4 promoter. Other abbreviations are as described in Figure
1 legend. B. HDAd containing human LDLR gene. The intron 1 of LDLR gene was removed and replaced with cDNA.

and APOALI expression cassettes. In addition we cloned the adenovirus
E4 promoter (AdE4) [10] in front of the right ITR to test the effect
of this element on vector production and in vivo performance (Figure
2A). We also constructed HDAd in which the LDLR gene is expressed
under the control of PEPCK promoter. To accommodate this large
expression cassette, we generated pAOE4 which contains only cis
elements and AdE4 (Figure 2B). HDAd expressing human apoAI that
contains an 11 kb human APOAI gene has been described [16]. Empty
vector (HDAd-0) which contained no expression cassette was used as a
control [12]. Rescue and amplification of the HDAd were performed as
described [17]. Helper virus contamination was analyzed by Southern
blot analysis and by real time PCR, and was less than 0.1% in all vectors.

Animals

All animal protocols were performed according to the Guidelines
of the Institutional Animal Care and Usage Committee at Baylor
College of Medicine. Female Apoe™~ mice (6-8 weeks of age, Stock No.
002052) and Ldlr”~ mice (Stock No. 002207) on a C57BL/6 background
were purchased from The Jackson Laboratory. Apoe™~ mice were fed
normal chow and Ldlr”~ mice were fed a diet containing 0.2% (w/w)
cholesterol and 10% (v/w) coconut oil [12]. To compare various
expression cassettes, mice were treated with intravenous (i.v.) injection
of 5 x 10" viral particles (v.p.)/kg body weight of HDAd vector, while
for combined vector treatment mice were treated with a combined total
of 1 x 10" vp/kg of HDAd. We used 5 x 10 vp/kg of HDAd-LDLR
[17] + 5 x 10" vp/kg HDAd-0 for HDAdJ-LDLR group, or 5 x 10" vp/
kg of HDAd-AI [16] + 5 x 10" vp/kg HDAd-0 for HDAd-AI group
and 5 x 10" vp/kg of HDAd-LDLR + 5 x 10" vp/kg of HDAd-AI for
HDAd-LDLR + HDAd-AI group. The HDAd-0 group received 1 x

10" vp/kg of HDAd-0. For combined vector treatment, Ldlr’~ mice
were fed a diet containing 0.2% (w/w) cholesterol and 10% (v/w)
coconut oil for 36 weeks to induce atherosclerosis. After measurement
of plasma cholesterol, mice were separated into 5 groups. One group
was euthanized for baseline analysis and the remaining groups were
received HDAd vectors as described above. Blood was collected from
the saphenous vein into EDTA-coated tubes at the specified times
and plasma was immediately isolated by centrifugation and stored at
-80°C until assay. Twenty eight weeks after vector treatment, mice were
euthanized for analysis.

Immunohistochemistry, histology and quantification of
atherosclerotic lesions

Aortic en face and cross sectional lesion areas were measured
by quantitative morphometry using SigmaScanPro [12,16,18]. For
immunohistochemistry, sequential sections (5 pm thick) of fresh-
frozen OCT-embedded proximal aorta were stained with Mac3 (Santa
Cruz, 1:100), goat anti-mouse IL-7 (Santa Cruz, 1:100) and rabbit
anti-a actin (Abcam, 1:100). Goat anti-mouse or anti-rabbit antibodies
or rabbit anti-goat antibodies (1:200, Vector Laboratories) were used
as secondary antibodies. In brief, sections were incubated with primary
antibodies at 4°C overnight. After blocking, they were incubated with the
secondary antibody for 1 hour at room temperature. Immunoreactive
proteins were detected by a Vextastain Elite ABC reagent and by a
NovaRed substrate kit for peroxidase (Vector Laboratories). Oil-Red O
and H&E staining were performed by standard techniques.

Other procedures

Lipid and FPLC (GE Healthcare) analyses were performed as
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previously described [12]. For FPLC analysis, pooled plasma was used.
Human apoE3 levels were quantified by an ELISA using polyclonal
goat anti-apoE antibody (Chemicon, 1:1000) and apoE3 (Calbiochem)
as standard [18].

Data analysis

Data are presented as mean * SD unless specified. Differences were
determined by t-test for two group comparison or by one-way analysis
of variance (ANOVA) for multiple group comparisons using SigmaStat
(Systat Software, Inc.). Rank sum test was also used where necessary
and data are presented as median, 25" and 75 percentile. Statistical
significance was assigned at p<0.05.

Results

Multiple factors influence transgene expression

Hepatic transfer of APOE3 gene into Apoe™~ mice results in the
lowering of plasma cholesterol which is associated with appearance of
apoE3 protein in plasma. Using this system, we first compared various
liver-specific expression cassettes. Female Apoe™~ mice fed a normal
chow diet were treated at 8 weeks of age with intravenous (i.v.) injection
of HDAdJ. Plasma cholesterol levels in the HDAd-P-E3 group was not
significantly different from the PBS group 1 week after treatment, but
were significantly reduced to 286 + 67 mg/dL (p<0.001 vs. PBS) after
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2 weeks and still significantly lower than those in the PBS group 32
weeks after treatment. The inclusion of WPRE and LCR incrementally
lowered cholesterol. Plasma cholesterol levels in the HDAd-PW-E3
and the HDAdJ-PWL-E3 group were significantly reduced to 198 +
55 mg/dL and 77 + 26 mg/dL, respectively, 1 week after treatment
(Figure 3A). The addition of WPRE and LCR to the APOAI expression
cassette increased cholesterol lowering activity (Figure 3B). However,
the incremental effect was not observed. There was no significant
difference in cholesterol lowering among the expression cassettes,
perhaps reflecting saturation of the ability of plasma APOE3 to restore
normal cholesterol levels. In contrast to PEPCK and APOAI expression
cassette, addition of WPRE to APOE expression cassette did not
enhance but attenuated cholesterol lowering activity. Two weeks after
treatment, plasma cholesterol levels in the HDAd-E-E3 group were
71 + 8 mg/dL, whereas those in the HDAd-EW-E3 were 145+ 24 mg/
dL (p<0.001). Despite our experience with HDAd based on genomic
fragments [11,19], HDAd containing APOE gene was not better in
lowering cholesterol than those containing cDNA (HDAd-E-E3 vs.
HDAdJ-gE3, Figure 2C). Therefore, we constructed HDAd-gE3 on the
pA21 backbone (HDAd-gE3-D21). Cholesterol lowering by the HDAd
on the pA21 backbone was more effective than that on the C4HSU
backbone (Figure 2C and D). At 32 weeks, plasma cholesterol in the
HDAd-gE3-D21 was significantly lower than that in the HDAd-gE3
group (84 + 23 mg/dL vs. 145 + 42 mg/dL, n=5/group, p<0.05).
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Figure 3: Plasma cholesterol levels. Six to eight week old Apoe~ mice received i.v. injection of 5 x 10" v.p./kg of HDAd expressing apoE3 and plasma cholesterol
was measured over the following 32 weeks. A. PEPCK expression cassette. *p<0.05 vs. PBS, **p<0.001 vs. PBS, 1p<0.01 vs. HDAd-P-E3, £p<0.05 vs. HDAd-P-E3
and HDAdJ-PW-E3. All time points in the HDAd-PW-E3 and HDAd-PWL-E3 groups were significantly different from the PBS group after vector treatment (p<0.001), but
not indicated. B. APOAI expression cassette. p<0.001 vs. PBS, group, except in the HDAdJ-AI-E3 group 1 week after treatment. There was no statistical significance
among treatment groups. C. APOE expression cassette. Plasma cholesterol levels in all treatment groups were significantly lower than those in the PBS group
(p<0.001) except 1 week after treatment in the HDAd-E-E3 and HDAd-ghE3 groups. *p<0.05 vs. HDAd-EW-E3. **p<0.01 vs. HDAd-EW-E3 and HDAd-gE3. D. Plasma
cholesterol levels in mice treated with HDAd-gE3 on pA21 backbone. *p<0.05 vs. HDAd-gE3, **p<0.01 vs. HDAd-gE3. n=5/group.
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Figure 4: Human ApoE3 levels in Apoe mice after treatment with HDAd. A. PEPCK expression cassette. *p<0.05 vs. HDAd-P-E3 (n=5/group). B. APOAI cassette.
*p<0.05 vs. HDAdJ-AIW-E3 at 2 weeks, **p<0.01 vs. HDAd-AIW-E3 and HDAd-AIWL at 1 week. C. APOE expression cassette. *p<0.05 vs. HDAd-EW-E3 and HDAd-
gE3, **p<0.01 vs. HDAd-EW-E3 and HDAd-gE3, and 1tp<0.05 vs. HDAd-EW-E3. D. Plasma apoE3 levels in mice treated with HDAd-gE3-D21. *p<0.05 vs. HDAd-gE3,

**p<0.01 vs. HDAd-gE3.

Plasma cholesterol level and apoE3 level are not linear in
Apoe™ mice

The reduction of plasma cholesterol levels in the Apoe™ mice
coincided with the appearance of apoE3 protein in plasma (Figure 4).
Plasma apoE3 levels measured by ELISA were significantly higher in
the treatment group than those in the PBS and the HDAd-0 groups
(p<0.01, n=5/group). ApoE3 levels in the HDAd-PWL-E3 group were
significantly higher than those in the HDAd-P-E3 group 1 week after
treatment (14.7 + 5.4 pg/dL vs. 5.5 + 6.2, p<0.05, n=5); however, they
were not different among treatment groups at other time points (Figure
4A). Similarly, one week after treatment apoE3 levels in the HDAd-
AIW-E3 and HDAd-AIWL-E3 groups were significantly higher than
those in the HDAd-AI-E3 group (p<0.01, p<0.05, respectively) and
those in the HDAd-AIW-E3 group were higher than those in the
HDAd-AI-E3 group 2 weeks after treatment (p<0.05). Plasma apoE3
levels among HDAd containing APOAI promoter were not different
at other time points, though apoE3 levels in the HDAd-AI-E3 group
were higher than those in the other groups after 8 weeks, which did not
reach statistical significance (Figure 4B). ApoE3 produced by HDAd
containing the APOE promoter was correlated with plasma cholesterol
levels. The relationship between cholesterol and apoE3 was not linear.
Although the HDAJ-EW-E3 group had higher apoE3 levels than the
HDAGJ-E-E3 group 1 week after treatment (7.8 £ 3.5 vs. 2.5 £ 2.2 ug/mL,
p<0.05, n=5), apoE3 levels in the HDAd-E-E3 were higher than those
in the HDAd-EW-E3 group after 2 weeks of treatment. HDAd-gE3 also
showed apoE3 production similar to that of HDAd-EW-E3. The apoE3

level was higher at 1 week in the HDAd-gE3 group than in the HDAd-
E-E3 groups, but plasma apoE3 level in the HDAd-gE3 group stayed
lower than that in the HDAd-E-E3 group after 2 weeks of treatment
(Figure 4C). HDAd containing human APOE3 genomic fragment
and LCR on pA21 backbone produced significantly more apoE3 than
that on the C4HSU backbone until 12 weeks after treatment, but such
difference waned thereafter (Figure 4D).

Progression of atherosclerosis was arrested by induction of
hepatic APOE3

Thirty two weeks after treatment, mice were euthanized and
atherosclerosis was measured by en face analysis. The degree of
atherosclerosis correlated with plasma cholesterol. Progression of
atherosclerosis was inhibited in all mice treated with HDAd expressing
ApoE3 (Figure 5). The extent of atherosclerosis was significantly lower
in mice treated with HDAd expressing apoE3 than that in the control
groups. Progression of atherosclerosis was almost completely arrested
in the experimental groups. Due to the limited number of animals used
for analysis, the differences among HDAd with the same promoter
(PEPCK, APOAI and APOE) were not statistically significant and the
effects of additional elements were not observed (e.g., WPRE, LCR
with PEPCK promoter). However, the lesion areas in mice treated with
HDAd-gE3-D21 were significantly smaller than those in mice treated
with HDAd-gE3 (p<0.01, n=5/group).

Multiple factors influence LDLR gene expression

ApoE is a secretory protein and less than 10% of the normal level
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of plasma apoE is sufficient to normalize plasma cholesterol [20,21],
while LDLR is a membrane-associated protein and more than 50%
of normal LDLR activity is required for normal function as shown in
patients with heterozygous LDLR deficiency. To remove LDL- from
circulation, levels of expression as well as extent of LDLR- expressing
versus non-expressing hepatocytes may influence the cholesterol
lowering activity. We generated HDAd using human LDLR ¢cDNA
under less potent PEPCK and potent APOAI promoters (Figure 2A)
and injected them i.v. into 6-8 week old female Ldlr”~ mice fed a high
cholesterol diet. Two weeks after vector injection, plasma cholesterol
levels were reduced to 133 + 54 mg/dL (HDAd-P-LDLR), 90 + 12 mg/
dL (HDAd-AI-LDLR) and 127 + 40 mg/dL (HDAd-AI-LDLR-E4),
respectively, which were significantly lower than that in the PBS
control group (604 + 160 mg/dL, p<0.001, n=5/group). After 12 weeks
of treatment, plasma cholesterol in the HDAd-P-LDLR was no longer
different from that in the PBS group, while that in the HDAd-AI-
LDLR and in the HDAd-AI-LDLR-E4 groups was significantly lower
than that in the PBS group even after 20 weeks of treatment (p<0.01,
p<0.001 vs. PBS, respectively). However, perhaps due to limited
sample size, plasma cholesterol levels among treatment groups were
not significantly different. The 0.4 kb AdE4promoter has been reported
to confer a growth advantage to HDAd and has been incorporated in
C4HSU backbone [10]. Incorporation of this sequence into a HDAd on
the pA21 backbone did not significantly affect either vector production
(data not shown) or cholesterol lowering (Figure 6A).

Variable factors may influence in vivo performance of HDAJ.
Transgene expression from genomic DNA has been reported to be
significantly higher than that achieved using a cDNA expression
cassette [9]. However, the human LDLR gene is larger than the
packaging capacity of HDAd. In addition, the entirety of promoter
elements necessary for hepatic expression has not been fully
characterized. We modified the human LDLR gene to accommodate
the HDAd vector size within the packaging limit and cloned into the
PEPCK expression cassette containing WPRE (Figure 2B). Two weeks
after vector injection, plasma cholesterol levels were reduced to 266
+ 74 mg/dL and further reduced to 183 mg/dL after 4 weeks, which
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Figure 6: Plasma cholesterol levels in LdIr”’~ mice after hepatic LDLR gene
transfer. 6-8 week old Ldir’”- mice on high cholesterol diet were treated
with a single injection of HDAd expressing LDLR and plasma cholesterol
was measured at indicated time. All data are presented as mean + SD.
A. Effects of expression cassette and Ad E4 promoter. HDAd vectors are
on pA21 or pA28 backbone. *p<0.01, **p<0.001 vs. PBS. n=5/group. At
12 weeks, plasma cholesterol levels in the HDAd-P-LDLR group were no
longer different from those of the PBS group. B. Incorporation of LDLR gene
structure into HDAd. n=3.

was higher than that achieved by cDNA- based vectors (Figure 6A
and B). However, cholesterol lowering persisted in the mice treated
with HDAd-PW-hgLDLR-E4. Twenty weeks after treatment, plasma
cholesterol levels were 186 + 6 mg/dL, which was lower than that in
mice treated with HDAd-AI-LDLR-E4 (299 + 62 mg/dL). These results
suggest that genomic DNA based HDAd does not influence levels, but
the kinetics of expression.

Cholesterol lowering by LDLR accounts for most of the effects
in combined treatment of Ldlr”~ mice

In our previous studies, we demonstrated that in the context of
complete LDLR deficiency high level of LDLR expression induces
host immune response against LDLR protein [17]. It is also possible
that drastic cholesterol lowering by LDLR using a potent promoter
masks the effects of raising HDL-C by APOAI gene transfer on
atherosclerosis. Therefore, we used the least potent PEPCK promoter
to express LDLR. For apoAlI expression, we used HDAd-APOAI which
contains human APOAI gene and has been extensively characterized
for its effects on atherosclerosis [16]. After 36 weeks on high cholesterol
diet to induce atherosclerosis beyond the advanced stage, plasma
cholesterol was measured and mice were divided into 5 groups to
assess similar mean plasma cholesterol levels. One group (baseline) was
sacrificed to determine baseline atherosclerosis, and remaining groups
were injected i.v. with total 1 x 10" v.p./kg HDAd (Figure 7A). Two
weeks after vector injection, plasma cholesterol of the HDAd-LDLR
group dropped from 455 + 64 mg/dL to 72 + 17 mg/dL (n=7), then
stayed at similar levels until 8 weeks (84 + 22 mg/dL), but started to
increase thereafter. At 28 weeks, plasma cholesterol in the HDAd-
LDLR was significantly lower than that of the HDAd-0 group (300 +
31 mg/dL vs. 415 mg/dL, p<0.001, Figure 7B). Plasma cholesterol of
the HDAd-AI group was significantly higher than that of the control
group 2 weeks after injection (462 + 75 mg/dL vs. 353 + 25 mg/dL,
p<0.001), but after 4 weeks, there was no significant difference between
the HDAd-AI and the HDAd-0 group. The group treated with both
HDAd-LDLR and HDAJ-AI exhibited significantly higher plasma
cholesterol levels than the HDAd-LDLR group until 8 weeks, but the
difference was not significant thereafter. We pooled plasma collected
at 28 weeks and analyzed the lipoprotein profiles by FPLC. Compared
with the HDAd-0 and HDAd-AI groups, the HDAd-LDLR and the
HDAdJ-LDLR+HDAGJ-AI groups had remarkably reduced IDL/LDLR
cholesterol and elevated HDL cholesterol (Figure 7C). The peak of
HDL cholesterol in the HDAd-AI group shifted to the left, indicating a
larger HDL particle.
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Figure 7: Comparison of single gene therapy and combined gene therapy on plasma cholesterol. A. Experimental design. 6-8 week old female LdIr”’~ mice were fed
a diet containing 0.2% (w/w) cholesterol and 10% (v/w) coconut oil for 36 weeks to induce atherosclerosis. Mice were separated in 5 groups. One group (baseline)
was sacrificed and other 4 groups received single i.v. injection of HDAd vector. A high cholesterol diet was maintained throughout experiment. n=13 (baseline), 13
(HDAd-0), 14 (HDAd-LDLR), 12 (HDAd-AI) and 15 (HDAd-LDLR + HDAd-AI). B. Plasma cholesterol levels. *p<0.01, **p<0.001 vs. HDAd-0. C. FPLC analysis. Plasma
collected 28 weeks after vector treatment. 0.2 ml of pooled plasma was separated with FPLC and cholesterol was determined. VLDL: very low density lipoprotein; IDL/
LDL: intermediate-density-lipoprotein/low density lipoprotein; HDL: high density lipoprotein.

The extent of atherosclerosis was analyzed by morphometry. Twenty
eight weeks after treatment, the HDAd-0 group showed a progressive 2-
fold increase in lesion area compared with the baseline (p<0.001), while
the HDAd-AI group showed an arrest of atherosclerosis progression
(58% inhibition vs. HDAd-0, p<0.05, Figure 8). In contrast, the lesion
areas in the HDAd-LDL and the HDAd-LDL + HDAd-AI groups
significantly decreased (54% and 57%, respectively, p<0.001) compared
with the baseline value. There was no significant difference between the
HDAJd-LDLR and the HDAd-LDLR + HDAd-AI groups. Thus, LDLR
gene therapy alone appears to be sufficient to induce lesion regression.

IL-7 immunoreactivity in aortas is reduced in the HDAd-
LDLR group but not in the HDAd-LDLR + HDAd-AI group

HDL has been proposed to serve an atheroprotective role through
various mechanisms. Direct augmentation of apoAl indirectly
increases HDL since apoAl is a major protein component of HDL
[22]. To understand quantitative and qualitative differences between
a single gene and combined gene treatment, we further characterized
aortas by immunohistochemistry. Relative macrophages detected by
Mac3 were significantly reduced in the HDAd-LDLR and the HDAd-
LDLR + HDAd-AI groups (p<0.01 vs. baseline, n=5/group, Figure 9A
and B), while relative a-actin positive areas were significantly increased
in these groups (Figure 9C and D). IL-7 has been recently identified
as an active participant in atherogenesis and downregulation of IL-7
is associated with lesion regression [18]. IL-7 positive areas were

increased in the HDAd-0 group compared with the baseline, while
they were significantly reduced in the HDAd-LDLR group (p<0.05 vs.
baseline and HDAd-AI p<0.01 vs. HDAd-0, Figure 9). Despite lesion
regression in the HDAd-LDLR+HDAdJ-AI group, IL-7 positive areas
were not reduced, but were similar to those of the HDAd-AI group.

Discussion

In HDAJ, the size and/or composition of the vector genome
influences vector stability and amplification during production and
the expression profile upon vector transfer into animals [9,23]. Using
ApoE3 protein level as a reporter, we constructed a series of HDAd
to test for the role of vector composition on in vivo performance.
First, we constructed HDAd vector using the C4HSU backbone. With
a PEPCK expression cassette, the addition of WPRE and LCR had
an incremental reduction in plasma cholesterol levels and increase
of plasma APOE3 levels in Apoe”™ mice (Figure 4A), while with an
APOALI expression cassette additional elements did not change plasma
cholesterol levels (Figure 4B). This may reflect the reaching of apoE3
levels that are saturating for cholesterol lowering due to potency of
the APOAI promoter [20,21]. The enhancement of PEPCK driven
transgene expression by WPRE has been previously reported in HDAd
vector [24]. Plasma apoE3 levels, however, indicate that the addition of
WPRE and LCR to the APOALI expression cassette did not significantly
influence APOE3 expression but affected kinetics (Figure 5B). ApoE3
levels increased earlier (1 week after vector treatment) in the HDAd-
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AIW-E3 and HDAd-AI-AIWL-E3 groups than in the HDAd-AI-E3
group. In contrast, addition of WPRE to the APOE promoter cassette
attenuated promoter activity, suggesting that WPRE may interfere with
APOE transcriptional elements. Therefore, the benefit of additional
elements appears to be dependent on the context of expression
cassettes. We compared the effects of vector backbone (Figure 4C, D)
and found differences in apoE3 expression. Transgene expression has
been reported to be marginally affected by the location of the expression
cassette [9], which supports the notion that the DNA stuffer influences
expression level as well as duration of expression [8].

ApoE is a convenient reporter for optimization of expression
cassettes in Apoe”~ mice since secretion of apoE reduces plasma
cholesterol and protein can be measured by ELISA. Furthermore,
Apoe™™ mice spontaneously develop atherosclerosis on normal chow.
However, plasma cholesterol levels are not linearly correlated with
plasma apoE3 levels, because less than 10% of normal plasma apoE
levels are sufficient to maintain normal plasma cholesterol [20,21]. This
may be why we did not observe significant effects of vector genome
compositions on development of atherosclerosis. Alternatively, the
sample size was not large enough to detect any difference, or normal
cholesterol levels in mice may be below threshold for development of
atherosclerosis and complete normalization of plasma cholesterol is
not required to protect against development of atherosclerosis.

The critical parameters for optimal HDAd in vivo performance
might be dependent on the functional property of proteins expressed.
We examined effects of expression cassettes and vector composition on
cholesterol lowering activity using LDLR in Ldlr”~ mice. The potency
of promoter activity did not affect cholesterol levels in Ldlr”~ mice as
much as anticipated from the results in Apoe™~ mice, suggesting that a
strong promoter is not absolutely required for augmentation of LDLR
in Ldlr”~ mice. Interestingly, cholesterol lowering by HDAd containing
modified LDLR gene led to substantially prolonged LDLR expression
compared to the HDAd containing cDNA, both of which were under
PEPCK promoter (HDAd-P-LDLR vs. HDAd-PW-hgLDLR-E4, Figure
6). This is in agreement with the previous reports that expression of
genes from genomic fragments or inclusion of genomic components
improves expression [9,11,16].
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Figure 8: LDLR gene therapy induces regression of advanced atherosclerosis.
A. En face quantification of aortic lesions. Atherosclerotic lesions were
stained with Oil Red-O and quantified by morphometric analysis. Data were
analyzed by Mann-Whitney Rank Sum Test. Median, 25" percentile and
75" percentile values are indicated. *p<0.05 (vs. HDAd-0), **p<0.001 (vs.
baseline), ***p<0.001 (vs. baseline, HDAd-0, HDAd-Al). n=13 (baseline), 13
(HDAd-0), 14 (HDAd-LDLR), 12 (HDAd-AI), and 15 (HDAd-LDLR + HDAd-AI).
Representative staining of aortas is shown in right panel.
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Figure 9: Immunological features in atherosclerotic lesions. A. Mac3
(macrophage) staining. *p<0.01 vs. baseline, HDAd-0 and HDAd-AI. Data are
presented as mean + SD. n=5/group. B. Representative Mac3 immunoreactivity
in cross-section of aorta 28 weeks after treatment. Bar, 100 um. C. Relative
a-actin immuno positive areas. *p<0.01 vs. baseline and HDAd-0, and p<0.05
vs. HDAd-AI. **p<0.001 vs. baseline, HDAd-0 and HDAd-Al. n=4 (baseline),
3 (HDAd-0), 4 (HDAd-LDLR), 4 (HDAd-AIl) and 4 (HDAd-LDLR+HDAd-AI). D.
Representative a-actin immuno staining. Bar, 100 pm.
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Figure 10: IL-7 immunoreactive areas are reduced in mice treated with HDAd-
LDLR. A. Relative IL-7 immunoreactive area in aorta. *p<0.05 vs. baseline
and HDAd-AI, and p<0.01 vs. HDAd-0. n=6 (baseline), 6 (HDAd-0), 4 (HDAd-
LDLR), 3 (HDAd-AIl), and 3 (HDAd-LDLR+HDAd-AI). Bar represents mean
value. B. Representative staining of aortas. Bar, 100 ym.

Using this information, we designed the experiment to test
whether raising HDL-C by increasing a major protein component of
HDL, apoAl, in addition to lowering cholesterol provides additional
benefits in treating atherosclerosis. Although fatty streaks and early
atherosclerotic lesions have been reported to be regressed by direct
infusion of HDL [25] or by short-term increase of apoAl by liver-
directed apoAl gene transfer [26], instead, we and others have found
that long-term hepatic APOAI gene transfer alone does not induce
regression of more advanced lesions but instead attenuates lesion
progression [16,27]. Furthermore, early fatty streaks spontaneously
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regress [28]. Therefore, the earlier findings are not relevant to human
conditions. In agreement with previous studies [16,27,29], raising
HDL-C by APOAI gene transfer alone did not induce regression
of advanced atherosclerosis. Despite use of a less potent promoter,
atherosclerosis regressed by treatment of HDAd expressing LDLR and
additional expression of APOAI gene did not add significant effects
(Figure 8). These results suggest that lowering LDL-C or total plasma
cholesterol plays a major role in inducing regression of atherosclerosis
and that reducing plasma cholesterol to threshold but not complete
normalization of plasma cholesterol is sufficient to induce regression
of advanced atherosclerosis, though the threshold plasma cholesterol
level remains to be determined.

Potential mechanisms for lesion regression include reduction of
atherogenic lipoproteins within the arterial wall, efflux of cholesterol
and other lipids from plaques, emigration of foam cells, and influx
of healthy macrophages to remove necrotic cell debris and other
inflammatory components of the plaque [3]. Some mechanisms
involving foam cell migration [30] and retention [31] have been
proposed. CCR7, a mediator of dendritic cell migration, has been
implicated in atherosclerosis regression [30]. However, a recent
study has shown that macrophage emigration is not involved in
regression induced by aggressive cholesterol lowering, but suppression
of monocyte recruitment and a stable apoptosis accounts for loss of
plaque macrophages [32]. It has also been proposed that activation
of liver X receptor-a inhibits the progression of atherosclerosis and
promotes regression of existing lesions by regulating macrophage
target gene Argl through PU.1 and IRF8 [33]. We have reported that
down-regulation of IL-7 in aortas is associated with regression of
advanced lesions in Apoe”  mice induced by long-term cholesterol
lowering [18]. IL-7 recruits monocytes/macrohpages to atherosclerotic
lesion through activation of endothelium. Therefore, the association
of IL-7 downregulation with lesion regression is in agreement with
the mechanisms proposed by Potteaux et al. [32]. In this study, we
have shown reduced IL-7 immunoreactive protein in the HDAd-
LDLR group compared with baseline, HDAd-0 and HDAd-AI IL-7
immunoreactive areas were not reduced in the HDAd-AI group, which
is consistent with our previous findings that downregulation of IL-7 is
associated with cholesterol lowering and that oxidized LDL upregulated
IL-7 in macrophages. IL-7 is a master regulator for T-cell homeostasis
and plays an important role in inflammatory responses [34]. Despite
lesion regression and cholesterol lowering in the HDAd-LDLR+AI
group, IL-7 positive areas were not reduced. Although it is possible
that the sample size was not large enough to detect subtle differences, it
appears that increasing HDL by hepatic overexpression of APOAI gene
counteracts the benefit of lowering plasma cholesterol. Another anti-
atherogenic apolipoprotein well characterized is apoE, which mediates
the uptake of chylomicron and VLDL remnants by serving as a ligand
for LDLR. In spite of reports suggesting its anti-atherogenic role
independent of LDLR’s function, coexpression of LDLR and APOE did
not have an additive effect on atherosclerosis reduction [35].

One of mechanisms by which HDL is atheroprotective involves
reverse cholesterol transport [22]. Reverse cholesterol transport is
initiated by activation of ATP binding cassette transporter AI (ABCA1).
A genetic disorder caused by deficiency of ABCALI is Tangier Disease
and results in unmeasurable HDL-C levels in homozygotes and half-
normal HDL-C levels in heterozygotes. A modest risk of cardiovascular
disease hasbeen reported in patients with Tangier disease [36], however,
in large population studies, low levels of HDL-C due to heterozygosity
for ABCA1 mutations were not associated with an increased risk of
ischemic heart disease [37]. The authors have suggested that low HDL

cholesterol is associated with increased risk of IHD only in combination
with a coexisting increase in triglycerides and atherogenic remnant
lipoproteins [37]. Another approach to manipulate HDL-C is to inhibit
cholesteryl ester transfer protein (CETP), though the initial study does
not support the athero-protective role of CETP deficiency [38]. In the
Investigation of Lipid Level Management to Understand its Impact in
Atherosclerotic Events (ILLUMINATE), despite increasing HDL-C
by 72% and decreasing LDL-C levels by 25%, the primary combined
cardiovascular end point worsened [6]. One mechanism proposed for
this unexpected result was off-target effects related to stimulation of
aldosterone synthesis followed by increase of blood pressure [39]. It
remains unsettled whether increase of HDL-C by inhibition of CETP is
atherapeutic option and whether the concept of decreasing LDL-C with
simultaneously raising HDL-C improves clinical outcome. At least two
compounds, dalcetrapib [40] and ancetrapib [41] which apparently
lack the off-target effects of torcetrapib, are under clinical trials, which
will answer these questions. Another explanation for why coexpression
of APOAI did not have an additive effect over cholesterol lowering is
the dysfunctionality of the HDL produced by APOAI gene transfer
[42]. It is possible that artificially raised HDL was not functional in
reverse cholesterol transport.

There are limitations in attempting to extrapolate the present work
in rodents to humans. There are substantial differences in lipoprotein
metabolism between mice and humans. Mice have hepatic apoB editing
activity and are deficient in CETP activity, which results in an intrinsic
anti-atherogenic lipoprotein profile (higher HDL than LDL cholesterol
levels). This cannot be achieved in humans by currently available
treatments. Nevertheless, our results underscore the most effective
approach to protect against atherosclerosis, which is to normalize LDL
cholesterol levels.
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